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Abstract

Dual-phase (DP) sheet steels have recently beem foseautomotive manufacturing to reduce
vehicle weight and improve fuel economy. Dual-ghateels offer higher strength without reduced
formability when compared to conventional high syt low alloy (HSLA) steels and so thinner gauge
DP sheet steel can be used to meet the same desjgitements. The DP steel microstructure is
comprised of dual-phase mixture hard martensiteghes, which provide strength, in a soft ferritatnix,
which provides ductility. Fusion welding processmsch as gas metal arc welding (GMAW), are used to
join DP sheet steels; however, the heat input ffosion welding can cause the martensite islands to
decompose into softer islands of tempered margensithis can reduce the joint efficiency and cause

premature localized necking in the region whereperad martensite forms.

The weldability of coated 1.65 mm Cr-Mo DP600 (dphase 600 MPa) sheet steel welded using
the pulsed gas metal arc welding (GMAW-P) proceas assessed. Processes with a range of GMAW-P
weld heat inputs were developed to make full patiemm bead-on-plate welds that had similar bead
geometry. The range of weld heat input was betvi®&nJ/mm and 347 J/mm. Uniaxial transverse weld
tensile tests of welds that were made at high impatt fractured in the heat affected zone (HAZ)|dse
that were made at low heat input fractured in tasebmetal (BM), which is most desirable, and at
intermediate welding heat inputs, fracture locagiomere mixed. Heat input was compared to
corresponding weld HAZ half-width measurements swdas shown that as heat input increased, HAZ
half-width increased as well; this followed an ested linear trend. The ultimate tensile strengtfi %)
was not diminished in specimens that exhibited Bitture and 100% joint efficiency was achieved.

Welded DP600 specimens that failed in the HAZ hadmal (< 5%) reduction of UTS.

During the welding process development phase, dngesrange of heat input was used to make

bead-on-plate full penetration welds onto coaté inm HSLA (high strength low alloy) sheet steel to



assess its weldability. It was found that all leé tvelds fractured in the BM during uniaxial traese

weld tensile testing and, therefore, had achied@¥d joint efficiency.

It was shown that by increasing the strength gefdeP sheet steel to DP780 and DP980, 100%
joint efficiency was not retained. To better ursand why high heat input welding caused HAZ frestu
low heat and high heat input welds that had comsilst fractured in the BM and HAZ, respectively,ree

used to assess the differences between BM and k&#iife mechanisms.

Fractographic analysis of BM and HAZ fracture soefa of the dual-phase steels showed that
fracture had occurred due to micro-void coalescémcboth types of failure; however, the HAZ fraetu
had greater reduction of cross-sectional areafandurface had more numerous and smaller sheargear
ledges. Examination of the microstructure shovied there were decomposed martensite islands in the
region the HAZ fracture; these likely increasedtdity: and led to a more significant tri-axial sssestate.
However, decomposed martensite was also foundeirtthZ of welds that had BM fracture. The low
and high heat input welds had similar reductiomaftensite percentage (~3 — 4%) in the subcri(8&l)
region of the HAZ; immediately below the Atemperature where transformation from a BCC fenat
FCC austenite occurs. Each weld HAZ was assesgthdaw average through-thickness microhardness
(ATTH) profile. Four distinct regions of hardnesgre identified: hard intercritical (IC), which was
formed by heating between Aand Ag temperatures, soft subcritical (S-SC), hard stibati (H-SC),
and base-metal (BM). The width of the S-SC waghdly larger (~10%) for the HAZ fracture weld;
however, the degree of softening (~8 — 11 2009 compared to BM hardness was similar for both.
It appeared that HAZ fracture could be shiftedie BM by reducing the width of the S-SC so that the
surrounding hard IC (+40 — 50 VHN 2009 and H-SC (+5 — 10 VHNrh2009 could support the S-SC
and prevent a tri-axial stress state from develypthis is similar to increased strength of brajsdts

caused by optimal gap width.



Using this knowledge base, new welds were made difterent sheet thickness (1.20 mm and
1.80 mm) Cr-Mo DP600 sheet steels and onto higtvength grades of 1.20 mm Cr-Mo DP780 and
1.20 mm Mn —Si DP980 sheet steels. These were a@upvith the heavily studied 1.65 mm Cr-Mo
DP600 sheet steel described above. The 1.80 mm@s§teeet steel (welded with the same range of heat
input) fractured in the BM during all uniaxial tsrerse weld tensile tests; this was caused by a 4%
increase in sheet thickness. The majority of thih20 mm welds fractured in the HAZ; there was on
BM fracture for the DP600 sheet steel. Only thé@8Phad a significant drop in UTS (~28%), and the
DP600 and DP780 approached 100% joint efficienagséld on the UTS). The same distinct regions of
hardness were observed for Cr-Mo DP600 and Cr-M@8DP The Mn-Si DP980 did not exhibit an
H-SC and had a significantly wider S-SC (~80% wjdehen compared to welds of similar heat input
and sheet thickness. This suggested that therqesé an H-SC region could improve joint efficigntt
also suggested that material chemistry played @oitant role in reducing the extent of softeningiray
welding; however, the martensite percentage for D600, DP780, and DP980 were different
(approximately 7.5%, 20%, and 46%, respectively #imis could also have affected the observed S-SC

widths.

It was concluded that GMAW-P welded DP600 sheetl steifted from a HAZ fracture to a more
desirable BM fracture location during uniaxial saarse weld tensile testing as the S-SC region of
hardness was narrowed. A narrow S-SC was supplbytéte adjacent hard IC and H-SC regions, which
limited diffuse necking in the vicinity of the S-S€gion. Diffuse necking continued to thin out erél
in the BM region, where there was a greater redocin cross-sectional area prior to the onset of
localized necking, and, therefore, the BM enterathée of higher stress than the S-SC and faileé @n
reached UTS. This was not observed for a higtnength grade of DP780 sheet steel, which had highe
degree of softening, because, diffuse necking wasufficient to reduce the BM cross-sectional aea

hence the level of stress in the S-SC reached Ti®:lid¢fore the UTS was reached in the BM.
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You cannot direct the wind,

Bat gou CHIN adjust gour sails...

Spoken like an engineer.

You CHN direct the wind,

Just give me some time...

Spoken like a frae engineer.

(at time of writing, www.google.com returned only 9 entries for “you can direct the wind”)..

(of course, there were 1,010,000 entries for “gou can control the wind”, but who's counting angways?)
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Chapter 1: Introduction to Joining of Dual-Phase Steels

In the past decade, automotive manufacturers haga pursuing different methods for improving fuel
economy to meet standards that have become phlagisfation set out by governments. As an example
of this, most recently, the Obama administratiothe United States proposed legislation to “mandéie
percent annual increase in fuel economy for moaelry 2012 through 2016” and “would push the
corporate average fuel economy, or CAFE, standawl fteet-wide average of 35.5 miles per gallon by
2016" [1]. Although the proposal was not in effattthe time of this study, it does illustrate #féorts

by governments to push automotive manufacturestamehigher levels of fuel efficiency. At the tinoé
writing, the CAFE standard passed for the 2011 rpelar was “27.3 mpg for the light duty fleet, wiic

includes passenger cars and light trucks” [2].

This legislation is meant to reduce the dependencyon-renewable resources like fossil fuels and
to reduce C® emissions that are harmful to the environment.r &domotive manufactures to meet
required legislative standards different methodsrprove fuel economy have been considered, some of
which include: improved auto body aerodynamics,rowpd engine efficiency, direct changes to the fuel
that is consumed, and reducing the vehicle weighite methods that are being used to improve fuel
economy are also required to meet vehicle designinements to maintain passenger safety and it is

desirable to maintain a relative ease of manufaguo limit expenses [3].

Methods to reduce vehicle weight include redesigvebicle architecture and the development and
use of higher strength-to-weight ratio alloys. Thbeus of this study is on the method for reducing
vehicle weight by utilizing a higher strength-toigl ratio alloy. Regardless of how society widlvger
the future generations of vehicles in automotivd ather transportation sectors, there will alwags b
benefits from utilizing lighter weight material$t has been possible to reduce vehicle weight lBctag
materials that have higher strength-to-weight gatltan conventional materials that have been used t

manufacture automotive structural components irptmt. Materials such as aluminum and magnesium



alloys, carbon fibre reinforced composites, andgimup of advanced high strength steels (AHSS) have
all been in development. In the current automoingustry infrastructure, knowledge, and skill hase
ferrous alloys such as steels and cast irons heea dominating the automotive sector and still iema
the most economical material in use. As a matargahmodity, over 800 million tons of steel are
produced each year compared to 24 million tonstfersecond ranking metal, which is aluminum [4H an
hence when steel is used for manufacture, materpénses are decreased. Advanced high strength
steels offer increased strength over conventiotesdls such as high strength low alloy (HSLA) steel
without significant reductions in formability. Thiallows thinner gauge sheets to be used during
manufacturing while still meeting design requiretsen The reduced sheet gauge provides the
aforementioned reduction in weight because the rdassity of AHSS is very similar to traditional

steel [3].

One important grade of AHSS is dual-phase (DP)Isteghich have a microstructure that is
comprised of two phases: martensite and ferritee fErrite acts as a softer matrix material that/jgles
the steel with good formability. The ferrite matris interspersed with coherent islands of harder
martensite, which increase the strength of thel.stébe strength of DP steel increases as the v®lum
fraction of martensite within the ferrite matrixirereased, but there is also a reduction in dtyctiDual-
phase steels are designated based on the ultiemstidetstrength (UTS) of the material, e.g., DRIsteat
has a UTS of 600 MPa is designated as ‘DP600’. eDdmg on the grade, chemistry, and manufacturing
process used to make the DP steel, there may alsmall formations of bainite/carbide precipitetes

retained austenite present in the microstructure.

1.1: Dual-phase Sheet Steel Processing

An example of a typical DP steel microstructurshewn in Figure 1.1. In the image, the ferrite nwat
appears grey and martensite appears white. Themaddmartensite islands disrupt elastic/plastia flo
during loading. The volume fraction of martensgtamnds within the ferrite matrix and the ferritexigr

size are the main factors that affect the DP ssé&eingth [5]; as the volume of martensite fraction
2



increases or as the ferrite grain size decreased)P steel hardness will also increase. The shag
orientation of the martensite islands can alsocaftae DP strength and cause the steel to e»
anisotropic mechanical propertiedpngated bands of martensite can be formed dpriocessing, whic

is known as banding [6].

Figure 1.1: An image of a typici DP780 dual-phassteel microstructure. Martensite app
white and ferrite appears gregtdhed with the Lepera’s Tint [7]).

To produce the dugdhase microstructure, 1 steel is elevated to a temperature that transfaine
base microstructure from a B.C.{errite (o) phase to an F.C.C. austenit¢ phase. This occurs in the
intercritical region, and hence, is known as arrinitical annealing. The intercritical region an
Fe-FgC binary phase diagram is shownFigure 1.2 In the diagram, the ferrite region is labelled
the austenite region is labelled, ‘and the intercritical region is labelled +y’, which denotes that bo
phases exist simultaneouslyDepending on theannealingtemperature and the intettical region
characteristic limits (Acand Ag lines), a different volume fraction of austenitendze formed durin
intercritical annealing; a higher volume fractiandbtained as the temperature is elevated clostre

Ac; line, above which, completeansformation to austenite occ. Intercritical annealing is illustrate

3



on the diagram with two different annealing tempaes, T, and Tg; this represents two different
processes, A and B, which can be used for the semménal steel composition. Based on the diagram,
intercritical annealing at AT (~750°C) produces a volume fraction of austenftamproximately 20%.
When the higher annealing temperature (¥810°C) is used, a larger volume fraction of anite,
measuring approximately 50%, is formed. The voldiraetion of austenite from intercritical annealisg

a direct reflection of the DP steel martensite wwdufraction that is obtained after quenching, bseau
upon quenching, the steel from the intercriticahealing temperature, all austenite present after

intercritical annealing will transform to martemstt

900

Tg = 815°C
%Yg = 50%

Temperature [°C]

Ta=750°C
%Ya = 20%

a

%Mg = 50%
Mco, s = 0.24%

%M, = 20%
Mc, 4 = 0.60%

eight % C

Figure 1.2: The intercritical region of a plain carbon steelF&C binary phase diagra
Example intercritical annealing processes, A andidgd to make the duphase microstructu
are shown. (taken from [8]).



Austenite has significantly higher carbon solupilithan ferrite, and during quenching to
martensite, the carbon is trapped in the inteastfjpaces of the BCT martensite crystal structeabse
there is not sufficient time for carbon diffusiomo improve the likeliness of forming martensiteidg
rapid cooling (known as hardenability), substitntib alloying elements are added to the nominal
composition of the steel. These alloying elemdrglp to impede carbon diffusion and decrease the
critical cooling rate to form martensite, i.e., #teel continuous cooling time-temperature tramsédion
(CCT) curve limits are moved down and to the righkonger times so that martensite can be formeld wi
slower cooling rates [9]. For the examples from dimgram, the resulting martensite carbon coritent
process A is 0.60% and the result for process 844%. So, for DP steel, as the volume fraction of

martensite is increased, the martensite carborenbdecreases.

Intercritical annealing is usually performed onadderolled or hot-rolled sheet steel and is known
as heat-treated dual-phase (HTDP) steel [6]. Thaganese content is typically high (to increase the
steel hardenability) and during hot-rolling, thenganese segregates as MnS inclusions that can becom
elongated in the direction of rolling. During safjgent intercritical annealing, areas that are maese-
rich tend to form into martensite bands [6]. ArestlDP steel processing method involves controlled
cooling of a fully austenitized sheet steel durhwj-rolling through the intercritical region [3]This
method is known as as-rolled dual-phase (ARDP).stidet rolling is used for refining the ferriteajn
size where a smaller ferrite grain size will leadhigher strength. This method tends to require les

manganese and is, therefore, less likely to formenaite bands [6].

A comparison of the typical engineering stresshstcharacteristics for DP600 steel is shown in
Figure 1.3. Dual-phase sheet steel that has simééd strength to a conventional HSLA sheet stél
exhibit a higher UTS while maintaining similar emgéring strain to failure, i.e., % elongation [Bhe
DP600 engineering stress-strain curve is showrhénfigure with a curve for a HSLA steel that has
similar yield strength of approximately 350 MPa asmahilar total elongation for comparison. The two

steels differed in UTS, where the HSLA had lowerSJaf 450 MPa when compared to the 600 MPa
5



UTS of the DP sheet steefhe DP steels do not have an upor lower yield point like the convention
HSLA steels, which improves formability by elimiimag a detrimental discontinuous yielding stage
eliminates unsightly Liders bands. Instead, DRlstéolow a continuous yielding curve duril

deformation.
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Figure 1.3: Comparison between HSLA and DP600 steel that hadlasi yield strengt
(350 MPa). (taken from [3]).

A drawback ofthe DP steel microstructure is trwhen the steel iglevatedto temperatures
approaching the carbon stee| Bne, i.e., the eutectoid temperature 72 (seeFigure 1.2), there is
potential for decomposition of the martensite p. Completely decomposedartensit is known as
tempered martensite. A fully tempered martenstand has reduced hardness comparethe prior
martensite hardness. Therefoempering of the interspersed martensite islandisléa softening of Dl
steel and potentiallg reduction in strength. The rate of marterdecompositions affected by the ba:
steel chemistry and the heating and cooling that it experiences during processing or manufact

stages.



1.2: Martensite Tempering

Dual-phase steel can soften when it is elevatadriperature due to the decomposition of the hadlene
martensite islands (known as martensite temperinfy). example of tempered martensite is shown in
Figure 1.4. Martensite tempering occurs when emvirental conditions initiate carbon diffusion witla
martensite body; this occurs when a martensite bsdsglevated in temperature. The temperature at
which decomposition of the martensite phase is maysid is just below the Atemperature, which is
approximately 727°C for plain carbon steels (sapifeéi 1.2). As the temperature is decreased frdsn th
point, the rate of decomposition also decreasde niicrostructure of a fully tempered martensitenid

in plain carbon steel is a mixture of ;Eecarbide particles (cementite) in a ferrite matthere is no

martensite left upon the completion of tempering [9

carbides are white;
gray background is ferrite

Figure 1.4: An example of the microstructure of a tempered emiteobtained from temperir
a fully martensitic microstructure in a 0.5% C $fee 45 minutes at 470°C. (taken from [9]).

The hardness of tempered martensite in plain casbesl decreases as the tempering temperature

increases. An example of this is shown in Figute[d]. Martensite tempering of plain carbon steel is
7



typically categorized into three stages, which ardirst stage temperature range of 50 — 200°Cnduri

which the transitionat-carbide precipitates, second stage range of 2B00-C where retained austenite

transforms into bainite giving an increase in sfiesiolume, and a third stage range above 300°@hdur

which the transitional carbides transform into cetite, FQC [10]. The transformed cementite coarsens

as the time duration and temperature are incregsedr to the steel Aemperature, and as the cementite

coarsens the hardness decreases.
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Figure 1.5: A typical tempering curve showing the decreaseairhess for different isothern
heat treatment temperatures (held for 1 hr). (tdk@n [9]).

Automotive components and sheet metal structurestygically joined by using a welding

process to create a permanent joint.

In the auivenandustry, the most widely used processes are



resistance spot welding (RSW), laser beam weldiBy\(), and gas metal arc welding (GMAW). These
are all fusion welding processes and are listedrder from the highest to lowest heating and cagplin

rates generated within the steel during the welgnmogess.

During welding of DP steels, a softened regionhef ticrostructure is formed, which is located
adjacent to the line of the weld heat affected z@H8Z) where the steel was heated to the, Ac
temperature during welding. This is frequentlyere¢d to as the Adine in the HAZ. An example image
tempered martensite in a welded DP sheet stebbisrsin Figure 1.6. In the image, carbide fornmadio
appear white and the ferrite matrix appears gignds of tempered martensite are labelled ‘TMhe T
degree of softening in this region is dependenthenwvelding process heat input and is dependethaen
prior martensite volume fraction in the DP steel BMigher welding heat input is expected to create

wider softened region that has coarser cementithirwithe tempered martensite islands. Lower

Figure 1.6: SEM image of tempered martensite (TM) in a DP60€esisteel GMAW-Rvelc
HAZ. (2% Nital etch).



strength grades of DP steel (DP600) are expecteHat@® less softening because there are fewer
martensite islands in the base-metal microstruatarepared to higher strength grades (DP780, DP980);
this means a greater proportion the microstrudgsiferrite, which remains relatively unaffectedi@mms

of hardness. Also, due to the high hardenabilityD® steels, the weld fusion zone (location of the
highest cooling rates) can potentially become Vg and consequently be very brittle. The weldZHA
microstructure transforms significantly when congghto the prior DP microstructure and extends from
the prior base-metal (BM) to the weld fusion bouyd#&B). As weld process heating and cooling rates
increase, the size of the HAZ will decrease antksdig will be less; however, all of the processasse

martensite decomposition to varying degrees.

1.3: Fusion Welding: Pulsed Gas Metal Arc Welding

The focus of this study was the weldability of Oiest steels by the GMAW welding process. Welding
joints made using the GMAW process typically expece the highest heat input, and the lowest heating
and cooling rates of all of the welding processasdun the automotive industry to join DP sheetlste

As an example of the differences between the diffefusion welding processes that are used in the
automotive industry, the range of cooling rateshaf resistance spot welding (RSW) weld process is
approximately 2,000°C/s-100,000°C/s, for a lasembevelding (LBW) weld the range is approximately
500°C/s-5,000°C/s, and for a GMAW weld, the ramng@pproximately 10°C/s-100°C/s [11]. Welding
heating/cooling rates are non-isothermal and vapedding on the relative position to the heat saurc
Thus, the fusion welding HAZ exhibits a continudtemnsition of microstructure that extends from the
base-metal to the fusion zone; at each infinitekistep through the HAZ it can be assumed that a
different microstructure exists. A larger affectedion will exist with fusion welds that use almeg heat

input to form a weld.

The GMAW process is typically used to weld thickguge sheets (1 — 3 mm), is used for joints
that can only be accessed from one side of the eoem, and is used at joints where the expected

loading will be highest, because increased jomargjth requirements can be realized by applyingdon
10



weld lengths [3]. Through use of the consumallerfimetal inherently used in the GMAW process,

fusion zone microstructure that is potentially gagdoss of joint efficiency in other fusion proses can

be manipulated. A GMAW welding system also hasveel capital cost compared to LBW and therefore
can help reduce production expenses. The GMAWgaDEs typically used to join lower strength grades
of DP steel (e.g., DP600); however, it can be usedeld higher strength grades (DP780, DP980), but
these weld joints will potentially exhibit a greatess of strength when compared to lower heattinpu

fusion welding processes [3].

In the present study, a pulsed gas metal arc wel@MAW-P) process was used to examine the
effects of weld heat input on the softening of et steel and the mechanical performance of simple
bead-on-plate welded joints. The GMAW-P processdpulsed voltage waveform and has an advantage
of lower heat input at similar deposition rates wltempared to the conventional constant voltage gas
metal arc welding (GMAW-CV) process. In automotiwelding, this is advantageous because weld
penetration can be maintained for similar travetesfs at reduced heat inplBased on previous
experience with welding these alloys, reducing wedd heat input was expected to result in reduced

softening of the DP sheet steels in the HAZ.

Figure 1.7 shows a general schematic of a GMA wegldiystem. The GMAW process uses a
consumable electrode (2) to establish an eleatti¢ld between the electrode tip and the workpieltae
electrode is continuously fed via wire feed roll&¥into the molten pool at a constant rate, kn@asrthe
wire feed speed (WFS). The arc that forms betwadeatrode tip and the workpiece acts as the heat
source for melting the base-metal and the tip efdlectrode wire. A molten pool (12) is createé tu
the heat input from the electric arc and due tohiat input from the metal droplets transferrednftbe
tip of the electrode into the molten pool. The t@olpool solidifies to form a permanent joint as th
welding torch (7) is moved along the weld jointorStant voltage DC power supplies are normally used
for GMA welding as this helps to maintain a constaalding arc gap during welding where the arc gap

is generally proportional to the welding voltagedi$12].
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Figure 1.7: A general schematic for the up of a GMAW system. The diagram shov
1) welding arc 2gonsumable electrode electrode reel 4) wire feed rollersdgs shielding ar
power supply connection @jire feed/shielding gas guiding tube GMAW torch and trigge
8) power supply 9) contatip 10) shielding gas flow 11)ozzle 12) molten welding pool. (tak
from [13]).

Electron flow across the arc can be setup as degent electrode positive (DCEP), dir
current electrode negative (DCENuIsed DC or can be alternating current (AG) GMAW, alternating
current is generally not usedecause it causes instaty of the arc and of the electrode ring rate. In
DCEP, also known as reverse polarity, the negatwinal of the power supply is connected at
workpiece and electrongithin the ar are emitted from the workpiedewards the electrode. Tt
creates higher heat inpat the electrode tip and increases the ing rate ofthe electrodel12]. In
DCEN, also known as straight polarity, the negatemninal of the power supply is connected to
welding torch and eleains are emitted from the tip of the electrode tolsahe workpiece. This creat

an increase in heat inpat the workpiece; however, telectrode meltingate is lower than DCEP and

12



tends to have less total heat input to the worlkgp[@2]. In most GMAW applications, DCEP is usesl, a
it gives better penetration and has better ardlgyaénd higher electrode melting rates; howeartain
electrodes specify the polarity that should be useite GMAW setup shown in Figure 1.7 is DCEP. The
path of electric flow is from the power source {@the contact tip of the welding torch (9); theattode
makes contact with the contact tip as it is fedawms the workpiece. The arc is established when th
electrode tip makes contact with the workpiece @ndes the circuit path. The return path of theudf

is from the workpiece to the power supply; the vpieke is grounded for safety. A shielding gas (%0)
supplied to the torch nozzle (11), which protebts inolten pool from the atmosphere; and prevergs ga
metal reactions such as CO boil that can causes gorform within the molten pool, which act as &rac

initiation sites.

For the GMAW welding process, the electrode tigirmultaneously fed into the weld pool as it
melts off. The rate at which the electrode mealtsépendent on the following independent parameters
electrode wire diameter, electrode compositionctetele polarity, voltage, contact-tip-to-workpiece
distance (CTWD), and WFS. As the electrode extdrma the contact tip, it rises in temperature thue
resistive electrical heating and the surroundiraft frem the arc. When sufficient temperature &ched,

a molten bead will form at the tip. This molteratlecan be stripped off the end of the electrodecauber
the weld pool by a number of different mechanismibe major contributing forces that act on the smwlt
bead are the electromagnetic force, known as thenitsn force, the viscous drag from the plasma strea
generated by the arc, and the force of gravity.[T4]ere are different modes of metal transfer depandi
on the relative magnitude of these forces: shadudi transfer, globular transfer, and spray transf
Spray transfer has an expanded definition, whicludes: projected spray, streaming spray tranafet,

rotational spray transfer [15].

The modes of metal transfer that are importanigbngjuish for this study are short circuit tranmsfe
and the projected and streaming forms of spraystean The other modes of transfer will not be

discussed further. The most important traits giguish for each transfer mode are the heat jipeid
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penetration, and weld quality. The basic prin@péand the tradeo! between short circuit and spr

transfer are described below.

A short circuiting (SC)mode of metal transfer occurs at low voltages wthen electrode ti|
makescontact with the molten weld po An example of a single cycle of the SC metal trangiocess
is shown in Figure 1.8The SC mode of metal transfer occurs because éotrefle melting rate is n
sufficient to create and expel a molten bead frioenelectrode tip prior to contact wimolten weld pool.
The electraagnetic pinch force is insufficient at low voltaigedetach a molten droplet as it forms. ~
necessary pinch force only occurs after contadt Wié weld poc when there is ahort circuit an spike
in the welding current At these high currents, th Lorentz forces cause pinching and necking of
molten metal and the resultant reductionsurface tension forces result in detaemt ol the molten
bead [14]. As the electrode makes contact, it causes theriel@gpatt to short and the arc to extingu
(step H, I, and A in the image)The electrical resistance at the electrode/wiedginterface decrees

significantly and the welding current rapidly inase (step B, C, and D in the ima(. This spike in
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Figure 1.8: The general mechanisms that occur during GMAW sticetiit (SC) metal transfe
(taken from [13]).
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current causes the electrode to rapidly melt officlv can occur violently, causing the ejection afiten
metal; this is known as spatteypically spatter solidifies on and adjacent to theld location and
requires post processing to remove it. Spattedeisimental to joint fatigue because it creates an
abundance of sites for crack initiation on the vpieke surface; spatter is also detrimental to corapb
aesthetics. After the molten bead detaches aneléles&rode is no longer in contact with the weldlgbe

arc re-ignites and the process is repeated. Shottit welds typically have low heat input and giow
penetration through the joint [16]. GGhielding gas is normally used because it is ésgensive than
Ar; however, use of this reactive gas means tlettielde wires with elevated levels of oxide scausmng

elements such as Al and Si must be used to pr&@ioil.

Spray metal transfer occurs when higher weldingagals and Ar-rich shielding gases are used.
This creates a larger arc gap, thereby allowingetietrode tip to melt off before making contacthithe
molten weld pool. A molten bead that is formethatelectrode tip is stripped off the end of thecebde
and projected towards the weld pool as shown inr€id..9. In this mode, the arc is continuous avesd
not extinguish. The molten bead droplet in prajdcspray transfer has a diameter that is simildheo
electrode diameter. In streaming spray transfer,liead becomes smaller in diameter than thateof th
electrode. Molten droplets melt off at a frequentyapproximately 100 Hz in projected spray transfe
and up to approximately 1000 Hz in streaming spraysfer [14]. Spray metal transfer occurs at a higher
heat input than short circuiting transfer mode, isulso occurring at a higher deposition rate.isTh
increases penetration into the workpiece and alléagser torch travel speeds. Penetration is also
increased because in spray transfer the moltenskee@dbeing propelled towards the weld pool at high
velocities causing ‘finger’ weld penetration geometis shown in Figure 1.9. The image shows typica
finger weld geometry and a streaming jet of moltmads being projected from the electrode; the
diameters of the beads are smaller than the etecttmmeter, hence this schematic is for streasyngy
transfer. A typical spray transfer process wiNdéan Argon shielding gas with an addition of Che

CO, addition promotes more favourable weld pool wettiwhich allows higher travel speeds to be

15



obtained while maintaining good weld bead geon. A requirement for this mode of metal transfe

that the Ar shielding gamust have less than 2 CO, in the mixture [17].

Figure 1.9: Example of streaming spray transfer andfinger weld penetration geomet
(taken from [ 13]).

The transition from short circuit transfer modesgray transfer mode for GMAW occurs a
transition current. Figure 1.18 a diagram that shown example of the approximate current that ca
expected for different diameter electrodes oveargge of WFS. The diagram is for steel electrode
DCEP using Ar—2% ©shielding gas13]. With the increased penetratioasgible with spray transfi
mode travel speed can be increasdn order to reducéhe total heat input to the weld (the time of |
input exposure can be decrease@jher benefits of spray transfer dnat spatter is significantly reduc
and potentially eliminatednd higher melting rates and metal deposition rategossible relative to <

transfer [16].

Whenjoining DP sheet steels in automotiapplications, the highdreat inpu rates associated
with spray transfer can be detrimental because itesagseatessoftening in the HAZ and weld joi
guality issues such as buttmrougl become problematicTypical sheet steel welding is performed us

a shortcircuiting metal transfer mo, because it has a lower heat inpod dower weld root penetratio
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Figure 1.10: The approximate transition current foGMAW process using steel electroc
in DCEP (straight polarity) and an Arg— 2% Q shielding gas. (taken from.J]).

this helps to avoid burning through the sheet ¢ The low heat input of an SC transfer mode alsog
to limit DP HAZ softening. In automoive welding, processing time effects cost and tloeeefastel
travel speeds are desirable; however, the highihpat and high depth of penetration of a sprapdfer
mode, which helps to provide a high travel spead, @ause sheet steel k-throughand limit the weld
process operating window.To alleviate these problems a GM/P process has been selected
welding during this study. A&AMAW-P process was chosen becaustean (minimal spatter) and hi

penetration weld can begafuced while rediing the total heat input to the weld [16].
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A typical GMAW-P waveform is shown in Figure 1.1Rk. consists of the following four
parameters: peak current, peak time duration, vackgl current, and background time duration [13].
The GMAW-P waveform can attain a lower heat inghant with a conventional GMAW-CV process
because a CV process must be maintained aboverdne tsansition current whereas a pulsed waveform
only rises above the transition current for longugh to form a molten bead and strip it off the ehthe
electrode. The lower background current must figcsnt only to maintain an arc. The average entr
over the pulsing cycle can be adjusted so thatl@wer than the transition current for spray tfanand,
therefore, spray conditions are obtained with GMA&/ét a lower average power input [16]. This can be
advantageous when welding DP sheet steels, beb@glsanetal deposition rates can be realized while

minimizing softening in the HAZ and avoiding butmaugh.

Peak Current
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i Spray Transition Current
"E ---X Average Pulsed Current
O — —
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Peak Background Tlme [S]

Duration Duration

Figure 1.11: A schematic of a typical GMAW-Pulsed waveform. Tpeak current is used
produce spray metal transfer mode, but the lowekdraund current givesn average current tl
is lower than a GMAW-CV spray current for the sastextrode and shielding gas.

1.4: Objectives of the Present Work

The objective of this study was to examine the wafeility of coated dual-phase sheet steels, spatlific
DP600, when using the GMAW-P welding process andeteelop an understanding of how tempering of
martensite in the HAZ of GMAW-P welds affected DRest steel fracture. By developing this

knowledge base, methods to improve GMA welded Déeshteel joint efficiency could be proposed. In
18



the following Chapter 2, a literature review of st knowledge of welded DP sheet steel softesly
fracture mechanisms is provided. Chapter 3 costamoverview of the equipment and setup that was
used to conduct welding trials and also outlinew ltee experimental work was conducted. The results
and discussion are provided in Chapter 4. Fin#llg,conclusions of the study are listed in Chaptas
well as recommendations for the direction that reittesearch of GMAW welding of DP sheet steel

should take.
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Chapter 2: Literature Review

The following literature review focuses on the effeof GMAW welding heat input on DP sheet steel
mechanical properties; however, other fusion wejgirocesses are also reviewed to cover a larggeran
of heating and cooling rates. The literature revie separated into three sections: dual-phasé stee
mechanical properties for uniform base-metal, isottal tempering kinetics in relation to DP sheeekt
and the mechanical properties of uniformly tempdd&dsheet steel, and the effects of non-isothermal
tempering from fusion welding heat input on DP s$tsteel mechanical properties where the focusheill

on GMAW welding of DP sheet steels.

2.1: Dual-phase Steel Mechanical Properties

Over the course of development, the mechanicalgrtigs for dual-phase sheet steel have been widely
studied and control over those properties has bedihestablished. To better understand the effetts
softening due to martensite tempering, the follgnéection details the known mechanical propertes f

unaffected (as received) DP sheet steel base-metal.

The superior ductility of DP steels compared tovemtional HSLA steels has been observed by
Davies [5] who confirmed that at a given level tvéagth, DP steels exhibit higher levels of duigtithan
conventional HSLA steels. Lawsaet al. [18] suggested that a combination of good streragtt
ductility in DP steels was associated with sigaifitamounts of epitaxial ferrite (formed after mtéical
annealing) in conjunction with a retained ferriteatix and martensite islands. As mentioned in
Chapter 1, DP steels exhibit a continuous yieldofgenomenon, which is beneficial to formability.
Okamotoet al.[19] observed that a DP steel with as little a® 2% martensite-plus-austenite volume
fraction was sufficient for continuous yielding txcur during deformation and that internal stress
existing before or during tensile testing was tha&inmcause of the continuous yielding phenomenon.
Lawson et al. [18] also noted that a continuous yielding behavivas caused by increasing the
martensite volume fraction.
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Davies [5], Okamotet al.[19], and Lawsoret al.[18] all found that the strength of DP sheet steel
was directly proportional to the martensite voluirection. Davies [5] went further to suggest tbér
sheet steel strength was dependent only on theensite volume fraction and the ferrite grain size;
found that Nb and Mn additions in the DP alloy proeld grain refinement, which increased strength and
that Mo additions did not appear to affect grazesi He also suggested that Mn additions from @72
1.48 % lead to an increase in the volume fractibmartensite. He further noted that the strendth o
individual martensite islands was not a factortfee strength of DP sheet steels. This was contrmary
expected belief that individual martensite hardmnessild have a larger affect on DP steel strength.
Okamotoet al. [19] found that differences in DP steel strengtftween steels that had similar martensite
volume fractions were caused by the ferrite harsinésawson et al. [18] noted that the ferrite grsize
was not affected by intercritical annealing; howetkey found differences in the strengths of Détlst
that had similar martensite percentages, but hamh lroduced by different intercritical annealing
temperatures. Lawsoet al. [18] suggested that epitaxial ferrite growth tf@imed around martensite
islands during cooling (after intercritical anneg)i was more prevalent in DP steels that had higher
intercritical annealing temperatures and that g@tderrite growth could cause a difference in BiBel
strength. Avtaret al. [20] studied the effects of transformed (epitgxfakrite on the impact fracture
properties of DP steel and suggested that theftraned ferrite may differ in orientation and compias

when compared to the DP steel retained ferrite.

Davies [5] found that DP sheet steel strength wdspendent of the carbon content of the individual
martensite island. While it is well known that theength of martensite increases as carbon content
increases, it was unclear to Davies [5] why thergith of DP sheet steel did not depend on thegitren
of the martensite islands. The individual strengtha martensite island is affected by: hardenigg b
substitutional alloying, hardening by interstite@loying, precipitation hardening, prior austeniein

size, strengthening by substructure, and micrdpldsformation and rapid work hardening [10]. teed,
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the most influential of these strengthening medrasiis hardening by interstitial alloying; eithleradugh

carbon or nitrogen additions.

As the carbon content in martensite increasesh#éndness also increases. An example of this is
shown in Figure 2.1. The hardness of martens#tehes a limit at approximately 0.6%C. The additbn
alloy elements appears to have minimal effect ortenaite hardness [5,9]. The martensite BCT clysta
lattice c/a ratio also increases as the interstagbon content increases [10]; as the c/a rggpr@aches
1.0, the martensite acts more like ferrite. Indd€®l, the interstitial carbon atoms tend to défugo the
austenite phase during intercritical annealing lzgnce the nominal carbon content of the sheet dtess
not reflect the carbon content of the martensitesph The carbon content of martensite islandevari
with the intercritical annealing temperature andido martensite carbon contents can be expected at
higher temperatures (via the Lever rule for th@paustenite). Therefore the hardenability of ewise
close to the Agline will be lower than the hardenability of thastenite at the Acline. Individual
martensite hardness may have an effect in microlasl testing of DP steel because microhardness
indentations will cause the martensite islands ¢oolme plastically deformed; however, this was not

found in the literature that was investigated.
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Figure 2.1: The hardness of martensite as a function of theocacomposition. The hardn
does not appear to be affected by other substiaitialoy elements. (taken from [9]).
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Davies [5] suggested that the reasoning for this ma& necessarily independent of martensite carbon
content. The collective reasoning that he sugddsteDP steel strength being independent of maiten
carbon content was that high carbon martensite frature prior to rupture and hence not improve
strength, that martensite strength may be lowarferrite matrix than within an austenite matriet&ined
austenite increases with an increase in carboreontand that autotempering of high carbon maiteens
may occur so that only 0.4% carbon remains in gmilib martensite bodies, regardless of the maiteens
volume fraction. Contrary to what Davies [5] hagygested, Ahmast al.[21] argued that the strength
of DP steel was proportional to the martensite madraction and the carbon content of the martensit
In that study, it was suggested that higher cadmortent in DP steel (and hence higher carbon nmsitédn
improved the UTS and reduced the ductility; howeu2P steels that had less than 30% martensite

volume fraction were not studied.

Chenet al. [22] attempted to clarify the effect that martémstarbon content has on DP steel
mechanical properties. The tensile strength ofsi&iél was observed to increase as the nominal carbo
content increased for a constant martensite volisaation. This observation was contrary to Dayks
It was suspected that an increase in martensitamelfraction, regardless of the carbon contentldcou
increase tensile strength due to a higher dislogadiensity in the retained ferrite matrix. It walso

suggested that in DP steels, the martensite plueserobt reach its UTS, even once necking has agturr

Okamotoet al.[19] observed that in a carbon (0.02 wt. %) anchgaaese (2.1 wt. %) DP steel, the
microstructure contained a small amount of peartiténned martensite, and retained austenite. &hes
second phases were observed to be enriched in Oviandexamined by an electron probe micro
analyser). The Mn enrichment was found to be apprately double the value of the nominal steel
composition. This suggested that austenite angesutent formations of martensite islands shouldeot
considered to exhibit the nominal alloy compositibhe same analysis on a continuously annealed dual
phase steel was found to have minimal Mn segregatie to a shortened soaking time; this suggested

that tempering of these two different processedsi2Bls could also be very different.
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The presence of non-martensitic phases in a DPretemstructure was recorded by Davies [5] and
Okamotoet al. [19]. The non-martensitic phases were attribute¢tbw hardenability and insufficient
cooling rates. In both studies, as the inter@itamnealing temperature was increased, cemeiatitielps
were absorbed into austenite regions and upon firencthe martensite volume fraction increased.
Davies [5] suggested that the strength of air @@ alloys should have high hardenability to easur
that the strength is independent of annealing teatpe2. In a later study, Davies [23] stated ticit
chemistry DP steel containing approximately 1.5%-dd 0.1 — 0.3% V, Cr, and/or Mo could be air
cooled (~20°C/sec) to achieve a martensite-femiterostructure, whereas lean chemistry DP stedl tha
contained only 0.6% Mn had to be water quenche@{®2ZC/sec) to attain a dual-phase microstructure.
Similarly, in a study by Okamotet al.[19], an increase in YS and UTS were attributethter cooling
rates that resulted in higher martensite volumetifsas within a DP steel microstructure; this whewn
to be dependent on annealing temperature for apadites slower than 320°C/h. Lawsetral. [18] and
Avtar et al. [20] presented microstructural evidence that atelocooling rates there was more epitaxial
ferrite transforming from intercritical annealedstenite than there was to martensite. Furthernacréie
intercritical annealing temperature was decreade amount of austenite transformation into epaiaxi
ferrite decreased. Lawsat al. [18] attributed this to increased hardenabilityedo higher austenite
carbon content. Ahmaelt al. [21], using a nominal composition with high Cr (08), observed that

after quenching there was a significant amount aftemsite and attributed this to good hardenability

Steinbrunneet al. [24] defined the stages of yielding during unidxténsile testing to follow either
diffuse necking or a diffuse plus localized neckpripr to complete fracture. From this definitican,
diffuse neck develops in thin sheet after plastatdbility, which incurs significant contractiorrans in
the tensile specimen width and thickness directiangi-axial strain state is developed. A subsedu
localized neck forms when there are additional ughsthickness strains after flow constraints limit
further strain in the width direction; there isrsficant through-thickness sheet thinning that gigantly

limits the usable post-uniform strain. Steinbruneeal. [24] observed that the likeliness of localized
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necking of a DP sheet steel uniaxial tensile spegirincreased as the martensite volume fraction
increased and as the tensile specimen width inedealm both cases, the expected fracture was Gijlelu
rupture, a process that occurs in three stages;hwivas described as: void nucleation, growth, and

coalescence. Due to higher local strain, the deiusity was higher during localized necking.

The nucleation of micro-voids in DP sheet steeks ltegen associated with non-metallic incoherent
inclusions or with martensite islands [21, 24]. id/aucleation due to martensite islands was obsktwve
be from decohesion between the ferrite-martensiterfaces, by the separation of fractured martensit
islands, and by the separation of adjacent and rmefd martensite islands. Of these,
Steinbrunneet al.[24] found that the dominant mechanism for nuitgatvas at fractured martensite
islands; however, growth of voids after nucleatisas dominated by the ferrite-martensite interface.
Growth of voids was observed to extend in the tiimacof the tensile axis [21, 24]. Furthermoregyth
suggested that erroneous conclusions could be edkefivom analyses that focus on void nucleation
adjacent to the fracture surface (analysis by logial sectioning), because this area was typicall
dominated by interface decohesion. Steinbrumhex. [24] determined that the critical local strain for

nucleation by an island of fractured martensite ag®oximately 5%.

By interpreting different models, Lawse al. [18], suggested that during early stages of DBl ste
plastic deformation, strain only accumulates ingbft ferrite matrix. After martensite deformatistarts,
the strain accumulation becomes comparable witloth [phases. This suggests that the start of
martensite deformation should be dependent on nacbatent and the morphology of the martensite
structure. Davies [5] found that martensite freetwas not present at strains of 5% in DP sheetsste
that had less than 40% volume fraction of martens@rack formation in martensite was more prevalen
when the carbon content was high and the DP stadknsite volume fraction was high enough so that
banding occurred [5]. Avtaat al.[20] suggested that transformed ferrite may ineeghe susceptibility
of DP steel to cleavage fracture during impacirngsturthermore, there was evidence that an irsgrea

the amount of transformed ferrite leads to an @meeein crack initiation energy and decreased
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propagation energy. They reported that transforfeedte may have a higher Mn content and a higher
resulting hardness than retained ferrite; the sofimined ferrite was believed to have betteriezgly to
crack nucleation as it could incur larger plastimisas. This echoed the suggestion by Daviesh&f t
martensite in an austenite matrix (hardness dasepted in Figure 2.1) may exhibit different sttang

than martensite in a ferrite matrix.

Davies [23] and Speicét al. [25] both observed brittleness in as-quenched altdyed DP sheet
steels. Davies [23] found that high alloyed DRelsteshould be tempered in excess of 120°C to avoid
embrittlement, whereas for lean alloyed DP steistility was shown to increase from 15 to 22%ltota
elongation after sitting at room temperature fondirs. The issue of embrittlement in rich alloy DP
steels was suggested to be caused by a large vadupmnsion of higher carbon martensite during
guenching, by likeliness for autotempering in ledloy DP steel due to a higher martensite stard) (M
temperature, and/or by the presence of V in ridhyaDP steels that could reduce the strain-aging

response of the ferrite matrix [23].

From the literature presented in this section, ghhalse steels with similar martensite volume
fractions that have martensite islands with diffgrcarbon content do not appear to have differeimces
strength; however, it may be that extremely lowD(¥0-wt %C) martensite carbon content has not been
tested. Low martensite carbon content may havstexkiin DP steels that had low nominal carbon
content and a high martensite volume fraction. i@a\J5] reported that in DP sheet steels with a
martensite volume fraction above 50%, the streagieared to be independent of ferrite grain sizk an
that this was suspected to be caused by an increameunt of martensite precracking. These studies
have not documented the actual carbon weight pgrgenn the martensite; estimates were based on
simple Level rule calculations. In early stagesdeformation, DP steel with low carbon martensite
islands may incur martensite fracture or elongapaor to the expectations laid out by these studie
Steinbrunneret al. [24] considered this notion that low carbon masienislands with reduced cross-

section could locally deform and fracture, which ukb lead to premature void nucleation.
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Speichet al.[25] described the plastic incompatability of handd soft phases in a discussion on the
effects of carbon content on the hardness of thegemsite phase. If martensite carbon content was
sufficiently high so that martensite strength whewe the strength of the deforming ferrite matiiven it
would be expected to not have an effect on thetB# strength; however, if the martensite stremgthe

to drop below the strength of the deforming fernitatrix, then it could affect both strength andtdityg.

The literature does show that the martensite volénaetion is the most important factor for DP sheet
steel strength and ductility, and that changestifg martensite volume fraction will change the £€el
mechanical properties. This leads to the detrialeetfects of heat input and the decomposition of

martensite, which is covered in the next sectionlwal-phase steel tempering.

2.2: Dual-phase Steel Tempering and the Effect on Mechanical Properties

In this section, the literature on the mechanicapprties of uniformly tempered DP sheet steel$ vel
discussed. In the majority of studies describethis section, isothermal tempering over long tenmge
periods (approximately 1 hour) was used to exanthme effects of tempering on DP sheet steel
mechanical properties. A welding heating and capltycle occurs within seconds and, therefore, the
isothermal tempering conditions that were studiedat directly reflect the conditions that occuthin a
weld HAZ; however, similar trends may occur and @ investigated further in the subsequent section

that covers literature related to the effects ofitimg of DP steel.

Before examining the effects of tempering on thelghlnase microstructure and mechanical
properties, a brief study by Grangeal.[26] is presented to show the effect that the gaes of different
alloying elements are expected to have on the lkaslmf tempered martensite. In the study by
Grangeet al.[26] the effects of Mn, P, Si, Ni, Cr, Mo, and Y1 martensite hardness in the quenched state
and over a range of tempering temperatures wewdiestu Tempering was for 1 hour at isothermal
conditions. These alloying additions were comparvét hardness data for plain carbon steel in simil
guenched and tempered states. &hal. [27] stated that the presence of alloying addgican affect

tempering by modifying the segregation of trampneo(S, P, Sb, etc.) to prior austenite grain
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boundaries, by potentially changing the transforomatcharacteristics of retained austenite, and by
potentially changing the nature and compositiopraiipitated carbides. It was also suggestedtkizat

diffusion rate of these substitutional alloyingraénts was too low to have a noticeable effect [23].

Alloy additions create a fourth stage of temperamgl change the temperature ranges for the other
three stages [10]. Grange al. [26] found that the hardness of a quenched matéeparticle was not
guantitatively affected by the addition of the go In general, tempered martensite hardness was
observed to decrease as the tempering temperatusaged; however, when tempering above 204°C, all
of the alloying additions were observed to retaaftansite softening when compared to the hardrfess o
tempered martensite from plain carbon steel. Asp@rcentage of an alloy addition was increasedl in
martensite particle, the resulting tempered maitertardness also increased when compared to the
baseline plain carbon tempered martensite hardoesmy given tempering temperature above 204°C.
Alloy additions were observed to have ranges ofening temperatures where the resulting differénce
hardness compared to the plain carbon temperecensétd was greatest; these represented tempering
temperatures where a given alloy addition was neffective at limiting softening. The alloying
additions P and Ni had the same effectivenessirfuting softening at all tempering temperaturese Th
alloying addition of Si was most effective for litinig softening at a tempering temperature of 316°C.
Manganese was most effective for reducing softenireg a tempering temperature range between 427°C
to 649°C. For Cr, the most effective tempering gemature was 427°C. For Mo, the most effective
tempering temperatures were over the range 538°6983C. For V, the most effective tempering

temperature was 649°C.

Martensite in alloyed steels can have secondamyenang due to a fourth stage of tempering and the
precipitation of alloy carbides with high solutentent [9,10]. An example of secondary hardening is
shown in Figure 2.2. The chart shows an isotheihdiour) tempering curve of martensite that was

formed for a 2% Mo — 0.1% C steel. At approxima&d0°C there is a peak in hardness that is ablwve t
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guenched fuy martensitic hardness value; this corresponddtdeffective temperature range descril

by Grangeet al.[26].
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Figure 2.2: Hardness data obtained from the isothermal (1 htamypering of a 2¢Mo —
0.1% C steelThe data shows data for tempered martensite theitolyserved to have seconc
hardening. (taken from [10]).

These effective tempering temperatures and ranfjésnmperatures represent possible method:
reducing the softening in the weld H/and,based on the isothermal martensite tempering oy allees,
there is potential for Aardened region to form in a weld HAZ due to seempdhardenin; this would
occur below the Actemperature in the subcritical (SC) region of mstractur. A weld HAZ is not
directly represented by the isothermal conditidret tvere used during the study by Graet al. [26];
however, microstructural regions of a weld HAZ rmgtructure may reflect the mechaniczoperties of
alloyed tempered martensite. Certain locationghef HAZ microstructure may be more effectiv

prevented from softening due to the presence ofenglloy addition.
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Studies on the tempering of DP steels have shoatath tempering temperature was increased, the
yield strength (YS) and ultimate tensile strendtiT$) decreased for plain carbon DP steels [28]. In
contrast, for alloyed DP steels, studies have shinahthe UTS decreased but the YS increased as the
tempering temperature was increased [23,25,27,2P,3dowever, it was also suggested that the
composition of the DP martensite islands was ingrdrt Alloyed DP steels that had high martensite
percentage may not show an increase in YS aftgpddeng [31]. The percent elongation increased afte
tempering during all of the studies that were itigeded. After tempering, most DP steels were plesk

to have discontinuous yielding.

In the following studies, the focus of the work was the mechanical properties of specific
compositions of DP steel. These examples showdifferent combinations of alloying additions affect
the DP steel mechanical properties after isotherteaipering. Although experiments that were
conducted for this thesis were done using Cr-ModbPet steel, the following explores how tempering

affected a number of different alloyed DP steels.

Joardetret al. [28] found that after isothermally tempering aiplearbon DP steel (0.1%C, 0.8%-Mn,
and 0.31%-Si) the YS and UTS decreased. Percengation increased and discontinuous yielding
returned after tempering at temperatures above@00Fhe observed reduction in strength was most
severe after tempering at 200°C; at tempering teatpees above 200°C the YS and UTS drecreased
gradually. Compared to DP steels that had richey aontent, plain carbon DP steel did not show an
increase in YS after any degree of isothermal tem@eThis was contrary to other studies that had been
conducted, and so Joarddral.[28] stated that the mechanical properties of e DP steels depended
on the steel composition, the intercritical anmeatemperature, and the quench cooling rate. Petnala
[31] confirmed this belief by observing that Cr-Nb steel with high martensite volume fraction dad n
show an increase in YS after tempering; whereagerdaonartensite volume fractions produced from the

same nominal composition showed an increase inf¥® empering. This had likely occurred because
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martensite alloy content was lower for the DP stieat had a higher martensite volume fraction; tdua

higher intercritical annealing temperature duringgessing.

Speichet al. [25,29] observed that the UTS of as-quenched IM¥DP steels increased smoothly
with increasing martensite percentage. The UTB@tempered DP sheet steel was observed to decreas
for low (200°C) and the high (650°C) tempering temgtures; the reduction in UTS was more severe
(~35% reduction compared to < 5% reduction) for hiigh tempering temperature. DP steel that had a
higher as-quenched martensite percentage also ighdrhUTS after tempering. For both tempering
temperatures, the total elongation and the peraesa of reduction were observed to increase; this
increase was higher for the 650°C tempering tentpera In a later study, Speit al. [29] examined
the differences of mechanical properties betweenD®rsteel (0.12%C and 1.5%-Mn) and Mn-Si-V DP
steel (0.12%C, 1.7%-Mn, 0.58%-Si, and 0.04%-V).e Min-Si-V DP steel was found to have a higher
retained austenite percentage (~9%) compared tolthBP steel (~3%); Rashit al.[30] also observed
a high percentage of retained austenite (~10%)anadium containing DP steel. The Mn-Si-V DP steel
was more resistant to tempering at low tempera208°C for 1 hour) than the Mn DP steel and there
was very little evidence of carbide precipitatidnrdgerlath martensite boundaries; however, atgdn
tempering temperature (400°C for 1 hour), bothlstlead significant precipitation and individual locie
particles could be resolved with an SEM. The UT$he Mn DP steel decreased more rapidly (for a
given tempering temperature) when compared to th& Of the Mn-Si-V DP steel. After tempering
above 400°C, the two steels were observed to hamesimilar ductility; this was attributed to reted

austenite decomposition in the Mn-Si-V DP steelicWlis described later in this section.

For vanadium DP sheet steel (0.1%C, 1.5%-Mn, 0.5%&l 0.1%-V) Rashieét al. [30] observed
that the YS increased as the tempering temperatareased (isothermal for 1 hour) and the UTS
decreased as the tempering temperature incredsedpliservation was consistent with the study by
Speichet al.[29]. The mechanical properties were unaffectedtiua tempering temperature of 200°C for

1 hour. Above this temperature, the mechanicgbgnties were affected and at a tempering temperatur
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of 500°C for 1 hour, the YS had increased approtéiya29.5% and the UTS had decreased

approximately 12.0%; a discontinuous yielding ctindireturned to the steel.

Similar observations were made by Jtaal. [27] for Cr-Mo DP sheet steel (0.06%C, 1.0%-Mn,
0.9%-Si, 0.4%Cr, and 0.35%-Mo) after isothermalgernng. The UTS was observed to decrease (15%
after 500°C isothermal temper) and the YS was o@sketo increase as the tempering temperature
increased. The YS reached a maximum (40% incresdsa)tempering temperature of 300°C, and then
slightly decreased in strength when tempered altbigetemperature; this was similar to a study by
Pandeet al.[31]. Discontinuous yielding returned to the stefter tempering above 100°C; the yield
point elongation (YPE) increased as the tempegngperature was increased, but reached a maximum at
300°C and did not show further signs of change wieenpered above this temperature. For Cr-Mo DP
steel, Jhaet al. [27] divided tempering into two ranges, which wéedow 300°C and above 300°C. In
the range below 300°C, no significant microstrugtehanges were observed; however, carbon diffusion
occurred and changes in ferrite and martensitegiinewere observed. In the tempering range above
300°C, carbon diffused out of the martensite tonfevell defined carbide particles. Martensite hasin
decreased as the tempering temperature increagetodtarbon diffusion out of the martensite body;
however, at approximately 300°C the hardness wiasrbkatively constant. Jhet al.[27] suggested that
this was due te-carbide precipitation that had been identified. higher tempering temperatures, above
300°C,e-carbide was replaced by cementite formations badhardness continued to decrease. This was
also stated as a possible reason for the peak atShtd been observed after isothermal tempering at

approximately 300°C.

Davies [23] observed that lean alloy (0.6%-Mn) DBets softened more rapidly than rich alloy
(1.5%-Mn, 0.1 -0.3%-V/Cr/Mo) DP steels as the tenmg temperature was increased; at lower
tempering temperatures, the difference in both mesd and tensile strength were not substantially
different. He also observed that the degree dilestrength reduction for a rich alloyed air-cxbDP

steel was lower than a rich alloyed water-quendd@dsteel after being tempered at 450°C for 5 mejute
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however, the initial UTS and post-tempered UTSterrich alloyed water-quenched DP steels were both
higher than the respective air-cooled DP steelavidy [23] found that the YS increased upon tempgeri
for air cooled and water-quenched DP steels (age@d — 30 mins. at 170°C). He suggested that this
strengthening was a result of carbon diffusion thiahed free dislocations in the ferrite and/omied

fine iron-carbides. This increase in YS was obsérat low temperature isothermal conditions, and
subsequent tempering at higher temperature (ab@®®C3 led to a reduction of YS. A similar increase
in YS was observed for an air cooled DP steel ¢om@g vanadium that had been tempered at
temperatures above 300°C for 5 minutasboth tempering experiments, he found that th&dieadily
decreased as the tempering temperature was indredbe increase in YS suggested that a disconisiuo
yielding behaviour was returning to the stedh a similar study, Speiclet al. [25] observed that
discontinuous yielding behaviour returned to 1.5%-BIP sheet steel after high temperature (650°C)
tempering for 1 hour; at low tempering tempera(@@)°C), discontinuous yielding only returned fdp D
steels that had a low martensite volume fractiomnl (aence had high martensite carbon content). They
suggested that the increase in YS after temperig due to a reduction of residual stress causea by
volume contraction that accompanies carbide prtiph within the martensite phase; this was based

a residual-stress modelln the context of welding DP steel, an increasehim YS of a weld HAZ
tempered region could cause differences in thesesestional area of a welded uniaxial transverdd we
tensile specimen during loading. This could causeensignificant diffuse necking in the BM compared
to the HAZ; more substantial diffuse necking in B could reduce the cross-sectional area and ssirpa

critical strain required for void nucleation.

Effects from tempering non-martensitic phases insidels were also investigated. The main effects
that were observed came from austenite decompuosititained ferrite recovery, and cementite/carbide
coarsening. In the following studies, individuatrostructural changes that were suggested to dhese

changes to DP steel mechanical properties aftqpegng have been investigated.
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Okamotoet al.[19] measured approximately 1.0% retained augténitt 0.02%C and 2.06%Mn DP
sheet steel. When the retained austenite was hednt liquid nitrogen (-196°C) from room
temperature, the retained austenite transformedattensite and subsequent tempering of the steédble
discontinuous yielding; the same effect was obskafeer 5% deformation at room temperature. In DP
steel where retained austenite was present, temgpedid not lead to discontinuous yielding.
Furthermore, they suggested that retained austenitg suppress martensite tempering. Retained
austenite has minimal decomposition at slow cooting to manganese enrichment in DP steel [19].
Rashidet al. [30] observed that a vanadium DP sheet steehthtapproximately 10% retained austenite
in the as-quenched microstructure decomposed taugper bainitic structure. Retained austenite
decomposition occurred over the a tempering tenperaange of 300°C (~10% decomposition) to
approximately 400°C (~90% decomposition). Speéthal. [29] observed similar retained austenite
decomposition in a Mn-Si-V DP steel after isothdriieanpering at 400°C. The decomposition of
retained austenite decreased the UTS and dudflityeir DP sheet steel [30]. This was becaussrred
austenite had transformed to martensite duringrdeftion of as-quenched DP steel, but once the DP
steel was tempered, the austenite had decompossdnite, which had a lower strength than martensit
Speichet al. [29] observed a reduction in percentage of rethengstenite after DP steel was plastically
deformed. Observations of Cr-Mo DP steel showeat there were minimal amounts of retained

austenite [27].

Davies [23] suggested that higher carbon contenttemsite islands retain more strength after
tempering and that this leads to more elongatiorafgiven tensile strength. This reflected theegah
stages of tempering for higher carbon martensaéwere described by Petty [10]. From that teftera
the first stage of tempering (50 - 200°C) a highboa martensite (> 0.25%C) was shown to decompose
into e-carbide + martensite (0.25%C). This suggests drabmposition from a high carbon martensite
will retain the strength of a 0.25%C martensiterathis early stage of tempering. Thearbide should

not appear in tempered martensite that initiallg less than 0.25%C,; it is a transitional-carbidetlfie

34



nucleation and growth of cementite. The preserfce-aarbide has also been suggested to cause an
increase in the hardness of martensite in the eddges of tempering [10,28]. The precipitation of
g-carbide in martensite is more likely with highérc8ntent because Si stabilizes its formation [Z(22].
During tempering of a vanadium DP steel, Radtidl. [30] and Speictet al. [29] observed dislocation
pinning due to the precipitation of fine vanadiuanhonitride precipitates (found in retained ferptease)

and suggested that these might result in secondargening. These precipitates coarsened as the
tempering temperature was increased. Rasthad. [30] suggested that this could have caused theehig

YS and reduced ductility that had been observed.

Zhu et al. [32] studied how alloy element segregation ocaliire cementite during tempering of
martensitic steel. In the study, the hardnesslaificarbon (0.4%C) martensite was compared with a
martensite that contained Mn/Si/Ni/Cr/Mo after di#nt tempering conditions were applied. Bothlstee
softened after tempering to just below 300°C; thgrde of softening for both steels was similar.ov
a 300°C tempering temperature, the alloyed mateensoftening was significantly slowed when
compared to the plain carbon martensite; therean&3% difference in hardness between the alloydd an
non-alloyed tempered martensite after tempering0O&°C for 1 hour. During tempering of martensite
from a Fe-C-Si steel, there was no enrichment af $recipitatect-carbide or in cementite; Si enriched
zones existed adjacent to cementite that had prateig in the martensite [32]. Zlat al. [32] observed
that reduced softening was caused by Si rejectiom tementite, which reduced the rate of cementite
coarsening; this occurred around 300°C. Cemeatidesening was also reduced by other alloy addition

due to their slow diffusion rates.

Speichet al. [25,29] observed that at a low tempering tempeea{@00°C for 1 hour) there was
carbide precipitation at martensite interlath/iptate boundaries and some carbide precipitatiothén
ferrite matrix; whereas, at a high tempering terapee (650°C for 1 hour) carbide precipitation in
martensite coarsened and there was a significaméase of the dislocation density in the ferritérira

Joarderet al. [28] found that martensite islands had a twinnkdepmorphology in a plain carbon DP

35



steel that had a 24% martensite volume fraction andth morphology when the martensite volume
fraction was increased to 35%. After temperin@@@°C, they observeslcarbide precipitation in the
steel with 24% martensite and plate-shaped cemeptécipitated within the laths of the steel thatl h
35% martensite. This suggested that the martecaiteon content was lower in the DP steel thatdnad
35% martensite volume fraction; in the range 0.8700%C, martensite morphology begins to change
from laths to plates [33] andcarbide precipitation only occurs in martensitéhwa carbon content of
0.25% or greater [10]. Tempering at higher temjpeea(600°C for 1 hour) led to spheroidization of
cementite and recovery of the martensite lath suttsire. Based on this, Joardgral. [28] and Pandat

al. [31] concluded that the tempering kinetics of reasite islands in DP steel was very similar to tfat

a fully as-quenched martensitic body in plain carbteel.

Jhaet al. [27] stated that the strength of as-quenched msitee was dependent on the martensite
substructure (lath and plate twin size), the dalion density that is generated from the phase
transformation specific volume change (more notablths), the degree of tetragonality of the B.C.
martensite lattice, and coherency strains at é&emartensite interfaces due to lattice mismatchririgu
martensite tempering, strength shifts into theiteematrix due to carbon diffusion; this is refledtby the
increase in YS (governed by ferrite strength) dreddecrease in UTS (governed by martensite strength
Tempering causes the martensite substructure tsftian (carbide precipitation and growth), the
dislocation density to decrease, and for carbofusidn out of the martensite particle to occur, ahhi

decreases the BCT a/c ratio and coherency stra@tsgase in lattice mismatch).

Davies [23] stated that DP steel strength was dapendent upon the strength of the martensite
phase and that martensite decomposition (temperetylces the strength of DP steel; this was contrar
to his previous work [5]. He may have meant tlabgering reduced the martensite volume fraction;
however, in his previous study he did state thatrtte of martensite carbon content was uncleathiso
may have been spurred by new informatibte stated that higher carbon martensite was strdngdess

ductile and therefore was more susceptible to ltaztlure (for a hole punching operation). On thad
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of DP sheet steel fracture mechanism, Spetchl. [25] stated that the critical strain for void neation
(martensite fracture and ferrite-martensite dedongsind the strain to tear the ferrite ligamehts join
these voids equate to the total strain for fractuke increase in the martensite percentage dexsdhs
ferrite ligament distance between martensite dadiand this reduces the total strain at failure.
Tempering DP steel causes the martensite phasawer lin hardness and increase the critical strain
required for void nucleation, which results in aaper reduction of area after fracture. Joaedex. [28]

and Pandat al. [31] observed that pockets of cleavage facets withidimpled surface existed in as-
guenched fractographs for plain carbon DP steels hhd 24% and 35% martensite volume fractions;
there were more cleavage facets with higher matéeemslume fraction. They found that after tempgri

these two DP steels at 600°C, the fractographsgethto include only ductile dimple surfaces.

From the literature, it appears that temperingfiscéed by alloying additions so that over a range
tempering temperatures, a given steel compositiaumavbe observed to have varied rates of softening.
is generally difficult to specify these temperatuaages for DP steels of different alloy contentehese
of complex interactions that occur. In terms ofldirey, a DP steel weld HAZ will be affected due to
martensite tempering and the ranges of tempered lHA&ostructure could reflect the isothermal
tempered ranges; softening may be limited or predkaover portions of a tempered HAZ of alloyed (or
possibly unalloyed, it-carbide precipitates) DP steel. Although theideintal effects that heat inputs
have on DP steel can be expected to occur in aegeddmple, a weld HAZ is not a uniformly tempered
zone as studied by the literature found in thigieec At all locations throughout a DP weld HAZ,
mechanical properties will vary and it is the iatgtion of these mechanical properties across th& HA
that will govern fracture mechanisms for welded &ieet steel. In the following section, studieg tha
focused on the mechanical properties of DP stéwels were affected by a welding thermal cycle are

reviewed.
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2.3: Welded Dual-phase Steel and the Effect on Mechanical Properties

The final portion of this literature review presemiast work in which the effects of weld thermatleg
on the mechanical properties of DP steel has beeeiresl. These studies focused on how the weld HAZ

softens due to the heat of welding and on how Digedgjoints react to applied loads.

In an early study on DP steel weldability, Ghaslal. [34,35] studied the effects of weld heat input
on Cr-Mo DP steel when using a flash butt-weldingcess. He stated that martensite tempering of the
Cr-Mo DP steel during welding was expected at gpemature of approximately 600-650°C. The weld
HAZ microstructure was distinctly divided into regs of different morphology that were parallel he t
weld centerline; these different regions of morplgl had different plastic flow characteristics and
governed mechanical propertie&hosh [34] found that the weakest (softest) regioine HAZ occurred
approximately 6 —7 mm from the weld centerlineisthvas around a peak HAZ temperature of
600-650°C and was attributed to the presence opdemd martensite that was identified by SEM
examination. In his study, he used forced watesyspooling to prevent martensite tempering. Hentb
that the DP parent steel microhardness was 252 Vaitér welding with forced water cooling the
softened zone hardness was 245 VHN, and after meldiithout forced cooling the softened zone
hardness was 220 VHN. This suggested that by ahgrye cooling rate, the degree of DP HAZ

softening could be reduced.

In a later study, Biro and Lee [36] investigatedvhoaterial chemistry, weld heat inpand GMAW
weld transfer mode affected DP steel softeninghan HAZ of GMA welds. They made bead-on-plate
welds using GMAW short circuit transfer and pulsgtay transfer and compared the HAZ softening
behaviour for rich (Mn-Si-Cr-Mo / G = 0.36) and lean (Mn-Si/ Gfz = 0.23) alloy DP600 sheet
steels. Microhardness profiles were used to ifletiie DP weld HAZ. They used 5 parameters to
characterize the effects of the weld thermal cymtethe DP steel in the HAZ, which were: peak FZ

hardness, peak HAZ hardness, degree of softeniffgréhce between maximum softening and the BM
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hardness)distance to maximum softening, and distance to Bivtlhess. Biro and Le36] attributed
HAZ softening tothe formation ottempered martensite, and identified tempered msiteeislands at th
location of maximum softening; this agreed with thieservations by Gho [34]. They stated that
minimum hardness oocred at the location of the HAZ where there wadivésion between tempere
martensite and renucleated martensFigure 2.3 shows an examplerafcrohardness profis in which
the effect of material chemistry compared; theprofiles that are shown were for a 5% prestra
coupon that was GMA welded with pulsed spray trar. Rich DP steel chemistipcreased peak HA
hardness, decreased the degree of softening, ar@hsed the distance to maximum softening. Thidys
hadshown that material chemistry can create differeaittensite tempering kinetics at different locadi
in the weld HAZ softened zone; it also affectedtenisization and hardenability in the hardened F
The weld fusion zondad similar hardness foioth steels, which suggested that the compositiothe

GMAW filler metal was thelominantfactor for determining FZ hardenability.
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Figure 2.3: The effect of material chemistnn weld HAZ softening. (taken fron36]).
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Biro and Lee [36] found that as weld heat input Ww&seased, the peak HAZ hardness decreased, the
degree of softening increased, and distance tormanri softening increased; this was an expectedtresul
and agreed with the work by Ghosh [34]. They fotimat the type of GMAW metal transfer mode did
not appear to have an effect on welded DP steel HAZIness. They noted that higher heat input
increased the time for carbon diffusion and thethvaf the softened zone increased as a largeropoofi
the steel was elevated to a temperature that wiisisot for carbon diffusion to occur. Furtherreor
they suggested that a threshold heat input mayt ediere the degree of softening would reach a
maximum. Above this suspected threshold, the degrk softening would not increase further.
Hsuet al.[38] also studied the effects that the heat inpammfa GMA weld had on the mechanical
properties of a DP600 steel. By analysing micrdhass profiles, they observed softening (~20%
hardness reduction) in the weld HAZ. They did symcify its exact location with respect to the, Mae,
but it appeared to be on the outskirts of the HAA adjacent to the BM. They stated that FZ harsines
did not correlate well with heat input and suggedbat the weld process had little effect on thédvieZ
microstructure. This suggestion was contrary @ Mhblief that critical cooling rates should affectld

metal hardening.

The effects of GMA weld process heat input on highegength grades of DP sheet steel was
examined by Conrardgt al. [39] using GMA welds made onto 1.54 mm Cr-Mo DP&@ 1.60 mm
Cr-Mo DP980 sheet steel. Compared to the studBiby and Lee [36], these can be classified as rich
alloy DP steels. General observations of the W& were made using microhardness profil@hey
found that both steels had higher hardness thaBhkhen the HAZ close to the FZ and that softened
material existed adjacent to the Aime in the subcritical HAZ. In their analysisiety did not observe a
noticeable difference between the microstructuréhm softened zone and in the BM; however, they
suggested that softening was due to the formatideropered martensite. They observed an increase in
degree of softening of approximately 30 — 40 VHNtfee DP980 steel when compared to the DP780 and

attributed this to the higher percentage of maitems the DP980 BM.
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The effect of prestrain on GMAW HAZ properties wiagestigated by Biro and Lee [36] and by
Conrardyet al.[39]. Biro and Lee [36] prestrained (0%, 5%, and 10%) @P$heet steel coupons prior
to GMA welding in order to simulate preformed autdive components; this increased the BM strength
and hardness. Prestrain was found to affect tlheedeof softening and a higher prestrain produced a
higher degree of softening. This was expected usgrestrain had increased the BM hardness.
Increasing prestrain was found to decrease thardistto maximum softening; however, welds that were
made onto unstrained sheet had no evidence oingujte Biro and Lee [40] found that a lean chemyistr
DP600 steel that had 10% prestrain had a softeagdir that was between the Ame and the weld FZ
of the HAZ; this was a region of newly formed mistracture that had nucleated after being fully
austenitized by the GMAW weld thermal cycle. Theakest location of this weld was not in the
tempered region of the HAZ. Similar to Biro and Lj&8é], Conrardyet al. [39] analysed how prestrain
(0% and 8%) affected softening in a GMAW HAZ fogher strength grades of DP steel. They found
that 8% prestrain increased the DP780 BM hardngsapproximately 10% and hence increased the
degree of softening after welding. They obsenyed the same 8% prestrain produced a higher inereas
in hardness for the DP980 steel (~30%); this waated to greater dislocation density after pagat

Prestrain did not affect the peak HAZ hardnes®ithrer steel.

The effect of GMAW filler metal was studied by Hsuti al. [38] and by Conrardet al. [39].

Hsuet al.[38] found that an ER70S-6 filler metal achievddhir hardness in the weld FZ when
compared to the Cr-Mo DP600 BM hardness. They fahatla higher grade ER100S-G filler metal did
not increase the transverse weld tensile strengtBMA welds made in DP600 sheet. The weld joint
efficiency was base on the weakest point in the H&Hich was the softened zone. They made butt
welds with 4 mm thick DP600 steel using ER70S-6E&®100S-G filler metal and Ar-C{blends of
shielding gas with a backing bar. The reinforcenfezight and backing bar were machined off prior to
tensile testing. Conrardst al.[39] found that an ER70S-6 filler metal was suéid for a Cr-Mo DP780

weld, but that higher grade (ER100S-G) filler waggested for tests on a Cr-Mo DP980 weld. The
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ER100-G filler did not have any discernable effeat the strength of the DP780 welds. Using an
ER70S-6 electrode, they observed similar hardnea80(VHN) and microstructure (acicular ferrite and
trace amounts of bainite) in the weld FZ for DP&8d DP980. They expected that this might have been
too soft for the DP980 sheet steel. By switchmghie higher grade ER100S-G electrode, the wel@dlmet
hardness increased (~300 VHN) and the microstrectt&rs observed to have greater amounts of harder
constituents (bainite and martensite). They stttatithe weld metal microstructure and hardnese we
predominantly affected by the cooling rate. Foe #xtremely rapid thermal cycles during RSW,
Khanet al.[41] and Hernandeet al.[42] described interfacial fracture in the weld,R&hich was
predominantly martensitic, for DP600 and DP780 slsé=el. RSW is an autogenous welding process
and it is difficult to prevent the formation of ardened FZ because DP steel chemistry has high
hardenability. This shows the importance of the AWfiller metal because, for DP steel welding,dfll
metal can be used in rich-chemistry steel to dithie weld FZ and prevent excessive hardening and

potential embrittlement.

The effect on the DP HAZ properties due to weld cpss cooling rate was studied by
Ghoshet al.[34] and Conrardyet al. [39]. Ghosh [34] found that flash welding jaw tdisce, which
affected the heating/cooling cycle, did not hawgaificant effect on peak temperature beyond tauer
distance from the weld centerline, which dependethe net heat input; however, the cooling ratesewe
observed to decrease as the jaw distance increaskthis affected the HAZ microstructure for thenea
peak temperature. Fast cooling rates (short javamte or forced water cooling) reduced ferrite
formation, enhanced martensite and bainite formatémd produced finer acicular ferrite in regiotfis o
microstructure that were fully austenitized by thelding heat input (immediately adjacent to thedwel
FZ). This was expected, because faster coolirgg naere more likely to surpass the critical cooliatp
to form martensite. Ghosh [34] used hardnesslpsoficross the weld HAZ (from weld FZ to the BM) to
reveal the location and approximate width of thitesed zone. The width appeared to be largerhier t

weld without forced cooling. Regions that wereseloto the weld centerline had significantly incexh
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in hardness compared to the BM hardness. Thesmee(above the Adine) had been fully austenitized
during welding and had transformed to martensignite, and acicular ferrite during cooling. The
increase in hardness was substantially highemimteld with forced cooling; this further suggestieat

the critical cooling rate to attain complete tramsfation to martensite was important for this regio
Similar to the study by Ghostt al. [34,35], Conrardyet al. [39] analysed GMA weld process cooling
rate to observe different effects on DP HAZ softegni They established a high cooling rate by making
butt welds with GMAW short circuit transfer and@pper backing bar and obtained a low cooling rgte b
using a GMAW-P spray transfer without a copper baglhar. For both DP780 and DP980, they found
that a lower cooling rate produced a wider HAZ anéd region, lower peak HAZ hardness, and slightly
increased the degree of softening. This agredu tivé results by Ghosh [34]. They attributed pglak
hardness to a higher volume fraction of martengitewelds made with higher cooling rate; for low
cooling rate the peak HAZ hardness was 260 VHNfandtigh cooling rate the peak HAZ hardness was
370 VHN. They suggested that the combination efitardened HAZ and the softened HAZ act together
to affect mechanical properties; although they did provide further detail, this was important for

understanding a DP steel softened HAZ fracture iangisim.

Xia et al.[43,44,45] studied the effect that HAZ softeniradton welded Cr-Mo DP sheet steel
mechanical properties by using two laser beam wgldiBW) processes. They used a Nd:YAG laser
(high power density/low heat input) and a diodeetaflow power density/high heat input), which
provided two distinct ranges of weld heat inputihblaser processes have relatively high power tlessi
compared to GMAW. During their investigation, theyed full penetration bead-on-plate welds made
onto DP600 and DP980 steel. >dnal.[43,44,45] found that the Nd:YAG laser producedbader weld
FZ in the DP600 sheet steel when compared to thiedfiZ a diode laser; this was attributed to théhbig
linear heat input of the diode laser. In contrédst, FZ in the DP980 sheet steel was observedue ha
similar hardness after welding with both laserss thas due to the relatively high hardenabilitytioé

DP980 steel. The fusion zone microstructure wasended to be fully martensitic [43,44].
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Xia et al.[43,44,45] examined the HAZ for evidence of aaoéd zone using microhardness profiles and
found that the DP600 sheet steel only softened aiéding with the diode laser; the Nd:YAG lasedha
created a weld without a softened zone due tocseiffily low heat input. For the DP980 sheet steel,
there was evidence of a softened zone for both l@skling processes; however, the degree of soigeni
was higher for the diode laser weld. The maximwgree of softening was located where the peak
temperature during welding had reached thet@mperature for the steel. The amount of HAZesuftg
was directly proportional to the martensite volumaetion and ferrite within the softened region eaed

to have minimal impact on the reduction of hardrjd5% The degree of softening increased as tHd we
travel speed was reduced (net heat input increasetithere was a threshold travel speed above which
minimal softening was observed. They stated thatféiciently shortened weld thermal cycle could
prevent martensite (in the subcritical zone adjatenhe Ag) from fully tempering and confirmed this
by observing the microstructural differences betwaeweld made at high travel speed (low degree of
softening) with a weld made at low travel speedjtthilegree of softening). The amount of carbide
precipitation within the martensite islands wasngigantly reduced in the welds made at high travel
speeds [45] and in welds made with lower heat im@mlting processes [44]. X& al.[43] measured the
distance from the weld centerline to the, Aine. They found that as weld heat input was elesed, the

distance to the softened zone and the width o$dfitened zone also decreased.

Xia et al.[45] found that HAZ softening could be correlatticectly to the time required to heat
the base-metal to its Ademperature. An example diagram that they prapaseshown in Figure 2.4.
By using this correlation, they found that thereswaa threshold for the time spent at the tempering
temperature whereby full martensite tempering waaddur; additional time spent above the threshold
would not produce any further softening. Likewiiggere was also a threshold for the duration oktim
spent at the tempering temperature below whichenaite tempering would be prevented from initiating
In the diagram, it can be seen that an upper amdrlplateau had formed and that transition occuatex

given time, which represented the threshold téatd@ttempering. These results confirmed the suigyes
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by Biro and Lee [3p In a similar statement, Ghoet al.[34,39 suggested that the extent of tempel
depended ort,; which was the time duration that a region of wstructure was held within tt
temperature rangp = 60020°C to 300°C. For flash buttwelded DP steel, forced water ay cooling
was found taeduce the amount of tempered martensite withi tdgion; however, it did not elimine
tempering completely. These studies suggestewith sufficiently low heat inpuand short heating ar
cooling times, it may be possilie prevent martensite tempering in DP steels dusielgling
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Figure 2.4: Degree of softening in DP steel was reduced byedesong the amount of time sp
at temperatures that initiate minsite tempering. (taken from [45]).

Uniaxial transverse weld tensile tests have beed usvarious studies to test joint efficiency dau
examine how a DP steel weld HAZ affects strengtth dnctilty of the welded joint. During uniaxi
transverse weldensile testing of flash brwelded DP steel, Ghosét al. [35] found that fractur
occurred in either the softened HAZ —7mm away from weld centerline) or in ttBM region

(~20mm away from weld centerline). Welds that were enadthout forced cooling fractured in t
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softened HAZ and welds that had forced coolingttnaed in the BM; this suggested that a higher degre
of softening would be more likely to cause fractureéhe softened HAZ regioninclusions (incoherent
particles) were identified in the BM microstructuéghoshet al.[35] stated that inclusions potentially had
a more dominant role in BM fracture, because th#tesoHAZ had comparatively better flow
characteristics. They suggested that percent atmmgwas higher for a BM fracture due to the restm

of necking caused by harder (non-tempered) mateetisat was present adjacent to the BM fracture
location. A transition of failure location fromahtHAZ to the BM was observed in this studghoshet

al. [35] suggested that the reason for the observeditian from a HAZ fracture to a BM fracture was
due to the reduced softened region for the weld fthatured in the BM; however, this did not explai

why the BM fracture specimen had not failed in lth&Z softened region.

Conrardy et al. [39] used uniaxial transverse weld tensile testscharacterize the mechanical
properties of GMAW butt welded DP780 sheet stedlhey observed that fracture occurred in the
softened HAZ in 100% of their uniaxial transverseeldv tensile tests. Joint efficiency
(UTSueidjoint™ UTSsm) was slightly higher for GMA welds made with a higooling rate (~90%
efficiency) when compared to welds made with a tmeling rate (~85-90% efficiency); this agreed with
the observations made by Hsual. [38] who used uniaxial transverse weld tensiléstés determine the
UTS of the welded DP600 steel. They used diffe@MAW variants, CV spray transfer (high heat
input), pulsed spray transfer (moderate heat inpui) a Tandem MIG" metal transfer system (low heat
input) in order to create a wide range of weld heputs for their study. From tensile testing, theéS
was found to increase as the weld heat input deededowever, the highest heat input only redubed t
UTS by 5%. Although percent elongation is not nallynmeasured from transverse welded uniaxial
tensile tests [46], they reported that weld spenipercent elongation increased as the weld heat inp
was decreased. From the specimens that were te&@6 fractured in the softened HAZ and 22%
fractured in the BM. They suggested that the HAacture was likely due to martensite tempering.

While a transition of failure location from HAZ 8M was observed in this study, they did not coteela
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it with heat input. These results suggested tH@@ steel had good weldability when welded with th

GMAW weld process.

Xia et al.[44] observed decreases in the UTS of LBW weldedlG DP980 sheet steel after testing
with uniaxial transverse weld tensile tests. Theas an approximate 5% reduction of UTS from a low
heat input Nd:YAG laser weld and an approximate 28éuction of UTS from a higher heat input diode
laser weld. These fractured in the softened stitakriregion of the HAZ adjacent to the Aime. This
suggested that higher heat input decreased UT 8aused the softened HAZ to become a more dominant
factor for decreasing joint efficiency. The parstdel tensile results had shown anisotropic belavi
Uniaxial loading that was parallel to the rollingatttion achieved a higher UTS; this was attributethe
presence of banded martensite that only existddgimer strength grades of DP steel. Welds had been
made transverse to the sheet rolling direction #mehefore, during loading, the sheet rolling diit
was aligned with the uniaxial loading direction.ia>t al. [44] examined the fracture of the welded
DP980 steel and found that void nucleation had weduat tempered martensite islands due to
decohesion with the ferrite matrix; however, tHanss did not appear to be fully tempered and g o
initiated carbide precipitation to inter-lath boani@s. In this state, the tempered martensitedslavere
still plastically inhomogeneous with the softerrfier matrix. The final fracture was by void coalesce

and ductile rupture.

Some work using Gleeble simulations was conduateubist studies. A Gleeble thermal simulation
heat treats a metal specimen with high electricalent to create a rapid heating and cooling cgclé
obtain a uniform microstructure throughout the gpea. For DP steels, this provides an opportutaity
observe the effects of non-isothermal temperingcalty experienced by the material during a welding
process and provides the ability to characterizefiiects on strength and ductility. This compimsethe
isothermal studies reported on in Section 2.2:eeBle thermal simulations have been used to repeodu
welding thermal cycles in attempts to mimic a umioveld softened zone in DP steel and to clashigy t

strength of the softened zone.
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Conrardyet al. [39] used a Gleeble thermal simulation to mimie tteating and cooling cycle that
had occurred during GMA welding for a peak tempemisotherm of 1000°C. They used this thermal
cycle to uniformly heat treat DP780 and DP980 sktextl. The heating rate was 25°C/s. By analysing
dilatometer width at different temperatures theynfd that the steel was fully austenitized uponihgat
through the temperature range of 720 — 860°C; dlaisurred over approximately 5.6 seconds. This
showed that austenitization during GMA welding wa¢ instantaneous, but did occur over a relatively
short period and, therefore, other regions of ti#& Hikely transformed over similar short ranges of
temperature and time duration. This suggestedatiar peak temperatures could be evaluated with a
similar approach. By measuring dilatometer widtle minimum peak temperature required to initiate
austenitization could be evaluated; this would espnt the peak temperature at the, Ae., the location

of maximum softening.

Xia et al. [44] used a Gleeble thermal simulation to repredad_BW softened zone microstructure
uniformly across a DP980 uniaxial tensile specimdie simulation used a heating rate of 300°C/s, a
peak temperature of 650°C, a peak holding time sf dnd a cooling rate of 50°C/s; these parameters
were selected to match observations from a tydi@W thermal cycle at the location of the softened
zone. They found that the UTS of the uniformlytenéd specimen had decreased from the BM UTS of
approximately 997 MPa to approximately 642 MPa gaproximate 35% reduction). They also found
that the total elongation increased from 9.8% (OPB®1) to 21% (uniformly softened). This confirmed
that the softened zone had reduced strength antbweg ductility; these properties had most likely

contributed to localized necking in the softenedezduring transverse weld tensile tests.

In a study by Biro and Lee [40], Gleeble thermahwdations were used to uniformly heat treat
varying strength grades and compositions of DP tstteel to mimic the microstructure that they had
observed in a GMAW HAZ softened zone. They usedxial tensile specimens to characterize how the
simulated weld thermal cycle had affected YS, UaBd ductility. In their study, a lean chemistry

(CEgs7 = 0.23) DP600, a rich chemistry (&= 0.36) DP600, a lean chemistry (&F= 0.31) DP780, a
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rich chemistry (Ck7 = 0.51) DP780, and a lean chemistry (gE 0.38) DP980 were testedhey also
prestrained half of the steel test coupons to steuthe effect of forming on HAZ softened zone
mechanical propertiedDuring the simulated weld thermal cycle, the sggelcimens were heated at a rate
of 10°C/s, held at a peak temperature for 1.5 s,2hd then rapidly cooled with forced liquid ngem.
The peak temperature was selected to be 15°C leeloalculated Actemperature and all temperatures
were within the range of 653 — 685°C. The heatiyigje that they used appeared to be too slow, lsecau
it simulated a HAZ thermal cycle where it would éadpproximately 1 minute to reach peak temperature.
During fusion welding of steel, the heating cyglpitally takes place within secondd.hey observed
reduced hardness for the steels that were testéthahthe reduction was the same after any hoid.ti
Minimum hardness was achieved after the minimund liole of 1.5 seconds. This was attributed to the
slow heating and cooling cycle of the Gleeble satiah. The simulation had caused uniform tempering
that represented a high heat input weld whererhdttensite tempering had occurred in the softened
HAZ; this suggested that these samples would rifgrdiignificantly compared to isothermally tempere
samples. Despite the slow Gleeble heating cycle, hardnesglteeapproximated actual GMAW HAZ
softened zone hardness data for strained and umestraamples. The prestrained coupons were olzserve
to have a higher degree of softening, but also &ddgher minimum hardness. This suggested that
martensite becomes fully tempered in a typical GMAWbcritical HAZ (adjacent to the Adine);
however, this study did not determine if a low hieput GMA weld could form a softened zone that had
not been fully tempered. By using uniaxial tensdsts, they found that all of the uniformly tergser
samples had reduced UTS when compared to the BM WiESeduction of UTS reflected the reduction
of hardness that had been measured for those sampleey also observed the return of discontinuous
yielding behaviour; an increase in YS was obseffeedamples that had been prestrained. For DP600,
the reduction in UTS ranged from 10% (rich chemjsto approximately 15% (lean chemistry), for
DP780 the reduction ranged from 10% (rich chemjstoy30% (lean chemistry), and a lean chemistry
DP980 reduced by approximately 40%. They found tiwe reduction of UTS linearly correlated to the

martensite volume fraction. They also suggestad phestraining was beneficial for retaining materi
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strength after tempering. This showed that the softened zone of a GMAW Hddks become a
weakened point for fracture to occur at; howevemird) uniaxial transverse welded tensile tests, the
reduction of UTS was not observed to be as higheaseduction that was seen from uniformly tempered

samples.

Biro and Lee [40] stated that an increase in Y@ (@turn of an upper yield point) could prevent
fracture in the softened HAZ and that fracture badn known to shift into the stronger BM in welded
tubes made from lower strength DP600. They sugddsiat an increase in YS in the HAZ would cause
the BM to yield and thin before the softened regiamd that if thinning was significant, it wouldchease
the stress being carried by the BM and fracturelvouacur there. They also argued that by prestrgin
prior to welding to increase the upper yield pa@nt by using low welding heat input, a HAZ fracture
could be prevented. Although this was for DP@0@puld be possible to limit strength reductiomtth

has been observed in higher strength grades DR¥BDR980 by following this suggestion.

Biro et al. [47] extended their work on why there is a shiffailure location of welded DP steels to
GMAW lap fillet joints. They identified four disict locations where fracture occurred during urabxi
transverse weld tensile tests and provided sugdésteture mechanisms for each. The four locatfons
fracture were: the FZ, the FZ/HAZ boundary, thaewdd HAZ, and the BM. They found that UTS for a
FZ fracture decreased with increasing prestrainiaactased with increasing filler metal strengifhis
fracture mode was attributed to the presence ajgigrgenerated by vapourization of the zinc captin
the steel during welding. Heat input appearedaeehan effect on the percentage of porosity; tlas w
similar to the observations made by Conraetiyal. [39] for GMAW lap fillet welds on DP780 steel.
They attributed porosity to gas being trapped betwthe upper and lower lapped coated DP sheets
during weld solidification.For FZ/HAZ boundary fracture, Biret al.[47] found that the UTS of welded
DP780 steel was observed to decrease with incigeagihd heat input. This was attributed to slower
cooling rate in the HAZ, which would lead to softaicrostructure. For a HAZ fracture location, UTS

increased with increasing prestrain and for riai@minal chemistry, and the UTS decreased as the hea
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input increased. Similar to butt welded and beaghate welds, the HAZ fracture location for fillietp
welds was attributed to tempered martensite insthacritical zone adjacent to the ,Aine. A BM
fracture mode was not explained in detail, bec#tusas not directly affected by weld process paranse
and retained the mechanical properties of the peastel; however, shifting to a BM fracture was
discussed. They found that BM fracture occurredwelds with low BM hardness and low peak HAZ
hardness; however, other than this, there was rbefuexplanation of the reason for shifting to sl B
fracture location. At high BM and peak HAZ hardsiethe fracture was predominantly in the softened
HAZ. As the peak HAZ hardness decreased and thenBiMness was still high, the fracture shifted to
the FZ/HAZ boundary. They found that HAZ softenings not the predominant reason for a shift
between the FZ/HAZ boundary and softened HAZ fractacations. An increase in weld rotation of lap
fillet joints during loading was found to causech@e to occur at the FZ/HAZ boundary; rotation was
believed to cause a stress concentration at thdA&Zboundary. This increase of rotation was atfisol

to softer peak HAZ microstructurélhis study focused examination on the reasons &bifaof fracture
mode for lap fillet welds. It was found that treasons for a shift between a softened HAZ fradinre

more preferable BM fracture were similar to the@\pous studies [36,40] of bead-on-plate welds.

In summary, from the literature, there is a potrfior high weld metal hardness and fusion zone
brittleness in autogenous DP sheet welds. Matnsimpering kinetics is affected by the steel
composition.  Sufficiently low weld heat input (digh cooling rate) can prevent full martensite
tempering while prestrain on welded DP steel hanlfeund to increase the degree of softening tmat al
increased YS. Various methods for shifting thededl joint fracture location from the HAZ into the
stronger BM have been suggested. Generally, shiekhess was excluded from the studies foundén th
literature by using normalized equations; this wes case for the study by X&t al. [45]. It was not
clear how sheet thickness would affect fractureG®MA welds in DP steel. Typically, GMAW is not
used for thin sheet steel welding in automotive ufacturing because of excessive heat input frorayspr

metal transfer and because low heat input GMAW tstiocuit metal transfer does not have acceptable
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bead quality and lacks root penetration. Pulsedyspansfer has been shown to effectively weldeshe
below 2 mm in thickness and has similar net hgaiticompared to GMAW SC metal transfer. This was
considered important for study because DP steébeeh good strength to weight ratio (and hence good

fuel economy in automotive) based on decreasingltleet thickness.

The literature showed that DP steel gets its htgingth from its volume fraction of martensite and
that, as the volume fraction increases, the streaffDP steel increases. Other factors that carease
DP steel strength are a finer ferrite grain size laigher carbon content of individual martensitdipkes.
Martensite tempering causes the volume fractiomaftensite to decrease, which is the main factor fo
loss of strength; tempering was also shown to as#eDP steel ductility. There was also potental f
increased YS of tempered DP steel, which was ate&thto alloy carbide precipitation and secondary

hardening.

From the literature, it is known that GMAW can beed to weld DP600 steel and retain high joint
efficiency, and that HAZ fracture can be avoidethis suggested that it would be possible to create
transition of the failure location from the undebile HAZ location to the more desirable base-metal
location when GMA welding DP600 sheet steels. dbabination of GMA welding parameters could be
found that consistently created a transition of fdikire location, then the mechanisms respondite
this shifting from HAZ fracture into the strongeMBcould be determined. It is also known that HAZ
fracture and reduced joint efficiency are expedtedhigher strength grades of DP steel when welded
with a GMAW process. The majority of HAZ fracturage associated with softening due to martensite
tempering, but it is unknown if a GMA welding presecan be optimized to achieve sufficiently lowthea
input in order to prevent full tempering from ocdng. In simulated non-isothermal tests of uniftym
tempered DP steel, it was shown that the softenad does have reduced UTS and can have increased
YS; but reasons for increased YS have only beediestuin detail for isothermal tempering. Rich
nominal chemistry can be used to limit DP steelesuifig, which appears to be fairly important toighh

heat input welding process like GMAW; rich chenyssteels were shown to retard softening during

52



isothermal tempering of martensite. The strengtidg of the filler metal did not appear to be a
significant factor for determining joint strengthgcause the welds fracture in either the soften&d bt

the BM; however, if DP hardenability produces atleriFZ, then filler metal can be used to dilute th
weld metal and reduce the hardenability. Prest@peared to be a possible method for increasing HA
YS and it was suggested that this could be a méftroshifting the failure location. Fillet lap v of
DP sheet steel fractured in the HAZ for similars@as as bead-on-plate welds. This suggestedhbat t
experiments for this thesis could use the simpéardbon-plate weld geometry to avoid complications d
to joint rotation in order to study the transitioh fracture from the softened HAZ to the BM and the

results would be expected to be applicable to rnonmgplicated joints.
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Chapter 3: Experimental Apparatus and Methods

The first goal of this study was to make bead-ateplIGMAW-P welds on DP600 sheet steel using a
range of welding heat inputs in order to deterngireet of welding conditions that would give coresist
base-metal failure and a second set of conditibaswould give consistent HAZ failure during unixi
transverse weld tensile testing. With the two dtmas identified, the second goal was to comphee t
two different failure modes and determine why andigon of the failure location was occurring. By
discovering the mechanism for the transition difaiin DP600, there could be avenues opened tly app

the same reasoning to GMAW-P welding of higher grddal-phase steels, such as DP780 and DP980.

To reach these goals, welding trials were condugs#y a range of GMAW-P welding conditions
to identify conditions that would create full peration bead-on-plate welds that had minimal defects
The trials were conducted by varying the GMAW-pdiseaveforms, wire feed rates, travel speeds, and
contact-tip-to-workpiece distances. The intentwees to have similar weld bead geometries that were

formed under different heat input and differenttirgaand cooling rates.

A robotic welding station was used to form consisténear welds using pre-existing GMAW-P
waveforms. A data acquisition system was usetbliect in-situ welding voltage and current dai.
LaserStrobe video camera was used to observe tbe ofoveld metal transfer because it was desirable

to perform all GMAW-P welds in streaming spray sfam mode.

In this chapter, an outline of all of the materialed GMAW consumables that were used for the
study are presented. All of the procedures thaevalowed to create consistent full penetratiogids
are described. All equipment that was used fodvpe¢paration is listed and respective setup proesd
are given. All procedures for weld testing argeliswith a brief description along with their intk

purpose. Finally, post-processing analysis proa=siare given.
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3.1: Experimental Materials

This study was concerned with the metallurgicaé & of GMAW-P heat input on dual-phase steel sheet
and the subsequent effects on the DP sheet steglameal properties and failure locations. The
materials that were used in the study are showrable 3.1. There were five dual-phase (DP) steedts

one high strength low alloy (HSLA) steel used dgrithe project. The table shows the base-metal
thickness, coating type and weight, and mechampicglerties as provided by the supplier, ArcelorMitt
Dofasco, Inc. [48]. With each steel designatidwere is a shorthand code (‘##s’) that was incluided

the purposes of this study in order to differemstidhe various steel chemistries, grades, and sheet
thicknesses. All of the steels have a protectivee zioating, where a Gl coating type signifiebic-

dipped galvanizedheet and a GA signifiesgalvannealedheet.

Table 3.1: The base-metal physical properties for all matensled in the study. [#8

Sheet Yield Ultimate Total . Coating
Steel . ) Coating .

Designation Thickness Strength Strength Elongation Type Weight

h[mm] | oys[MPa] | oyrs[MPa] [%] [8/m”]
HSLA-'17s' 1.80 417.8 448.2 30.2 Gl 150
DP600-'16s' 1.65 348.9 638.4 23.7 Gl 137
DP600-'24s' 1.80 383.7 605.7 25.6 Gl 128
DP600-'22s' 1.20 383.2 655.9 26.8 GA 94
DP780-'21s' 1.20 418.0 782.4 18.2 Gl 144
DP980-'23s' 1.20 674 1061 12.0 GA 125

The typical microstructures of each steel gradesa@vn in Figure 3.1. The DP steels were
produced at ArcelorMittal Dofasco, Inc. [48] by ¢omious casting, hot-rolling the billets down taeth

desired sheet thickness, and then intercritcalheahng with a rapid quench to form pockets of east
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martensite in a ferrite grain matrix. The volummaction of martensite islands was increased fol
higher strength grades by holding the sheet steetigher temperature during the intercritical annes
step. The HSLA was precipitatiestrengthened steel that was produced with contsiwagting, then
controlled rolling process to obtain fine austeigjtains (with some deformation) that transforrto fine

ferrite grains upon cooling [49 The rolling also provided the desired sheeatkhéss

Figure 3.1: The base-metahicrographs for a) DP6\'16s' b) DP78021s' c) DP98-'23s' an
d) HSLA-'15s'. The DRpecimen were etched with the Lepera’s tint [7Martensite islant
appear white in those images. The HSLA specimenetckswith 2% Nital.

The compositions of the different steels were meskby ArcelorMittal Dofasc, Inc. [48] and
are given in Table 3.2All of the DP steels except for the DP980 gradee enriched with chromium au

molybdenum and are therefore considered to b-Mo type DP steels’. The HSL#éteel was enriched
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with copper to help with corrosion properties af 8teel and is therefore considered a ‘WeatherBigAd

steel’ [49].

Table 3.2: The base-metal compositions (wt%) as supplied elrMittal Dofasco, Inc. [48].

Steel . : . CE
Designation [37]

HSLA-'17s’ | 0.06 | 0.64| 0.22f 0.12 0.04 0.7 0.01 0.00€.01| 0.00| 0.21

DP600-16s’ | 0.11| 157 0.1y 003 0.01 0.19 0,21 0[08.02| 0.00| 0.47

DP600-24s’ | 0.11| 150 0.17 0.04 0.01 0.19 0pR1 008.02| 0.00) 0.46

DP600-22s’ | 0.11| 153 0.1 0.04 0.02 0.19 0p1 008.02 | 0.01| 0.46

DP780-21s’ | 0.15| 0.8 0.23 0.0 0.02 032 01 0068.02| 001, 0.40

Q)

DP980-23s’ | 0.15| 150 0.31 0.0

o

0.01 0.02 0p1 006.00| 0.00f 0.43

In Table 3.2, a carbon equivalent (CE) value wéautated for each steel using Equation (3.1):

%Si O 0 oNi O +0 +0 +0
CE:%C+A(C)E{5EVOB+ /;)jl_}_/oMn_}_/;-(;u_}_/;zl_i_/oCr /oMO5 YoNb /OV} (3.1)

where

A(C) = 075- 0250anh{20{%C - 0.12)}

Equation (3.1) was based on the empirical equatioposed by Yurioka&t al.[37]. This was the same
CE value that was used by Biro and Lee [36] inrtkaidy on GMA welding of rich and lean DP600
sheet steels. In the production of the higher ggia@ steels, holding at a higher intercritical aaimg
temperature produces more austenite for the quegcstep, but also reduces the amount of carbon

expected in the austenite and the subsequent miet@mase. This is compensated for by increasiag
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average weight percent of carbon in the DP780 aR@8D steels mixtures. The CE value was included
in Table 3.2 to provide an estimate of the liketid®mf forming bainite and martensite in the hefe¢céd

zone (HAZ) during welding; a higher CE suggestaghar hardenability.

Welding coupons were made by shearing the basd-sfetats. Two different coupon sizes were
used in the study: a 254 mm x 76.2 mm coupon ftinirweld parameter trials and a 254 mm x 203 mm
coupon for mechanical testing of selected weldse Imaller 254 mm x 76.2 mm coupon was meant to
conserve material during the weld procedure devedy experiments. The larger coupon size was
based on the ASTM E 8-04M standard [50] for statidaze uniaxial tensile specimens. The coupons
were cleaned prior to welding by swabbing with rptéee to remove lubricants and dirt pickup from the

surface.

The GMAW consumable electrode used for the studg wa0.9 mm ER70S-6 wire. The
electrode mechanical properties appear in Tablard3nominal composition for the electrode is giiren
Table 3.4. These nominal values were taken freenABM Handbook [51]. This electrode wire was
chosen because the as-welded filler metal closeltgied the DP600 and HSLA grade steel mechanical
properties, specifically the ultimate tensile sty However, it did not match the higher grade®B
steel (DP780, DP980). This was allowed becausevéie bead that forms during GMAW welding has a
much larger cross-section during uniaxial tenséigting than the parent steel (the weld bead was not
removed for any uniaxial tensile tests). The elgutsoftened zone in the heat affected zone (HAs) a
decreased the need for a matching electrode. RT®&-6 electrode has more Mn and Si, compared to a
lower grade ER70S-3 electrode, to help reduce theuat of CO boil defects when using a reactive

shielding gas containing oxygen and/or carbon diexi
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Table 3.3: GMAW electrode mechanical properties as given leyABM handbook [51].

Steel Electrode Diameter Yield Strength Ultimate Electrode
Designation d [mm] oys[MPa] Strength Coating
outs[MP3]
ER70S-6 0.89 415.0 495.0 Copper

Table 3.4: GMAW electrode nominal composition as indicatedhi ASM handbook [51]. The
carbon equivalent value is included for comparisnthe parent steel chemistry.

Steel _Elect_rode C Mn S| CE [37]
Designation
ER70S-6 0.05-0.17 1.40-1.85 0.80-1.16 0811

Welds were shielded from the atmosphere with a Mig Gold™ shielding gas, provided by
Praxair [52]. The composition of the gas mixturasw 90% Argon and < 10% G{®2]. This shielding
gas was chosen based on the ANSI/AWS C5.6-89 styidacommended Practices for Gas Metal Arc
Welding[13]. This standard indicated that Argon with 2-8®, should be used for GMAW streaming
spray transfer on low-alloy steels. The shieldiag was supplied to the weld zone at a constantrfite

of 14 L/s.

3.2: Experimental Apparatus

All GMAW welds were made with a Fanuc 6-axis robod Lincoln Powerwave 455/R GMAW power
supply. The equipment setup is shown in Figure J.Be figure shows the general setup for the robot
the power supply and GMAW welding circuit, the datequisition sensors (voltage and current), the

LaserStrobe high-intensity video camera, and theing table and workpiece clamping fixture.
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Figure 3.2: Welding setup used for the study. 1) Lincoln Pavave 455/R Welding Pow
Supply 2) Data Acquisition Main Terminal 3) Fanuechate 120i -axis Robot 4) Fani
Remote Controller 5) Laserstrobe H-intensity video camera anditfdgen Strobe Laser
GMAW Torch 7) Workpiece Welding Table and Clampkigtureand 8)Filler Wire Spool

3.2.1: Fanuc Robot and GMAW-P Setup

The Lincoln Electric Powerwave 455/R power suf included pre-programmedulsed gas metal arc
welding (GMAW-P) process parameter schemes. The my of welds conducted during the study w
GMAW-pulsedspray transfer mode. Lincoln Electriccrisp pulse 12velding scheme was used. -
Fanuc Arcmate 120i 6-axis robetas used for controlling the weld paths, the GMAMEth orientatior
and contact-tip-tavorkpiece distance (CTWD), and stored all GM-P parameters. The Fanuc ro

had direct control of the shielding gas outlet sold (not the gas flow rate), the wire feed actatand
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wire feed speed (WFS), and the weld travel spe&].(The robot was directly linked to the Powerwave
455/R and was used to input GMAW-P Trim valuesh® power supply. Trim was the Lincoln Electric

term used to describe a pulsed voltage waveforrhe Fowerwave 455/R supplied the voltage to the
welding circuit. The power supply used a voltagasing connection to help stabilize the arc during

welding [53]. This connection was clamped on the ef the work table near the weld end position.

The GMAW-P waveform that consisted of the four paggers: peak current, peak time duration,
background current, and background time duratidhe Powerwave 455/R had these four parameters
collected under one parameter known as trim. E@chvialue represented a waveform created by Lincoln
Electric that was scaled to work with the specif8&S. During the study, there was no attempt ntade
modify the waveforms. Observations were made tecsdrim and WFS combinations that created

streaming spray transfer welding conditions. TAR&D was also adjusted to vary the pulse output.

Peak Current

—
i Spray Transition Current
"E ---X Average Pulsed Current
O — —
| -
| -
-] Background Current
O i

Peak Background Tlme [S]

Duration Duration

Figure 3.3: A schematic of a typical GMAW-Pulsed waveforiihe intention of using a puls
current is to mimic a spray metal transfer mode véth average current that is lower the
GMAW-CV transition spray current for the same aledé and shielding gas.

Weld start and finish locations were programmedgi§position registers’ that were taught to the
robot using the Fanuc remote controller. For thadson-plate welds, which were all single linealdse
two position registers (start and end), plus safetsitions away from the weld were required. Rarsit

registers were taught to the robot by jogging thigot to the desired location relative to the waakish
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and then recording that location into memory. TH&D was measured prior to recording a new start or
end position register by using a pre-measured blodke blocks were measured with a digital calliper
The GMAW torch orientation was also set at thetstad end positions by using a level and a pratract

A 0° push angle and 90° work angle were used fdyesld-on-plate welds.

The electrode was fed off of a spool to the torsimg a wire feed roller. The feed roller system
was directly linked to the Fanuc robot and the rentontrol was used to set the WFS. The controller
was also used to jog the electrode to the tordie Wire feed roller speed was measured at the hiegin

of the study using a tachometer to verify thatRaauc WFS was accurate.

The weld TS was also controlled by the Fanuc rerootgroller. Values for TS were inputted to
the controller before each weld. The TS was naisueed directly but was verified by using the \gdta

and current data acquisition system, which is dlesdrin the following section.

3.2.2: Data Acquisition System

To monitor the welding power, both welding voltagied welding current were measured using a data
acquisition system. This allowed average powerias@ntaneous power to be calculated for each.weld

The data was reviewed to check weld process diahilid pulsed-waveform parameters.

The voltage was collected using an LEM-LV 100 ctbkmp voltage transducer [54]. This
transducer wasonnected to a point near the beginning of thehtdread-cable and to a point on the
workbench prior to the ground-cable. This gavetaltvoltage drop across the torch weld cable kengt
the contact tip, the electrode, the arc, and thendistance from the weld to the workbench conaacti
point. The amperage data was collected during welding aithLEM-LT 505-S closed-loop current
transducer [54]. The LEM current transducer wasated on the Lincoln Powerwave 455/R ground-
cable. It uses a Hall effect current measuringiacde{54]. Data readings were transferred onto a PC
microcomputer with a PCI-9114 DAQ circuit board J55A program was modified [56] from a previous

data collection file using Visual Basic [57] to put the DAQ data into a PCI file (specific to thEIP
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9114 circuit board). The PCI files were convertiedeadable text files using conversion softwafée

text files were then exported and used in MicroEoadtel [58].

The LEM current and voltage measuring devices duggnals that were in the range of
+/- 10 V. Current and voltage calibration equatievere required to convert these voltages to theahc
welding current and voltages. These calibratiomagigns were established by outputting data tdP@Ge
DAQ board from measurements made on a calibratedp®&er supply. The LEM-LV 100 voltage
transducewas used to measure voltages from the power s@wglya range of 5-50 V in 5 V increments.
The LEM-LT 505-S current transducer was used tosmesaamperages from the calibrated power source
at 5, 15, 30, 150, and 500 A. A linear regressinalysis of the data provided the following coniars

equations:

V =1091v (3.2

| =100.5i (3.3

wherev is the output voltage from the LEM-LV 100 voltagensducer andis the output voltage from

the LEM-LT 505-S current transducer.

All welding voltage and current waveforms were esved in Microsoft Excel [58] using
‘Conditional Formatting’. Cells in the Excel spdsaeet were formatted to be filled in with GREEN at
high values and RED at low values. This alloweel ¢gieneral stability of the pulse waveforms to be
observed at a glance. This was also used to remuoven and crater weld data from the average power

calculations and hence give an estimated ‘stead{d wower.

A data acquisition sample frequency of 5000 Hz used for the majority of welding (this could
be adjusted if required). This frequency gave dmqulsed waveform results when plotted. The

frequency of the output data allowed the time domaif each weld to be measured. This was

63



accomplished for each weld by searching the deafid locating where current started and enddwe T
number of data points between the start and eratibos could then be counted and converted to @ tim

duration using Equation (3.4):

pd

tWeld - (34)

—

wheretyeq is the weld time in seconds (s) from when a curvess first detected to when the current
ended,N is the number of data points, ahis the data sampling frequency in Hertz (Hz). Tedd
length was then measured from the Fanuc positigister used for the weld run-in location to the &@n

position register used for the weld end crateris Tistance was then inputted into Equation (3.5):

v (3.5)

measured =
t

whereVmeasurediS the measured weld TS used during welding inimetres per second (mm/s), abglg
was the measured length of the weld in millimetfi@sn). The measured TS and inputted TS were

compared for all of the welds as a means of verifyhe Fanuc robot speed.

The welding power was also monitored. The voltagd current data from the DAQ system
allowed an average power for the entire weld tadleulated. The average power was calculated with

Equation (3.6):

Z_Ii 2K (3.6)

where P, is the average welding power in Watts (W)s the current in amps (Af is the electric
potential in volts (V), andN is the number of data points collected. The ga&tand current waveforms

were reviewed in Microsoft Excel [58] using ‘Condital Formatting’. The general stability of each
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GMAW-P waveform was observed and the run-in andecraveld power data was removed from the
average power calculations. This gave an estinateddy’ weld power that was then used to deteemin

a relative heat input for each welding process.

The relative heat input per unit distance of eaeldwas calculated using Equation (3.7):

I:)av
H rel - i (3-7)
V

whereH,q is the relative heat input in Joules per millimgttenm) and/ is the travel speed in millimetres
per second (mm/s). The heat input was designatadlative terms because there was no accounting
made for weld process efficiency during the studife relative size of the HAZ for a relative heatut

was the focus of comparison for all welds.

3.2.3: The LaserStrobe Video Imaging System

It was important that consistent welds were produoe the study and it was desirable to have stiegm
spray transfer as the metal transfer mode. Althatigvas desirable to have streaming spray transfer

mode, slight deviations were accepted and therdrfotereference.

A LaserStrobe video imaging system was usegerify the mode of metal transfer during welding
A schematic of the video system is shown in FigBee The LaserStrobe system used a Model 4Z
Nitrogen Laser (N50 rated by ANSI Z-136 as a Clikslaser) to act as a high intensity strobe light
source. The CCD camera was fitted with a narromdhaass filter to only accept the reflected Nitroge
laser 337 um wavelength and an image intensifiat &mplified the reflected light and also provided
temporal gating. This LaserStrobe system allowiglor imaging of the GMAW weld pool and the
electrode tip during welding at a frame rate of-B0Owhile significantly attenuating the bright lighiven
off by the welding arc. As shown in Figure 3.2 tamera was attached to the end effector of thad-a

robot so that it moved with the welding torch andld be focused on the arc at all times.
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Figure 3.4: Schematic of the LaserStrobe video imaging syst&lote that the DAQ system
is not directly attached to the video feed. (takem [59]).

Prior to welding, the Nitrogen laser and cameraenactivated and adjusted so that they were
directed onto the workpiece where the electrodevipld feed. The laser was set so that it hadost sh
high intensity burst (50 nano-second) at a pulteed30 Hz. The video camera was connected t€R V

and a VHS tape was used to record the CCD imageofstranalysis.

3.2.4: Workpiece Clamping Fixture and Welding Table Setup

All welds were made using the same worktable withomadjustments depending on the coupon size. A
general schematic of the specimen clamping fixisreshown in Figure 3.5 and photographs of the
worktable and clamping fixture are shown in Fig8ré. The fixture was comprised of two large brass
clamping bars and two 9.53 mm thick brass shims wheaie used for holding the weld coupons during

welding. The shims held the welding coupons awasnfthe copper backing plate. This setup created a
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weld that had no backing. The back surface ofdbepons received no back shielding gas di

welding. Thewo larger brass clamping bawere used to hold the coupons in place.

9.53 mm

Parent Sheet Steel Shim [Brass Shim 054 x 76.2 mim Large Brass Clamp
/ Sheet Steel Coupon e

74 / - Quick Release Clamp

Copper Backing Plate \
Steel Platform Air Gap
No Backing Condition

Figure 3.5: A crosssectioned schematic showing the setup for a 254.8 mm sleet stee
coupon and clamping fixture. Image not to s

To keep the large clamping bars level, shims maola the parent steel were placed adjace
the weld coupon, as shownfigure3.6a. Each large brass clamping bar hadijtstablequick-release
clampsthat could be set for apecific steelsheet thickness. Wén performing welds on the sm
coupons (254 mm x 76.2 mma)l 5 quick-release clamps were used, as showhRigure 3.6b. When
welding the larger tensile coupon254 mm x 203 mm) the central clamp wasnoved due tcts
interference with the wider workpiece aa pair of C-clamps was used instead (Bigeire 3.6¢c). The
image in Figure 3.6d shoves) example setup to achieve the desired CTWD daie with a premeasured

block.
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Parent Steel

254 x 76.2 mr o ¥ Quick ‘ "
Release Clamﬁ‘ ’

Figure 3.6: The welding worktable setup used during the stajyThe small weld coupon
shown prior to clamping, extra strips of parentesiséeel were required for the clamps in k
rest upon, c) C-clamps have replaced two sets ickgalease clamps to allow clearance foi
large tensile weld coupons, adythe contact tip of the GMAW torch is being otiesh against
pre-measured welding block.

A number of initial welding experiments were coniduacto determine an appropriate spacing for
the brass clamping bars. The arrangement usetthdse trials is shown in Figure 3.7. The largesbra
clamps and the brass shims could affect the weldriZweld HAZ by acting as heat sinks. They could
change the nature of heat transfer away from tHd p@ol during welding and could affect the width o
the HAZ; however, Ghosh [34] found that in flashttbwelding setups, clamp spacing only had
significant affects for high peak temperaturesha weld HAZ. To determine the heat sink effecg th

brass clamps and brass shims were held down witlai@ps in a tapered alignment. The spacing was

wide (59.95 mm) at the weld start and narrow (14md) at the weld end, which is shown in Figure 3.7a
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A coupon was cut from the 1."m HSLA sheet ste. A set of weld parameters that gave a high
input weld with no burrthrough or other defects was sele. A bead-on-plateveld at the select
parameters was performedd is shown itFigure 3.7b. Te clamp edge locations were scribed into
workpiece surface, and then tweldedcoupon was taken for measuremehthe weld and HAZ widtt

using a stereo-microscope.

Figure 3.7: The clamping assembly setup for the clamp spacdiatst Image a) shows t
unwelded coupon with the tapered clamping arrangéraed image b) shows the wel
coupon. Note: T weld start location was at the widest point ahgb spacint

The weld bead width, the zinc coating vaporization heo width (estimated as 906°C pe¢
temperature during welding [B0 and the zinc coating boiling isotherm widtht{emted as 420°C pe:
temperature during welding [BOwere measured on the top surface of the welded coupdliffatent
locations of clamp spacing (sEgure3.8a). The measurements are shown in Figidle. From the plot
it was determined that the zinc ting isotherm (909 was affected with at a clamp spacing of : mm
or less. With clamp spacing larger than this,lib#ing isotherm appeared to be relatively constard

the vaporization isotherm showed no cha
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Figure 3.8: Measurements for the heat transfer interferenedstria) Shows a section of
weld used for maasuring and has the 420°C and 906°C isothermsetiaakd b) gives tl
resulting measurements.The point of inflection for the 9(°C isotherm was marked
approximately 26 mm.

This spa&ing was increased by a factor of 1.25 to give acig of32.5 mm Once this spacing
was determineche large clamps and the brass stwere machined to an appropriatee and assembled

and all subsequent welds were performed with aglspacing of 2.5 mm.
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3.3: Experimental Methods

In this section, the testing methods used to ma&e@MAW-P DP sheet steel welds are outlined. The
first goal was to create DP steel welds that faiheboth the heat affected zone (HAZ) and the bastsl

(BM).

The first experimental series was used to make GMAWelds on the DP600 ‘16s’ sheet steel for
a range of welding heat inputs that would resultemsile specimens that failed in the HAZ and tensi
specimens that failed in the BM during uniaxialsi@ntesting. In the second experimental seriesy n
welds were made in an attempt to create new caonditior a HAZ failure and a BM failure that could b
compared with the first experimental series. Défg DP sheet steel thicknesses were used to e@amin
the effect on HAZ width and different DP sheet ktgades of strength were used to explore the effec
the degree of softening in the HAZ. Note that ¢ixperimental procedure and results for Experimental

Series 2 are given in Appendix A.

3.3.1: Experimental Series 1 - Transition of Failure in GMAW-P Welded DP600
Sheet Steel

The goal for these welding trials was be to creatgoup of welds that covered a range of lineat hea
inputs while all attaining full root penetrationrdlugh the sheet thickness. Once the range ofihpat
was established, the failure mode of each weld evdod determined using uniaxial transverse weld
tensile tests. A weld that gave 100% base-metlairéaand a weld that gave 100% heat affected zone
failure were identified. These two welds were thealysed through different methods of metallogi@ph
testing in order to determine why a transition afure between a HAZ fracture and the BM fracture

location had occurred.

The following independent weld parameters wereegain order to create a range of GMAW-P
heat inputs: pulsing trim, wire feed speed (WFvel speed (TS), and contact-tip-to-workpieceadiice

(CTWD). These parameters were set prior to eadth. wdhe dependent parameters that were monitored
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were: welding current, welding voltage, weld roanptration, and HAZ dimensions. Geometrical
dimensions were found by measuring weld crossaesti Ideally, the welds would all have around
100% root penetration, although root penetratioesitgr than 100% were acceptable because the main
comparison was between weld HAZ widths. Welds Wwel®0% penetration were not acceptable. All
welds that were conducted for this part of the wtugtre bead-on-plate welds made in 254 mm x

76.2 mm HSLA ‘17s’ sheet steel coupons.

The condition for full penetration would help tosene that the different microstructural regions
in the HAZ, which are caused by a gradient of heatsfer away from fusion zone (FZ), were relagivel
uniform through the thickness of the sheet. Thisu help when making HAZ half-width
measurements, which would be used to compare ffexatit welds. By having the lines in the HAZ
microstructure along which the material had beeatdteto a maximum temperature equal to theahad
Acs temperature (labelled here as the And Ag lines) aligned normal to the sheet edges, it caidd

be assumed that the weld had 2D heat flow, andehgintplify the nature of the weld.

Three phases of weld trials were performed in otdeselect a set of welding parameters that
would be used during the study. Phase 1 was daptieas a design of experiments (DOE) and is shown
in Table 3.5. At the end of Phase 1 all of thedsdtom the DOE were measured for root penetratiah
the average welding power inputs were calculatééelds with visible defects (porosity, burn-through,
and internal pores) were catalogued and not usedyrfurther testing. The welding arc was obsgérve

with the LaserStrobe video camera and the metasfiea mode was catalogued for reference.

The method for measuring root penetration is shawrdrigure 3.9. Each weld was cross-
sectioned in 3 locations and then measured usingoital microscope. The root penetration

measurements were used to calculate percent pémetnath Equation (3.8):

%Penetratio = % [100% (3.8)
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wherey is the distance measured from the top surfacbetheet to the deepest point of penetration in

millimetres (mm) andh is the sheet thickness in millimetres (mm).

Table 3.5: Design of experiments for Phase 1 welding tridlkis gave 24 welds that were used
for the Phase 2 welding trials.

Trim WEFS TS CTWD
[mm/s] [mm/s] [mm]

14.8

169
275
14.8

0.75, 1.00 212 15

27.5
14.8

254
275
14.8

169
275
14.8

1.00, 1.25 212 20

27.5
14.8

254
275

Figure 3.9: Root penetration measurement method. The dimensiogpresents the shi
thickness and the dimensignrepresents the distance from the top edge of teetsio th
maximum point of weld root penetration.

The data collected from the initial Phase 1 DOE wsed during the Phase 2 welding trials for
further refine the weld process conditions that aive 100% penetration welds at each differamdir
heat input. For this, the 24 welds from the DOEe~ngrouped into weld ‘families’. The families

consisted of welds that had constant trim, WFS, @mtv/D. Each family represented a single average
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input power. The families only differed in weld Ted percent penetration. A linear interpolation
between TS and percent penetration was used tondetea weld TS that would give approximately
100% root penetration. At the end of Phase 2, sviidt had at least 80% root penetration were teglec
These sets of weld parameters were used to maldsweto 1.65 mm DP600 ‘16s’ sheet steel. These
welds were also cross-sectioned and measureddopemetration. The 1.80 mm HSLA ‘17s’ sheet steel
was 0.15 mm thicker than the DP600 ‘16s’ sheel.sfEkis meant that using the same parameters would
result in slightly higher root penetration in th®@&D0 sheet. This helped to ensure that all DPG&Asv

had at least 100% root penetration.

All of the selected DP600 ‘16s’ welds were measui@dHAZ width to obtain an average
distance from the weld centerline to the;Aine and to the Acline. At this point during the study, the
microstructure was analysed at the following |lamagi throughout the DP600 ‘16s’ weld HAZ using the
SEM: the fusion zone (FZ), the grain growth (GGyioa and the grain refined region (GR), the
intercritical (IC) region, the suspected softenedezin the subcritical (SC) region, and the bastine
Microstructural analysis was focused on the suspeftened zone to observe decomposed martensite.

Decomposed martensite was expected in this zoresl lmsprior knowledge of martensite tempering.

To observe the relative hardness of each weld H¥i¢kers microhardness profiles were
conducted on one cross-section for each weld that selected from Phase 2. A degree of softening
measurement was made to classify the suspect edfizme in each weld HAZ. The cross-sections were
analysed using the SEM to observe the microstredtuthe area surrounding the suspect softened zone
It was hoped that this analysis would provide reador the different levels of hardness observethén

microhardness profiles.

Each selected weld parameter set was then used dke nibead-on-plate welds in
254 mm x 203 mm DP600 ‘16s’ sheet steel couponghmvere machined into transverse weld tensile

specimens. There were at least 5 tensile specimewe from each weld based on these dimensions.
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The purpose of conducting uniaxial transverse wvieldile tests of welded specimens during the study
was to determine the location of failure that ocedrfor a given set of welding parameters. Tinsite
specimens were tested to full fracture and theifailocation was recorded. Each weld was compared
relative to one and other and points of failure entghnsition were marked on a HAZ Alalf-width

verses relative heat input plot.

Other data that was derived from the uniaxial tertsisting included the ultimate tensile strength
(UTS) of the parent steel, the percent elongatibrthe parent steel, the relative UTS of welded
specimens, and the relative displacements for wiedgecimens. Subsequent analysis of the tensile te
were performed to identify the fracture type (diectir brittle fracture) for both parent steel anelaed

specimens, and the dominant mechanism for micrd-wocleation.

A set of Phase 3 welds were necessary if the tetesting of Phase 2 DP600 ‘16s’ welds did not
provide a transition of the failure location. Aamsition of the failure location meant that therasvat
least one weld that gave 100% BM failure and astleme weld that gave 100% HAZ failure over the
range of heat input. Two scenarios existed forRhase 3 welding trials. In Scenario 1, all PHase
welds fractured in the BM. To achieve at least wedd with a HAZ failure location, a weld with a
higher heat input and hence a wider HAZ compareBhase 2 welds was required. In Scenario 2, all
Phase 2 welds failed in the HAZ. To achieve astl@me weld with a BM failure mode, a lower heat
input with a narrower HAZ compared to Phase 2 welds required. Phase 3 weld parameters were
based on the Phase 2 weld that had a very widergrshort HAZ, which would depend on the fracture

scenario from Phase 2.

After achieving the required failure mode critettae following tests were performed exclusively
on a selected 100% BM fracture mode weld and a 1B@% fracture mode weld. Tests on the base-
metal were also included as described in post-ggicg. Fracture surfaces were observed usingBhve S

to observe how the material failed and where fraciitiated. Partial fracture testing was condddto
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observe the differences in void nucleation betwe&M failure and a HAZ failure and to complimeng th

findings from fracture surface analysis. Depletioih martensite in the weld HAZ was assessed by
measuring volume fraction of martensite profilestfoth welds. Microhardness maps were conducted to
create a more complete image of the weld HAZ hasslraend allow a measurement of the softened zone

width.

3.4: Post-Processing of Welds

3.4.1: Weld Sectioning

Cross-sections of the welded and parent steel coupere required for metallographic analysis during
the study. The coupons were cut using a Strueb®tban-3 Abrasive Metallurgical Saw with a JK-
Abrasives: A100-N6-JK saw blade. All cross-sediavere cut from the middle of the welds where
steady welding conditions were exhibited, well ar@yn the transient run-in and end crater aregdbef
weld. Voltage and current data was used to chack individual weld to locate when a steady power
input began (based on a stable pulsed waveforrhg OAQ output frequency was 5000 Hz and steady
and repeating waveforms in all welds occurred leefar least 4500 data inputsThis translated to
approximately 0.9 s of weld duration before att@insteady power input. At the DOE travel speeds,
from 14.82 mm/s to 27.52 mm/s (35 ipm to 65 ipmp ® of weld duration gave weld lengths from
13 to 25 mm, respectivelyBased on this analysiall cross-sections were cut at least 30 mm awaw fro

the weld start and end points.

Two different types of cross-sections were useathdiuthe study: symmetrical cross-sections that
included both sides of the weld (Figure 3.10a), asginmetrical extended cross-sections for examining
further into the base-metal (Figure 3.10b). Thesstsection size depended on the mounting cup

dimensions, which over the course of the studyuishet! 25 mm, 30 mm, and 35 mm cup diameters.
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Cross-sections were drrHredwith course 180 grit grinding paper and then sed hydrochloric
acid bath to remove the zinc coat. Any specimens that requiréae zinc coating were not placed in
add bath. The samples were then flushed of exceissumder water, cleaned w methanol, air driec

and then cleaned in acetone to remove any remagnegse or oil

Figure 3.10: Crosssections used for the study of welded samplessymmetrical and t
asymmetrical. The inflated regions on these specsnepresent the weld fusion zone \
reinforcement material and root penetration stiact

3.4.2: Metallographic Analysis of the Weld Specimens

The sectioed weld specimens were mounted inthardened ‘puckin preparation foigrinding and
polishing. Individual specimens for microhardness testing weoeintecin black Bakeli, while multiple

specimens for weld dimension measurements were t@dum col-mount epoxy.

Manual grinding of small numbers of specimens weggdormed as follows: hand grinding
180, 240, 320, 600, 800, and 1200 grit SiC . At each transition to a different grit paper thenpée
was cleaned in methanol and air blown to  Each stage also used a grinding direction thatav&9°
to the previous step. A grinding step was only pl@ted when all scratches were parallel to eachr:

and scratches from the previous step were remosé#dtages used water as a lubrican grinding.

Automatic grinding at the university was performexng a Struers Plano}-3 automatic rotary
grinder with a Struers Pedemaxrotary mounting fixture for grinding. The autaimagrinder held ¢

samples at a timdpr sample mount sizes up t mm in diameter. The process steps for auton
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grinding were: grinding until completely planar mgil80 grit at force 3, and then with 320, 600,,800
1200 coarse, and finally 1200 fine grit at forclb1 minute. Cleaning was performed between 0@ 8
to 1200 coarse grit paper step and between the d@08e to 1200 fine grit step. The samples were
cleaned by flushing with methanol and then dryinghvan air blower. All steps were performed at

300 rpm.

Ground samples were manually polished by goingctirefrom the 1200 fine grit step to a
finishing 1 um diamond polishing step. The polighivas performed on a Microstar 2000: Forcipol 2V
variable speed rotary grinder/polisher and diamertnder was sprayed onto the polishing cloth as a
lubricant. A soft cloth polishing pad was kept lesively for 1 pum diamond. Prior to polishing, gzles
were cleaned using a Branson 5210 Ultrasonic Cig@aenples were placed in a beaker of methanol and
then placed into the ultrasonic cleaner) so thaidgrg sheet granules would be less likely to contate
the polishing pad. Polished samples were freégoiificant scratches and had a mirror finished acef
The polishing lubricant was removed as follows: ek in acetone, then washed in methanol, then
washed in soapy water, then wiped with a soft éstluen washed with methanol and blown dry with air
Samples were placed in a beaker of methanol amdsaoltically cleaned to remove diamond particles
from the surface. Automatic grinding and polishiwgs also performed at ArcelorMittal Dofasco,

Inc. [48].

The 2% Nital etchant was used on some samplesthyesging a 1 pm diamond polished sample
into the mixture for 6 to 8 seconds, then flushwigh water, cleaning with methanol in an ultrasonic
cleaner, and then air blown to dry. This dwelldiallowed macroscopic features to be easily vieated
low magnification with the optical metallurgical enoscope (x50 to x1000 magnification). The 2% INita
etchant preferentially attacked areas of highebararcontent to reveal grain boundaries and phase
boundaries, and provided the general macrostruthatevas used to measure weld dimensions using the
optical metallurgical microscope. Alternativelylight 2% Nital etch’ was applied, where the dwiathe

for submersion was 2 seconds. The purpose ofigid’ ‘etch was for use at high magnification witte
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SEM (%1000 to x10000 magnification) to observe dgposed martensite in the weld HAZ. The shorter

dwell time prevented significant/aggressive attackhe surface.

The Lepera’s tint [7] was used to provide a digtorc between different steel phases using an
optical metallurgical microscope and quantitativege analysis. The Lepera’s tint was comprisea of
4% picral methanol solution and a 1% aqueous sodnetabisulfate solution [7]. The two solutions
were kept separate until the tint etch was to lssl ws a sample surface. A 50:50 mixture between th
two solutions was made at the time of etching. Thigture was stirred for 15 seconds in a 50 ml beak
for sample submersion. The mixture was only ustlea few minutes and could usually be applied to
surfaces before it weakened. Samples were subtheirgethe mixture and gently agitated for
approximately 30 seconds. A sample was only reghaveen its surface began to show a brownish
formation on it. Samples were cleaned by lightljorserging in distilled water, then submerging in
methanol, then into a second methanol bath, arallffilblown dry with a very low pressure dry air
stream. After etching it was important that nothmade contact with the sample surface because this

would cause the tint to smudge or flake off.

An example of a DP600 ‘16s’ steel sample that wabkesl with the Lepera’s tint is shown in
Figure 3.11. Martensite appears white, ferriteeapp tan or brown, and bainite/carbides appeak laac
blue. The Lepera’s tint [7] was used to estimheevolume fraction of martensite in the DP stee was
used to check for the depletion of martensite egtispected softened zone of the weld HAZ subakitic

region.

3.4.2.1: Heat Affected Zone Measurement

Once prepared, the weld cross-sections were exdmisiag an optical microscope at x®gnificatior
(x5 magnification lens and x10 magnification eyepjeand tiled images of the entingsfon zone (Fz
and both HAZ's out to the BM were created. Therostructure in the weld HAZ of material that \
heated to a maximum temperature below the; Aemperature was distinctly differe
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Figure 3.11: DP600 ‘16s’ steel etched with the Lepertint [7], viewed with a metallurgice
optical microscopeat x500 magnification. Hardenemartensite islands appear white,
ferrite matrix appears brown, and the remairblackishblue conglomerate was attributed
carbides/bainit.

than that of the material heated above thy during welding. This allowed iddfitation of distinct

microstructural regions within the HAZ, e.g., tmercritical (IC) microstructural region containask-

metal that has been heated into the intercriteralperature range during weldirl5].

A metallurgical microscopéan conjunction witl ImagePro image analysis softw: [61], was used
to measure the following dimensions: weld-to-toe width (mm), weld root depth (mm), weld u
volume (mni), and the distances from the weld fusion zone (E&terlire to the fusion bounde
(FB) (mm),the supercritical grain growth/grain refir (GG/GR) boundary (mmjhe Ac line (mm), and
the Ag line (mm). These distances from the FZ centerline were knasswAZ haltwidths During the
study, only the root deptand the A; and Ag HAZ half-width measurements were used for analy
The remainder were measured for reference ¢ Several crossections of each weld were meas!

(specified in the experimental seri and an average for each weld was calculatedth sides of the
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welds were measured. The measurement was perfdhnedvay so that each HAZ width was being
associated with the central point of heat inputhisThelped to give information on how well balantieel
heat flow was from one side of a weld to the other, if two HAZ half-width measurements from the

same cross-section were significantly differentttiee welding heat flow had likely been unbalanced.

Once the HAZ measurements were conducted, thewdedaorganized on an X-Y scatter plot for
Ac; HAZ half-width vs. relative heat input for all dfe selected welds. This charted data represémed
range of heat input that was used during uniaxdakite testing to approximate the heat input for a

transition of failure mode to occur.

3.4.2.2: SEM Imaging and EDS Analysis of Microstructure

High magnification images were taken with a JedMJIBI60 scanning electron microscope (SEM). It
was used to make observations of specimen crosisis®@nd of fracture surfaces. It was also used t
identify the composition of observed particles andusions through EDS analysis with an Oxford

Instruments IncaX-sight that was equipped withSEd.

3.4.2.3: Volume Fraction of Martensite and Martensite Depleton

An important property that was used during the wtwds volume fraction of martensite (VFM); also
referred to as percent area of martensite. Thigsevavas a representation of how many hardened
martensite islands existed in a given volume ofrastructure. Expectation was that the higher gtten
grades of DP steel would have higher percent drezadensite. This property was also used to oleser
changes in the HAZ. By measuring VFM at differlations in the HAZ, it was expected that a lower

percent area value would be found in the suspetiftened zone.

Percent area of martensite was measured by usnggeiera’s tint [7] to etch a polished specimen.
Martensite islands appeared white and had excetlenirast against the tan-brown ferrite matrix when

examined with an optical metallurgical microscogmages were captured at x500 magnification. The
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Image-Pro software [61] associated with the miaopscwas used to measure the percent area of twe thr

main phases. The three phases that were measaredesrite, martensite, and bainite/carbides.

An example of how the ImagePro software [61] usentrast to measure percent area is shown in
Figure 3.12. Each phase was given a mask by fitwase that covered a range of image contrast. On
the example in the figure, the ferrite phase igespnted with a green mask, the martensite phase is
represented with a yellow mask, and bainite/casiae represented with a red mask; only the green
mask is shown in the image. The software allovegdefich mask to be set based on a numerical cbntras
value so that dark areas could be marked as catHight areas could be marked as martensite, fzand t
remaining areas were marked as ferrite. The softwreen calculated the percent area taken up dy eac

mask over the entire image.

|00 B

mamlmnwumu

2120555 o

E

Figure 3.12:Image-Pro [61] percent area analysis that was tsedeasure volume fraction
martensite (VFM).
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3.4.2.4: Base-metal Volume Fraction of Martensite Measuremes

Base-metal samples were measured for VFM by catiprofile of percent area measurements across
the thickness of the sheet steel specimen. Alprofinsisted of percent area of martensite measumsm

spaced 100 pm apart from one sheet edge to the otkasurements were at least 150 pm away from the
sheet edges. An average value of the profile meamnts was used as the base-metal VFM, which was

used to compare with welded samples.

3.4.2.5: Weld HAZ Volume Fraction of Martensite Measurements

Volume fraction of martensite was measured in te®lWAZ using the metallurgical optical microscope
and Image-Pro analysis [61], in conjunction witheagmmetrical weld cross-section that had beeredtch
with the LePera’s tint [7]. The Lepera’s tint raeled tempered martensite in the welded DP steel
subcritical HAZ. A high degree of tempering apmebras a dark blackish-blue bainite/carbide
conglomerate and a low degree of tempering appeer@dartensite islands that were stained with &n of
white discolouration. The VFM for a given locatiam the HAZ was based on the unaffected white

colouration that existed on the tempered martersaads.

A VFM profile was made, starting with a measuremeitiin the IC region of microstructure and
moving outward to the base-metal. Measurement® weaide along a single axis that was set at a
distance of 1/3 the sheet thickness from the botdge of the sheet. The distance between adjacemt
fraction measurement locations was recorded inanieters (um). The Adine at the edge of the
intercritical zone was set as the origin of thefigo The VFM profile was used to compare with

microhardness profiles and maps.

The average percent area values of each phasaugenigo estimate the carbon weight percent in a
martensite island; this was for reference purpasespmpare the different base materials that weesl
in the study. To make this estimate, the averaga &action of martensite was combined with the

average area fraction of bainite/carbides to givestimate of the amount of austenite that exidtethg
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the DP base-metal intercritical annealing stegpiocessing. It was assumed that carbon lendlsei
austenite phase during intercritical annealing medcan equilibrium state. Using this assumption, a

simple lever rule calculation was made using Equaf8.9):

C

- —-C__.
Nominal Ferrite
% Austenit (3-9)

C C

Martensite — " Ferrite

whereCuarensiteiS the estimated carbon weight percent found imthetensite phas€r.ire is the carbon
weight percent in ferrite of 0.02% given by a gehesteel phase diagram [33Tnominal IS the carbon
weight percent of the base-metal nominal chemistng %Austenites the measured area of martensite

and bainite found with the Image-Pro software [61].

3.4.3: Uniaxial Tensile Tests

The purpose of conducting uniaxial transverse wvieldile tests of welded specimens during the study
was to determine the failure mode that occurredafgiven set of welding parameters. Other data tha
was derived from this test included: the ultimagasile strength (UTS) of the parent steel, the qrérc
elongation of the parent steel, the UTS of weldpdcBnens, the relative displacement of welded
specimens to fracture, the fracture type for barept steel and welded specimens, and the dominant

mechanism for micro-void nucleation.

The uniaxial tensile specimens were made in cordoge with the ASTM E 8-04M
standard [50]. This was in accordance with the AS¥&dard for transverse welds [46]. The dimerssion
for the machined gauge length of the ‘tensile dogds’ are shown in Figure 3.13. Welds that were
selected for tensile testing were made in 254 n2@&mm sheet steel coupons and welded transverse to
the rolling direction. Welds were made down theteeof the sheet and ran parallel to the 254 mgeed

The weld bead was not machined off of the coupommfy ASTM E 8-04M tests.
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Figure 3.13: The dimensions for the transverse weltlatsile specimens as specified by AS
E 8-04M [50]. All dimensions are in millimetres igm).
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Welded coupons were sheered in the Engineering iMacBhop [62] using a sheering press
starting from the 203 mm edge at the weld end ionaand making a new cut every 20 mm until the
starting location of the weld was reachedhis provided 20 mm x 203 mm strips that were used
machine transverse welded ‘tensile dog-bones’. faehined edges were de-burred with a file to
remove potential crack initiation sites. Tensp®amens were marked with their respective weldecod
designation and given a number based on theirivellication along the weld. Sheared strips that t

were within 30 mm of the weld run-in or crater lboas were not used for ‘tensile dog-bones’.

3.4.3.1: Uniaxial Tensile Complete Fracture Testing

There were two machines used for uniaxial teneiting. A Model 420@stron Machine was located at
the University of Waterloo. It had a 15000 kgfdoeell and tests were conducted at a cross-heaati spe
of 15 mm/min. A Model 3384 Instron Machine wasdtad at ArcelorMittal Dofasco, Inc. [48]. It had a
15000 kgf load cell and tests were conducted abssehead speed of 25.4 mm/min. An extensometer
was used during tests with unwelded base-metalirapas. An extensometer was not used for welded
tensile specimens because each specimen had vanyiognts of heat affected microstructure and hence

varying mechanical properties across the gaugeheng

85



After loading a tensile specimen to failure, thecfured specimen was photographed and kept for
potential observations. Generally, observationaguthe SEM were only made on fracture surfaces
immediately after fracture. The SEM had greatgtiief focus than the optical metallurgical microse
and could therefore be used to observe the noraplaactured surface. Some fracture specimens from
welded samples were also cross-sectioned, mourpetished, and etched for microstructural
examination. A ‘light’ 2% Nital etch was used fihis SEM analysis. Cross-sectioned specimens were
used to verify the location of failure comparedthe microstructure and to analyse the damaged area

adjacent to the fracture surface to help determinere ultimate failure was initiating.

3.4.3.2: Uniaxial Tensile Partial Fracture Testing

To determine the dominant mechanism for void nuidaeaand final fracture, some tensile specimens
from selected welds were loaded to the UTS usimg Wiversity of Waterloo Model 4206 Instron
Machine and removed just before fracture occurfBais provided a necked region that could be used t
observe micro-void nucleation sites and determiheres dominant cracks were initiating. The purpose
of this experiment was to observe differences betwseHAZ fracture and BM fracture location. Seldcte
welds for this test had to have shown a consistertte of failure during full fracture tests. Duritigese
tests, the cross-head speed was reduced from lihiaitture test speed of 15 mm/min to a speed of
0.5 mm/min once the UTS had been reached. Thisdsperluction allowed a specimen to be brought

slowly into a necked state and hence helped togptean accidental fracture from occurring.

Partially fractured zones were cross-sectionedllphta the axial loading direction as shown in
Figure 3.14. The cross-sections were then moup@ished, and etched with a ‘light’ 2% Nital etabr f
examination with the SEM. The SEM was requireddbservation because micro-void nucleation was
not visible at the low magnification of the opticalcroscope. The SEM could also be used to identif

inclusions within the sheet steel using EDS ansalysi
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Figure 3.14: An examplepartially fracturecweld tensile specimen that had been logjust pas
localized necking in the BMThe necked region was cr-sectioned for examatior.

Observations focused docations where dominant cracks and micro-v@idad formed. The
following areas were of most interemicro-voids surrounding hardenedartensite islandsmicro-voids
surrounding decomposed martasclusters, and micro-vadsurrounding inclusions within the sh
steel. Martensite islands would also examined for brittle fracture; micnesid nucleation from thes
sites had been described in fiterature 24,63]. Differences in these nucleation mechanisms \

compared between the fdifent modes of uniaxitransverse weld tensile failure.

3.4.4: Vickers Microhardness Testing

Vickers hardness was a mechanical property usgdantify the relative affects of weld heat inputtba
DP sheet steel microstructure. It was expectedthigae wwuld be softening of the DP steel just bel
the Ag line in the HAZ microstructur. This softening would be represented as lowedress whe!
compared to the base-meta@rdness. Two methods of using Vickers microhasimeere used during tl
study, whch were: microhardness profiling and microhardnasgping. Once hardness values v
established, they were compared with the microstracand used to help determine why different v

failure modes were occurring during uniaxial temsisting
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Microhardness linear profiles were conducted to veliit suspected softening was occurrin
the welded DP steel. Selected specimens for macdoiess profiling were crc-sectioned, mounte
polished, and etched. A symmetrical c-section was used fall welds. Only one line of indentatio
was used for each weld. The number of indentati@mged on the weld being profiled because s
welds required more indentations to cover largerZIdA Generally, there were to 100 indentations

made for each profile.

Microhardness profiles were conductecArcelorMittal Dofasco, Inc. [48lsirg a Clemex JS-
2000 Automatic Vickerdicrohardness tester. The Clemex machine was tesadtomatically perforr
indentations along a piefined line The indentations were madsing a diamond pyramid indente a
load of 200 g force witla dwell time of 1 seconds. To prevemdentations from affectinthe strain-
field of adjacent indents minimum distance of thrandent-widths wasequired. This was based on
ASTM E 9282 standard for Vickers hardness testi64]. Based on the maximum ind-width that was
seen during the studygproximately 5 pm), the minimum spacing was 150 prindentations were
spaced 200 um apart to givome excess area of unaffected microstructuce crdate the weld HA
microhardness profiles, a ppeegrammed indentation pattern was inputted forrttzehine to follow.
This pattern is shown in FigurelB. The pattern vad around the weld fusion boundary, where ind
were located above and below tt-axis. By staggering the indents like this it wasgible to keep th

minimum spacing while increasing resolution oves tyortion of the indentation lir

Figure 3.15: A polished specimen with an indented surface shgwviire pattern used 1
microhardness profiles. The image was taken atwa@nification.
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For the microhardness profiles, it was importaat the single line of indentations was made in a
similar location on each weld cross-section. HRbwalds, the profile line was made at a distant&/8
the sheet thickness from the bottom edge of theisee. This distance kept indentations away frben t
central band of hard martensite that would misregme the DP steel hardness; this was based on a
suggestion by Biro [48]. The indentation line waade so that it was symmetrical around the weld
centerline and so that it extended beyond thelife of the HAZ. The indents were measured mdpual
using the Clemex CMT software. The Vickers hardnedues were calculated in the program and then

exported to Microsoft Excel [58].

The base-metal was measured for Vickers microhasdri®y using a 3 x 3 square grid of
indentations on a cross-section of unwelded pasieset steel. The grid indentation spacing wasp200
An average base-metal hardness was calculatedhwiais compared with the weld HAZ microhardness
profiles. The base-metal hardness was also usedltalate the degree of softening in the weld HAZ.
Degree of softening was calculated by taking theimmim hardness value located in the weld subctkitica
region of microstructure. This was the locatiorso§pected softening and this calculation followesl
proposal by Biro and Lee [36] and Xiet al. [45]. Degree of softening was calculated with
Equation (3.10):

DOS = Hardness;,, — Hardness, ,; un (3-10)

where DOS is the degree of softeningilardnesgy is the base-metal average hardness, and
Hardnesgazwin is the minimum hardness in the weld subcriticgloe adjacent to the Adine. Both are
measured in terms of a Vickers hardness number (VHNDOS value was calculated for both sides of
the weld. These values were plotted against thetive heat input in order to observe a trend in

softening.

Microhardness maps were conducted to develop a nownplete representation of a weld HAZ

when compared to the microhardness profiles. Thpping method gave greater resolution than the
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linear gofiles and it was possible to estimate the redatiize of different regions in the HAZ, includi
the relative size ofthe suspected softened zoneThe hardness maps only covered the rang
microstructure from the baseeta to the IC zone. Microhdness mapping was performed in a sin
fashion as the linear profiles. Mounted and polisbpecimens were brought ArcelorMittal Dofasco,
Inc. [48] and the Clemex JB00 Automatic Vickers Microhardness te was used 1 indent the sample
surface and measure hardness. Indentations wede mith a 20 g force and a dwell time «
15 seconds. Téhmapping method differed frc the profiles in the following wayslnstead of creating
single line of indents, the mapping thod used a grid of indents as shown in Figkifé. The grid was
staggered to meet the minimum indentation spi of 150um. Mapping required approximately 100(
1500indents and so testing time duration was excessigerecuce testing duratiorithe Clemex machin
could automatically measure indentations and heedece testing time. For automatic measure, a
polished specimen surface that gave good contestelen indents and surrounding material was red
and hence specimens were leftatnhed prior to mapping. The Clemex tester usedalirecognitior

software to measure this contrast and calculatentbeohardnss.

Figure 3.16: A polished specimen with an indented surface showheggrid pattern used 1
microhardness mapping. The image was taken atnegfhification.

The maps were madm asymmetrical weld crc-sections. The mappirggid was aligned on tt
specimen so that ineasured hardne out in the base-metand then moved inwards toward the w
HAZ. Hardness values were monitored, once the values represented the intercritical regardnes,
the indentations were stogg. Maps were also made on unaffected bas¢a samples over

approximately 1 — 2 mmHardness data was exported to Microsoft E [58]. The Excel data file we
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used in conjunction with the software, Surfer [@8],0organize hardness data into a surface plotfeSu

was software that specialized in creating variaufase plots of 3D data.

To further quantify the mapped microhardness datarage through-thickness hardness (ATTH)
was calculated using columns of staggered indémtaigh the thickness of the sheet. An example of a
single column of indents that was used to calcuasengle ATTH value is labelled ‘A’ in Figure 3.17
For weld samples, individual ATTH points were phottverses their relative position to the, Aine; this
distance was measured to the midway point betwhentwo adjacent columns of indents within a
staggered column. This created a profile that &cdnd used to identify different regions of average
hardness. This profile was expected to have imgaoresolution over conventional microhardness

profiles that used a single line of indents.

Figure 3.17: A column of staggered indents was used to calcidasengle average through-
thickness (ATTH) microhardness value.

In the following Chapter 4, the results from thady are presented. Interpretations of the results
are discussed throughout the chapter, and theoni¢se welded DP sheet steel fracture mechanisens ar

developed and presented.
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Chapter 4: Results and Discussion

The results for Experimental Series 1 are preseinteédis chapter. During Experimental Series & th
weldability of the 1.80 mm HSLA ‘17s’ sheet stealdaof the 1.65 mm DP600 ‘16s’ sheet steel with a
GMAW-P welding process was evaluated. Welds weeduated with microhardness profiles and maps
to characterize distinct regions of hardness amed thterpret the hardness by comparing to the local
microstructure. Regions of softened microstructwere evaluated by measuring the depletion of
martensite that had been caused by tempering frenweld heat input. The experiments in Series 1
were used to identify differences between a BMtinacand HAZ fracture in welded DP600 sheet steel
during uniaxial transverse weld tensile tests. cttr@ surfaces were used to determine the dominant
mechanism for micro-void nucleation and crack faiorathat led to ultimate fracture. The resultsl an

discussion related to Experimental Series 2 mapiwed in Appendix A.

4.1. Experimental Series 1 - Transition of the Failure Location in GMAW-P

Welded DP600 Sheet Steel

The goal of this experimental series was to detserthe mechanisms that caused a welded DP shekt ste
to fracture in the base-metal (BM) failure locatidaring uniaxial transverse weld tensile testing an
compare those mechanisms with a welded DP shedtthtd fractured in the heat affected zone (HAZ)
failure location during uniaxial tensile testin@gy determining what the failure mechanisms were and
how they acted to cause these two types of weldré&it could be possible to provide methods for
avoiding an undesirable HAZ failure in DP steel gnavide a method for shifting the failure locatimn

the BM.

4.1.1: Weld Procedure Development

The Phase 1 welding DOE was used to determine WMA&W&-P weld process parameters that would

produce full penetration bead-on-plate GMAW-P wie@l®54 mm x 76.2 mm 1.80 mm thick galvanized
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sheet HSLA ‘17s’ coupons. All of the welds thatdhao visible defects were cross-sectioned and
measured for root penetration. The measurement®dd penetration are shown in Table 4.1. Théetab
includes the relative heat input for each weld givés notes on weld defects. The weld defectswieat
found include: CO boil due to insufficient atmospbeshielding, intermittent weld bead geometry, and
burn-through. These were defects that represgmteckss instability and could be observed without
destructive testing. Defective welds were notteld for Phase 2 weld development. The welds that

were selected are highlighted with grey in thedabl

The original DOE included three different trim va&) which were: 0.75, 1.00, and 1.25. These
were meant to achieve low, medium, and high hgattimnvelding conditions so that analysis could be
made on welds over a range of heat input. A triri.00 (mid-point of the Lincoln Electric waveform
range) was set up to be the medium range of heat;ihowever, early in the Phase 1 welding trils,
was found that a trim value of 0.75 was too lowpawer input. The welds made with a trim value of
0.75 welds did not achieve a spray-transfer mode lad significant short circuiting between the
electrode and the weld pool. The 0.75 trim weldsendiscontinued. A trim of 1.15 was selecteddo a
as the medium range of heat inpLiis helped to maintain a wide range of heat irgnd hence increase

the chances of achieving a transition of failurardyiuniaxial tensile testing.

Video images recorded using the LaserStrobe vigstes to identify metal transfer mode are
shown in Figure 4.1. These illustrate the new D®Ekich used trim values of 1.00, 1.15, and 1.2%d$
found that arc length increased as trim was inesawhich explained why 0.75 trim (shorter arc) had
short circuit transfer. The arcs for 1.00 and 1trdfs had streaming spray-transfer (labelled ‘Adnd
1.25 trim appeared to have projected spray-trandédrelled ‘B’). The edge of the weld pool is

labelled ‘C’ and the electrode is labelled ‘D’,
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Table 4.1: Phase 1 welding trial results.

Weld Trim TS WFS | CTWD Hre Pen::rc;ttion Defect(s)

Code [mm/s] |[mm/s] | [mm] |[J/mm] (%]

TB43 1.00 14.8 169 14.3 268 1285% | 0 -

TB45 1.00 27.5 169 14.3 143 493% | @ -

TB47 1.00 14.8 212 14.3 316 1476% | -

TB48 1.00 27.5 212 14.3 170 585% | 0 -

TB49 1.00 14.8 254 14.3 365 | - Burn-through
TB50 1.00 21.2 254 14.3 257 130.8% | 0 -

TB51 1.00 27.5 254 14.3 202 829% | 0 -

TB52 1.00 14.8 169 20 208 | - Weld Porosity
TB55 1.25 14.8 169 14.3 449 1305% | -

TB56 1.25 14.8 169 20 380 1249% | -

TB57 1.25 27.5 169 20 184 | - Thin Weld Bead
TB58 1.25 14.8 212 20 457 | - Excessive Heat
TB59 1.25 27.5 212 20 224 | Inconsistent Weld Bead
TB60 1.25 14.8 254 20 524 | - Burn-through
TB61 1.25 27.5 254 20 273 | - Inconsistent Weld Bead
TB80 1.15 233 169 14.3 230 628% | = -

TB81 1.15 23.3 212 14.3 263 82% | -

TB82 1.15 27.5 254 14.3 250 76.0% | -

1.00 Trim 5 1.15 Trim/ 1.25 Trim
~
l

A

4

Figure 4.1: Example images of the three different GMARVspray transfer arcs used du
weld procedure developmenthe arc length increased as the trim was increfisetda) 1.00 t
b) 1.15to c¢) 1.25.

94



Phase 1 welds that were conducted with a 1.00drich20 mm CTWD were discontinued early in
the welding trials due to arc instability. Thisganal DOE weld group was discontinued in favourtlod
1.00 trim and 14.3 mm CTWD weld parameters. THg aeld from this parameter set that is shown in
the table is TB52. This weld had CO boil, whicdhoccurred due to insufficient weld pool shielding
from the atmosphere. The atmospheric shieldingldesh insufficient because the CTWD had been too
large for the selected shielding gas flow ratee $hielding gas flow rate was adjusted for all sgbent
welds made with a 20 mm CTWD by increasing flownir@4 L/sec to 18 L/sec. This new flow rate was

also adopted for welds made with a 14.3 mm CTWD.

The welds that were made with a 1.00 trim and ##h8 CTWD were found to give stable and
consistent weld bead geometry. The majority oS¢hevelds gave streaming spray-transfer conditions
with minimal short circuiting. There was interreiit short circuiting that could be detected when th
voltage and current measurements were reviewdtds was also observed with the LaserStrobe video
recordings; however, it is difficult to show witmages because there was no arc. These weldslgave t
desired range of root penetration and each norctiedeweld was cross-sectioned and measured. An
additional weld (TB50) was included in this setréplace the weld that had been made with the TB49

weld parameters, which had caused burn-througimgluvelding.

The welds that were conducted with a trim of 1.28enfound to give satisfactory projected spray-
transfer conditions. Observations suggested liea2® mm CTWD (initially meant to allow for the der
1.25 trim arc length) was too great and appearedatese arc instability. The arc was observed to
fluctuate and wander during processing at the higlawel speeds; the image of the arc shown inrgigu
4.1c showed that the arc was very long and nanwdwgh likely caused instability when the travel ege
was increased. This led to problems with the ctescy of the weld bead geometry. At slower travel
speeds, the arc had better stability, but it wasdothat the power input from these welds was high.
When the travel speed was lowered, there was daxedsesat input and the zinc melting point isotherm

was visibly unstable. In one case, (TB60) thers Warn-through. The only weld that was free from
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defects was the weld made with the TB56 parametedswas the only weld from this set measured for
root penetration. An additional 1.25 trim weld wasluded to observe how the arc stability changed
with a change in the CTWD. This is representedhim table as weld TB55, which had a 14.3 mm
CTWD. Weld TB55 appeared to give a more stable(miaimal arc fluctuation) and was included for

the root penetration measurements.

After completing the welds that had been includedhe original DOE an additional three welds
were conducted using the new trim of 1.15. Thesklsvachieved stable streaming spray-transfer and

were free from defects. All three of these weld@sencross-sectioned and measured for root peragtrati

Sample images from the Phase 1 welds are showmgure=4.2. The images show a 200 mm
portion along the lengths’ of some representatiedds: In the images, the weld bead geometry can be
observed on the top surface and the relative amafymgnetration can be observed on the bottom ceufa
Welds that had consistent width, consistent reg#gorent height, and were free from pores or undercut
were considered the higher quality welds. On thages, the zinc melting (~420°C) isotherms are
indicated with white dashed lines. The distandgveen the isotherms indicated the relative sizeawh
weld HAZ. A weld with a relatively large span Wween the isotherms meant that the weld had a higher

heat input than a weld with a smaller span betvigatherms.

The image in Figure 4.2a represents a weld thataecadptable bead topography but lacked root
penetration. The weld was made using the TB45 aldmeters, as shown in the table. It was cross-
sectioned and measured to have a root penetrdtém 3%. The image in Figure 4.2b shows a weldh wit
consistent weld bead geometry and close to fult pemetration; this weld was made using the TB82
weld parameters. It was measured and found to haest penetration of 76.0%. The weld in Figure
4.2c had consistent weld bead geometry and hayl felhetrated through the sheet thickness. The weld
was made using the TB47 weld parameters. It wassomred and found to have a root penetration of

147.6%. These welds were selected for Phase 2 éeldlopment, because the process travel speed
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could be adjusted in order to change root penetratvhile maintaining consistent weld bead

geometry [13].
BO'!'TOM

d

Weld TB45

b

Weld TB82 |
¥
Weld TB47

d

Weld TB52

e

Weld TB59

f

Weld TB60

e i
e

-~y

Figure 4.2: Example welds from the Phase 1 weldingl$. Shown are a) a weld that had lac
penetration, b) a weld that had good bead geonaeuigufficient root penetration, c) a weld t
had excessive penetration, d) a weld that had figr@ weld with intermittent bead geome
and f) a weld that had burn-through.
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The image in Figure 4.2d shows a weld that had éorpores throughout the weld bead. This weld
had been made using the TB52 weld parameters. potes had formed due to CO boil because too

much oxygen had reached the molten weld pool.

The image in Figure 4.2e represents a weld thatirfitadmittent weld bead geometry. This weld
was made using the TB59 weld parameters. Weldnpeteas that produced an intermittent weld bead
were not selected for Phase 2 weld developmenpica@lly, the zinc melting isotherms showed visible
fluctuation. This fluctuation would also occurtime weld HAZ. These welds were not repeatable and
subsequent welds made with these parameters cdidd significantly. These welds were not cross-
sectioned. The variability observed with the bgadmetry would also be present in root measurements

and therefore a percent penetration measurementiwotibe representative of the entire weld.

The image in Figure 4.2f shows a weld that had &st@e heat input and had melted completely
through the sheet steel. This weld had been maitg the TB60 weld parameters. These welds could
not be measured for root penetration. The zinth&ms can be seen in the image and show significan

fluctuation.

From the 18 welds that were conducted during thes®M trials, 11 welds were cross-sectioned
and measured for root penetration. These 11 wedds used as the baseline data establish new \geldin
parameters for Phase 2 trials. Most of the Phaselds did not meet the root penetration requirdmen
and only TB51 and TB81 were within 20% of the regdi100% root penetration. The goal of Phase 2

welding trials was to refine the parameters froragehl to achieve the root penetration requirement.

The weld parameters and measured root penetraifonslds made during Phase 2 welding trials
are shown in Table 4.2. The weld parameters fas@2 used the parameters selected from Phagdsl tri
with adjustments to travel speed in order to chahgdinear heat input. This increased or deckdse
root penetration as required. Phase 1 welds thet wsed as baseline data for the Phase 2 pararaeter

shown in the table as ‘associated family weldshwieir respective Phase 2 weld. A weld ‘family’
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represented welds that had the same power ingut.tiim, WFS, and CTWD were held constant.

addition to using Phase 1 welds for baseline deg&Phase 2 welds were made and measured they were

also used to create new weld parameters.

Table 4.2: The Phase 2 welding parameterBhe shaded areas of the table indicate the
parameters that were selected for use during DRR@0ding trials.

Weld Weld Family Associated TS H,el Pen:fc,n:\ttion Defect(s)
Code [Trim, WFS, CTWD] Family Weld(s) | [mm/s] | [J/mm] %]

TB72 | [1.00, 169 mm/s, 14.3 mm] TB43, TB45 19.4 197 96.0% | -
TB73 | [1.00,212 mm/s, 14.3 mm] TB47, TB48 21.6 206 82.4% | -
TB74 | [1.00, 254 mm/s, 14.3 mm|] TB50, TB51 25.3 212 80.7% | -
TB76 | [1.25,169 mm/s, 14.3 mm] TB55 21.2 311 709% | @ -
TB77 | [1.25,169 mm/s, 20 mm] TB56 21.2 251 56.8% | -
TB78 | [1.25,212 mm/s, 20 mm] TB58 21.2 309 713% | @ -
TB79 | [1.25,169 mm/s, 14.3 mm] TB55, TB76 19.1 342 102.8% | -
TB83 | [1.15,212 mm/s, 14.3 mm] TB81 22.4 271 81.8% | « -—--
TB84 | [1.00,254 mm/s, 14.3 mm] |TB50, TB51, TB74 | 23.3 226 822% | -
TBS5 | [1.25,169 mm/s, 14.3 mm] | TB55, TB76, TB79| 19.5 Y. 2 [ N —
TB86 | [1.00,212 mm/s, 14.3 mm] |TB47, TB48, TB73| 20.3 213 90.7% | -
TB96 | [1.15,169 mm/s, 14.3 mm] TB80 19.1 293 108.1% | -
TB97 | [1.15,212 mm/s, 14.3 mm] TB81, TB83 21.2 304 95.5% | @ -
TB98 | [1.15, 254 mm/s, 14.3 mm] TB82 24.6 296 | - Burn-through

In

There were three weld families established fromsBHaand each included two welds. These were
TB43/TB45, TB47/TB48, and TB50/TB51. A linear irgelation was used for each of these sets to
estimate a new travel speed that would give 10086 penetration during Phase 2 welding. The linear

interpolation was based on the Phase 1 travel spetiroot penetration measurements.

There were an additional five welds from Phaseadt thd not have an associated family weld.
These welds could not use a linear interpolatioastimate a travel speed that would achieve 10@% ro
penetration. Instead, an estimate based on theeef root penetration for those welds was maltds
meant that if the Phase 1 weld did not fully pemtetthe sheet then a slower travel speed was eequir

and if the Phase 1 weld gave greater than full petien then a faster travel speed was required.
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There were minimal external weld defects foundrduthe Phase 2 welding trials and only TB85
and TB98 were excluded from root penetration mesamants. The weld made with the TB98 parameters
was excluded because it had the burn-through defddte TB85 weld was not defective, but was
excluded because observations based on the TB78ewvetoupon suggested that the 100% root
penetration requirement had already been met. eTtves welds were very similar and hence only one

was selected.

After cross-sectioning and measuring for root pexietn, nine welds were within 20% of the
100% root penetration requirement. Seven of thesles were selected for transfer to the 1.65 mm
DP600 ‘16s’ sheet steel. The welds that were tedlewere: TB72, TB79, TB83, TB84, TB86, TB9I6,
and TB97; these welds are highlighted in the tabte grey. These were selected because they \were t
nearest to 100% root penetration from their respeateld families. They each represented a differe
weld family and a different relative heat input.hebe seven welds created a range of heat input that

spanned from approximately 197 J/mm to 342 J/mm.

Some sample images from the Phase 2 welds that sedeeted for the 1.65 mm DP600 ‘16s’
weldability study are shown in Figure 4.3. The sypfaces show the weld bead width and the bottom
surfaces show the root penetration. The zinc ngl#20°C) isotherms are indicated on each imagie wi

white dashed lines.

The image in Figure 4a8shows the lowest heat input weld, TB72. Thisdwepresented a we
that was made with a trim of 1.00. This weld hageacent penetration of 96.0% and was made v
relative heat input of 197 J/mm. The image in Fégd.® shows a medium heat input weld that
made using the TB83 weld parameters. This weldmade with a trim of 1.15. The TB83 weld hz
percent penetration of 81.8% and was made withative heat input of 271 J/mm. The image-igure
4.3 shows the highest heat input weld that was madeyuhe TB79 weld parameters. This weld

made with a trim of 1.25. The TB79 weld had a petgenetration of 102.8% and was made w
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Figure 4.3: Sample images for the selected welds from Phaseldng trials. The image in
shows the lowest heat input weld (TB72), the imegenage b) shows a midnge heat inp
weld (TB83), and the image in c) shows the highest input weld (TB79).

relative heat input of 342 J/mm. These imagesessprt low, medium, and high heat input welds. The
distance between the zinc melting (420°C) isotheimeseased with higher heat input, while the root
penetration for these welds remained similar. T¥as the main goal for Phase 2 welding experiments.
A set of welds that had been made using a wideerarfidinear heat input and had similar weld bead
geometry/root penetration had been created. Alfisrpoint in the study, the focus was on welds enad
onto 1.65 mm thick DP600 ‘16s’sheet steel. A sumynud the results and discussion related to welds

made onto 1.80 mm thick HSLA ‘17s’ sheet steel lsariound in Appendix B.

41.1.1: DP600 ‘16s’ Sheet Steel Weld Microstructure

The selected welding parameters from Phase 2 vgetdials were used to make bead-on-plate welds in
254 mm x 76.2 mm 1.65 mm thick DP600 ‘16s’ sheetlstoupons. These welds were then cross-

sectioned to observe the weld HAZ microstructure thien to measure the HAZ width.
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An overview of the different microstructural regsothat were observed in the DP weld HAZ is
shown in Figure 4.4. The chart in Figure 4.4ahis Fe-FgC steel phase diagram. The microstructure
that was found in the weld HAZ was relatable to fiilease diagram and could be compared to the
expected microstructural regions that were knowiedour at different temperature and carbon weight
percentage. Important microstructural regions raegked on the phase diagram, which include: the
fusion zone (FZ), the supercritical grain growthGQ)Gregion and grain refined (GR) region, the
intercritical (IC) region, the subcritical (SC) reg, and the base-metal (BM). The phase diagrdior ia
Fe-FgC non-alloyed steel, so the agreement between itr@structure in the dual-phase steel welds and
the phase diagram is only qualitative. The speifimelting temperature [66] and the;Aand Ag
temperatures [67] are based on calculations foralioyed steel that correspond with the nominal
DP600 ‘16s’ steel composition. A DP600'16s’ weldss-section is shown in Figure 4.4b that has been
labelled with the microstructural regions. The hadaries of these microstructural regions were dised
the HAZ width measurements. The ;2and Ag lines are labelled on the image of the cross-cecti
which are the boundaries for the IC region. Thspsat softened zone was located in the SC region

immediately adjacent to the Aline.

An overview of the microstructures observed in difeerent microstructural regions in a DP weld
and HAZ is shown in Figure 4.5. The base-metabwshin Figure 4.5a, was found to have a slightly
different microstructure than initially expectedThe microstructure was comprised of the expected
martensite islands within a ferrite matrix; howeviirere were also pockets of what is suspectedto b
bainite and other carbides. In the image martenslkands are labelled ‘M’ and bainite/carbide
formations are labelled ‘B/C’. These pockets argpected to be caused by the dual-phase processing,
where during the quenching step after intercritisahealing, some austenite islands did not form to
martensite. This could have been caused by cotmpuai differences between the various austenite

islands. Manganese has been shown to segregptestirstudies on DP steel processing [6]. Austenite
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islands with lower manganese composition would Hawer hardenability and during quenching could

have formed bainite or other carbides.
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Figure 4.4: Overview of the DP weld HAZ. Image a) shows aidgpFe-FgC binary phas
diagram (with modified A Az, and TM temperature). Image b) shows adgfcross sectic
from a GMAW-P DP600 weld. The suspect softened zone was thaatthe subcritical (S(
region of microstructure.
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Figure 4.5: An overview of the 1.65 mm thick DP600 ‘16s’ she&tel weldmicrostructure
The image in a) was the baseetal, b) shows the subcritical region, c) showvesitttercritica
region, d) shows the grain refined region, e) shdvesgrain growth region, and f) shows
boundary between the grain growth region and te®fuzone.

The subcritical zone microstructure is shown igufé 4.5b. In the image, the decomposed
martensite islands are labelled ‘D’. Material istregion was heated to just below the famperature

during welding. The microstructure resembled thsebmetal except that there were also islands of
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decomposed (tempered) martensite found in thetdematrix. Unexpected formations that resembled
martensite islands were also found that showedigres ©f decomposition. Similar to the reasoning for
the formation of bainite and carbide pockets, thgenations suggest that martensite islands had

differing compositions.

The microstructure of material heated into therorigcal zone during welding is shown in
Figure 4.5c. The martensite islands from the lmas&l had expanded in size and there was no ewdenc
of the pockets of bainite/carbide formations. Histregion, the martensite and bainite/carbide ghas
the base-metal partially reformed to austenitethrd re-quenched to martensite. The austenite ptease
expanded into the surrounding ferrite, but otheewtise original ferrite matrix was unaffected. The
absence of the bainite/carbide pockets suggeststiihaweld pass created a more rapid quench than
during the original dual-phase process quenchiep. st Reformed ferrite was not detected; howetver, i

may not have been resolved by the SEM and could faamed at the edges of martensite islands.

The microstructure of material heated into the enit temperature range that underwent grain
refinement and grain growth is shown in Figure 4a8d e, respectively. These two regions were found
between the Agline and the fusion boundary. These represensubpercritical region of the steel phase
diagram where, during the GMAW heating cycle, ttemkwas fully transformed to austenite. Growth of
austenite grains in the grain refined region was/@nted by aluminum and titanium inoculants in the
base-metal [15,68]. Upon cooling after welding austenite in this regittansformed to massive
martensite [10]. Above a certain peak temperatare unknown temperature for this material) the
inoculants dissolved in the austenite mix and th@ng grew much larger than the grains in the GR
region. The grains were largest immediately adjate the fusion boundary. The prior austenitargra
boundaries can be seen in the region and are éabodGB’. The interior of these large grains
transformed to massive martensite [10] and uppitbg15] upon cooling after welding. Upper bai
is labelled ‘UB’ on the image. These regions weod examined in detail during the study but are

included here for reference.
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The location of the fusion boundary is shown inurg4.5f. On the image, large prior austenite
grain boundaries are labelled ‘AGB’ and the fusimundary is labelled ‘FB’. At the boundary large
columnar grains extended outwards from the larg@ pustenite grains (affected by a transformatmn
delta ferrite) to the central location of heat inpirhe composition of the material in the fusiame was
mostly ER70S-6 electrode material with a small amdaf melted base-metal from the DP steel. The

microstructure of the fusion zone grains was a unexbf martensite, and upper and lower bainite.

4.1.1.2: DP600 ‘16s’ Weld HAZ Measurements

The weld parameters that were used to make fulétpetion welds in the 1.65 mm thick DP600 ‘16s’
sheet steel, the resultant heat input, and avdi#ge Ac,; half-width measurements are givenTiable
4.3. The average HAZ half-width was based on iktadce from the weld centerline to the;Aice on
either side of the weld. In the table, the weldgehbeen placed in order from the lowest relativat he
input to the highest relative heat input. Whencethin this order, the average HAZ ;Alalf-width
measurements followed an expected trend, with riedlest width occurring at the lowest heat inpud an
the largest width occurring at the highest heatuinp The table also shows the root penetration

measurements. All of the DP600 welds attainedréugired full penetration, i.e., within 20% of full

penetration. All of the welds were free from amfatts, both external and internal.

Table 4.3;: Welded DP600 ‘16s’ sheet steel HAZ half-width measwents.

Root Average Average
Weld Weld Parameters H,el Penetration Ac, HAZ Ac; HAZ
Code [Trim, TS, WFS, CTWD] [3/mm] [%] Half-Width | Half-Width
[mm] [mm]
TB87 | [1.00, 19.4 mm/s, 169 mm/s, 14.3 mm] | 193 114.4% 5.12 4.25
TB95 | [1.00, 20.3 mm/s, 212 mm/s, 14.3 mm] 215 118.3% 5.66 4.65
TB107 | [1.00, 23.3 mm/s, 254 mm/s, 14.3 mm] | 242 117.4% 5.85 4.78
TB94 | [1.15,22.4 mm/s, 212 mm/s, 14.3 mm] 274 112.9% 6.50 5.27
TB99 | [1.15,19.1 mm/s, 169 mm/s, 14.3 mm] | 297 116.2% 6.87 5.53
TB100 | [1.15,21.2 mm/s, 212 mm/s, 14.3 mm)] 307 120.3% 7.07 5.73
TB88 | [1.25,19.1 mm/s, 169 mm/s, 14.3 mm] 347 121.2% 7.44 6.16
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The average HAZ Achalf-width measurements are plotted against tlaive linear heat input
for each weld in Figure 4.6. The data points fdna linear trend. The variance that was seethéor
half-width measurements of each weld was smallveaws likely caused by fluctuations of welding input
power during processing, slight variations in clamgpforce along the weld, and slight variationghe

clamp distance to the weld pool during processing.
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Figure 4.6: Plot of the Ag HAZ half-width measurements against the measured relatia
input for each weld made in the 1.65 mm DP600 ‘Ebget steel.

107



Two example images of transverse weld sectionswieae used to measure HAZ half-width are
shown in Figure 4.7. On the images, the weld ckmte Ac; line, and Ag line are indicated with white
dashed lines and an example measurement is shBaii weld fusion zones fully penetrated the sheet
thickness and had ‘finger’ penetration geometrje Tfinger penetration weld fusion zone geomesy i
typical of a GMA weld made using spray transfer modEach image was taken at x50 magnification
with the optical microscope. At this low magnifiicen, the Ag line was difficult to locate. To identify
the Ag line, higher magnification (x500 and x1000) imagese observed with the optical microscope

prior to measurement, which were similar to thegesathat are shown above in Figure 4.4b and c.

d

Weld TB87

Weld TB88

Figure 4.7: Example images that were used for the HAZ measurtmef the halfwidth
distances from the weld centerline to the, Aad Ag lines. Shown is a) the lowest heat in
weld, TB87, and b) the highest heat input weld, §B8

The image in Figure 4.7a shows a cross-sectiom faoweld that was made with the TB87
welding parameters; this was the lowest heat immld that had been selected for testing. An exampl
Ac; HAZ half-width measurement is shown, which wasA5rim. The average A¢HAZ half-width for
the TB87 weld was 5.12 + 0.20 mm. The image irufdgt.7b shows a cross-section from a weld made

with the TB88 welding parameters; this was the éggtheat input weld that had been selected fantest
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An example A¢ HAZ half-width measurement is shown, which was9#@m. The average AHAZ

half-width for the TB88 weld was 7.44 + 0.19 mm.

4.1.1.3; DP600 ‘16s’ Weld HAZ Microhardness Profile Results

Base-metal Microhardness

The 1.65 mm DP600 ‘16s’ base-metal microhardness @aaracterized by using a 3 x 3 grid of
indentations to measure Vickers microhardnesss ghd was similar to a grid of indentations usgd b
Biro [48] to characterize base-metal hardness atelarMittal Dofasco, Inc. [48]. The grid of
indentations gave an average hardness of 200 VHN wistandard deviation of 5.55 VHN. This
hardness value was used to compare with the wetdohardness profiles in order to locate areas of

hardening and softening.

Weld Microhardness Results

The seven selected welds from Phase 2 trials wess-sectioned and brought to ArcelorMittal Dofasco
Inc. [48] for microhardness profiling. All of th@rofiles spanned from unaffected base-metal jutsicde
the Ag line on either side of the weld where the DP ssedftened zone was expected to occur. An
example Vickers microhardness profile that was caneh to the weld macrostructure is shown in Figure
4.8; this profile was for the lowest heat input avéTB87). The different microstructural regions are
labelled on the image. Base-metal was observdubtht ends of the profile and appeared to match the
average BM hardness; however, this was not trualfasf the welds, as will be explained later itisth
section. As the indentations approached thelike, there was evidence of softened materiat tas
also not true for all of the welds and will alsodlained later in this section. A division libetween
the SC region and the BM is marked,; the divisioe lindicated ‘A’ on the image. Indentations thatrev
within the IC zone had a significant spike in hask compared to the adjacent SC region; this spike
hardness is labelled ‘B’ at its minimum and ‘C’itst peak. This was the location of the;Aine; the

hardness spike was common for all of the DP600’ ‘@$ds and was used to locate the; Aar other
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profiles. The hardness increased further uponriegtehe GR region and then reached a maximum
hardness in the GG region of microstructure; higihdhess in these regions was associated with the
microstructure consisting of a mix of bainite, neadite, and small amounts of acicular ferrite. Fie
hardness decreased slightly compared to the hatdei®eZ; however, it was significantly higher

(+50 VHN) than the BM hardness.
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Figure 4.8: An example Vickers microhardness profile with wetdss-section to show the
relative location of microstructural regions. Tdress-section was for the TB87 weld (1.65 mm

DP600 ‘16s’ sheet steel).

A scanning electron microscope was used to exathmenicrostructure around the Aine, and
some example images are shown in Figure 4.9. Whssthe area of interest during the course of the

study, because it was at the location where madtteteanpering occurred. The images that are shown
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were taken between two adjacent microhardness tismdbaat were 200 um apart and were located on

adjacent sides of the Atine.

Figure 4.9: The dual-phase microstructure was compared witiVitleers microhardness
results. Image a) shows an indent that was irstheegion adjacent to the Aline. Image b)
shows the approximate location of the;Aenage c¢) shows an indent that was in the IC regio
immediately adjacent to the Atine. (photographed with SEM).
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The indent that was located in the SC region adfattethe Ag line is shown in Figure 4.9a.
This indent measured a hardness of 186 VHN, i€VHN softer than the base-metal. It was diffidolt
identify decomposed islands of martensite becauseptior BM had non-martensitic carbides present,
which were very similar in appearance; however, ess@rample islands that resembled decomposed
martensite are labelled ‘A’ on the image. The imamgEigure 4.9b shows the approximate locatiorhef t
Ac, line; the left side of the image was the SC regind the right side was the IC region. Renucleated
martensite was present in the IC region, and sommmple islands are labelled ‘B’. The indent thaisw
located in the IC zone adjacent to the Age is shown in Figure 4.9c. This indent meaduaéhardness
of 224 VHN, i.e., 24 VHN harder than the base-mefis increase in hardness is thought to be tyrec
associated with the expansion of the martensiémds; the volume fraction of martensite had appktre

increase.

As mentioned above, there were some differencdsatbiee found when microhardness profiles
for different welds were compared. For the mayooit the microhardness profiles, the hardness idata
the SC region and BM fluctuated so that it wasiciff to measure the size of the softened SC regiah
the degree of softening. The location of the BMsvadso difficult to pinpoint on some profiles. $hi

presented contradictory results when measurememtsdifferent welds were compared.

An example profile that illustrated some of thectliating hardness data is shown in Figure 4.10;
this profile was for the TB94 weld (mid-range hégput). The different microstructural regions are
indicated on the profile; these were identifiednfran etched weld cross-section after indentatiat (n
shown). Measuring for maximum softening was natsistent. Some profiles did not exhibit a softened
zone and on the example profile this is labelled hdwever, there did appear to be a drop in hassrae
the edge of the IC region, but did not fall below Boroperties. This was an issue that affected
calculation of degree of softening, because soniésadid not have obvious points to select for miumim
hardness; in some cases (see Figure 4.11) mininaudnéss was located more than 1 mm from the Ac

line. When the profiles for all of the welds warempared, there was no obvious trend that matched
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similar studies found in the literature (high hiegotut welds did not appear to have greater softgnthe
only explanation from the literature was that DP@@0not exhibit significant softening in low heaput
welds [36,45]. However, this explanation is in@iént, because some profiles had visible softerémg

example of softening suggested by the value of onfyindent is labelled ‘B’ on the profile.
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Figure 4.10: An example Vickers microhardness profile that waed to baracterize tr
hardness across a weld HAZ. The profile that @ashis for the TB94 weld (1.65m DP60!
‘16s’ sheet steel).

From the hardness profiles, it was difficult to @@ for softened zone width because it was
unclear if the microstructure at the edges of ttodilp were from the base-metal; hardness measureme
did not consistently appear to match base-metalamézdness. There were also unexpected increases i
hardness measured on some samples adjacent tftérees region where it had been expected that base

metal properties would occur. The location lalielié’ on the profile shown in Figure 4.10 suggested

that this region of microstructure had consistehtiyher hardness than the base-metal; this wasaise
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on several of the profiles, but no obvious trend feaund. There was no visible explanation for dfter

an initial study of the microstructure.

A second example of a hardness profile is showfignre 4.11; this was from a high heat input
weld (TB100). This profile is shown to illustratieat the hardness data in the SC and BM region had
significant variance, which made measurement otiftened zone width difficult for some welds. The
location that is labelled ‘A’ had both low and higardness that did not match the average BM hasdnes
The location that is labelled ‘B’ shows that the Bidrdness had not been achieved on this side of the

weld. This region appeared to have hardened, whiahnot an expected result.
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Figure 4.11: A microhardness profile that illustrates varialilitom harchess data taken frc
the SC region and BM.
The only consistent observation that was made fatinof the microhardness profiles was that

there was a significant increase in hardness tt@airced adjacent to the Atine in the IC region of the

microstructure; it is labelled ‘D’ on the profilé®m Figure 4.10 and Figure 4.11.
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Minimum hardness values that were measured fafdhe welds are shown in Table 4.4; degree
of softening is shown for both sides of each wellegree of softening calculations indicated thateh
was softening in the weld HAZ; however, a defirgtivalue for softening was not established. Theas w
no obvious trend across the range of weld heattsnpnd softening did not increase as heat input
increased; this is contrary to the results for D&elssoftening reported by Biro and Lee [36] and
Xia et al.[45]. Instead, the data suggested that the hidresst input weld (TB88) had the lowest degree
of softening (8 VHN) and the lowest heat input wgliB87) had among the highest degree of
softening (16 VHN). It was believed that the metHior calculating degree of softening as proposed b
Xia et al.[45] was insufficient for this material becausenimum points of hardness did not always occur

immediately adjacent to the Aline.

Table 4.4: The degree of softening calculations for the Pl2aselds.

. Minimum HAZ Minimum
Weld Hee BII)\:ID?-Izor dlni“;s Hardness | HAZHardness | DOSi | DOSggn
Code [J/mm] [VHN300g] (Left Side) (Right Side) [VHN200g¢] | [VHN200]

[VHN200¢(] [VHN200¢1]

TB87 193 200 184 185 16 15
TB95 215 200 187 195 13 5
TB107 242 200 188 192 12 8
TB94 274 200 196 184 4 16
TB99 297 200 184 180 16 20
TB100 307 200 179 184 21 16
TB88 347 200 193 192 7 8

There was too much variability in the hardness mneasents that were made in the SC region
and the BM. The profiles did not provide a su#fidi number of softening data points; this made
comparison between different welds difficulthere was evidence of softening at the expecteatitnt
just outside the Adine; however, it was not consistent. From thefif@®, it was difficult to discern

whether the unaffected base-metal had been reachedme cases there was hardened material where

the BM was expected.
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Extended Weld Microhardness Samples

The microhardness profiles on symmetrical samplésidt give definitive evidence of softening. Téer
was also no definitive evidence that the base-nfetdl been reached with the indentation profiles. T
support this belief, two new cross-sections wereerthat were extended asymmetric samples. A single
microhardness indentation line was used on the dbWweat input weld, TB87, and on the highest heat
input weld, TB88. The purpose was to re-evaluagesuspect softened zone on samples that assated th

the base-metal was included in the profile.

The results for the two microhardness profiles sirewn in Figure 4.12 and Figure 4.13. For
both welds, it was evident that the indentationfiflg® had covered some of the base-metal; howétver,
showed that there was substantial variability ia trardness of the base-metal. The variability was
suspected to be caused by the heterogeneous mictas¢ of the 1.65 mm DP600 ‘16s’ sheet steel that
included pockets of bainite and cementite instdagbliely containing martensite and ferrite. It vadso
suspected that the weld heat input could have paligraffected the microstructure further into thase-
metal than previously thought. Both samples hadesxe of softening that occurred adjacent to tbe A
line; this is labelled ‘A’ on both profiles. Hower, the evidence was not entirely clear becausbedke-
metal portion of the profile had significant vaiilik. The base-metal included hardness measurtsmen
that were equivalent to the suspect softened zbaee points are labelled ‘B’ on both profiles. Figure
4.13, the profile for the high heat input weld (B8&ad a point (labelled ‘C’) located in the BM
(~10 mm away from the Adine) that was approximately 30 VHN softer thaa #verage BM hardness;
this point was approximately 10 — 15 VHN softerriihe SC region. This further suggested that a
degree of softening calculation was inappropriatectassify the welded samples. There was an
unexpected increase in hardness in the SC regitireddw heat input weld (TB87); this is labelldd in
Figure 4.12. The high heat input weld (TB88) dud show any definitive evidence of increased hasdne
in the SC region or the BM. Hardening in the S@iar was not analysed further at this point in the

study.
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Figure 4.12: Vickers microhardness profile for an extended sample of 1B& DP600 ‘16¢
sheet steel weld.
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Figure 4.13: Vickers microhardness profile for an extended sample of 8'B& DP600 ‘16¢
sheet steel weld.
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The conclusions that were drawn from the microhesg profiles were as follows: the location of
the suspect softened zone was in the SC regioheofveld HAZ immediately adjacent to the ;Ame,
there was a significant spike in hardness as meammts entered the IC zone, the spike in hardnass w
associated with renucleated martensite islandsjelieee of softening within the SC region was nell w
defined when compared to the average BM hardnesstteere was significant variability in the BM
portion of the hardness profile that diminished tbkability of the softening data. No conclusiomsre

drawn from the observations of increased hardmetsi SC region of the HAZ.

4.1.1.4: DP600 ‘16s’ Weld Specimen Transition of the Failurd.ocation

The seven selected weld parameter sets from Phasgs2were used to weld onto 254 mm x 203 mm
DP600 ‘16s’ sheet steel coupons. These coupons ugard to machine uniaxial transverse weld tensile
specimens. Each weld was machined into at leastiéinsile specimens for full fracture uniaxialsiéan

testing.

A 100% BM failure set is shown in Figure 4.14a. isTtensile specimen set had been machined
from the low heat input (TB87) welded coupon. Eaphcimen fractured in the BM at the midway point
between the weld fusion zone and the specimen ghigractured weld specimen set, made using the
TB94 weld parameters, that had a mixed failure miedehown in Figure 4.14b. There were three
specimens that fractured in the HAZ and two speosibat fractured in the BM. A 100% HAZ failure is
shown in Figure 4.14c. This tensile specimen set leen machined from the high heat input (TB88)
welded coupon. Each fracture occurred in the HAA eelatively short distance from the weld fusion
zone. From these images, it was not possibleteErmee what part of the HAZ had caused the fractur
The BM failure specimens had fracture planes trerewtypically perpendicular to the loading directio
or to a maximum angle of approximately 25° offseinf the specimen cross-sectional plane. All
specimens that had fractured in the HAZ failureatamn had fracture planes that were perpendicolar t

the loading direction.
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Figure 4.14: Transverse weld tensile test specimens: a) TB87heat input weld with 100
BM failure, b) TB94 medium heat input weld with mixed failure ldoas, and c) TB88 hi¢
heat input weld with 100% HAZ failure.

The failure locations for each transverse weld itlerspecimen are summarized in Table. 4.5
From these tests there were three welds that aggbearmeet the requirement of a mono-type failure
mode. All of the specimens from the lowest heptuitrweld (TB87) fractured in the BM while all ofe
specimens from two high heat input welds (TB88 aB&®9) fractued in the HAZ. This provided t
desired transition of failure mode. The remainimglds made using intermediate heat inputs exhi
mixed failure locations. Mixed failure occurred evha single weld had some tensile specimens fe
in the HAZ failure location and some fracture ie tBM failure location. There were no fusion zo

related fractures in any of the welded tensile spexs.

Table 4.5: Failure locations of the transverse weld tensitste

Type of Failure Mode
Average HAZ i
\(/:\ﬂ: U/":Tr]erln] HaIf—\gNidth Specimen b Failure Designation
[mm] 1 2 3 4 5

TB87 193 5.09 BM BM BM BM BM 100% BM Failure
TB95 215 5.66 BM BM HAZ BM HAZ Mixed Failure
TB107 242 5.85 HAZ BM BM BM BM Mixed Failure
TB94 274 6.54 BM BM HAZ HAZ HAZ Mixed Failure
TB99 297 6.91 HAZ HAZ HAZ HAZ HAZ 100% HAZ Failure
TB100 | 307 7.06 HAZ BM HAZ HAZ HAZ Mixed Failure
TB88 347 7.48 HAZ HAZ HAZ HAZ HAZ 100% HAZ Failure

119



The tensile data for a HAZ failure specimen and lNure specimen taken from the same weld
sample, TB94, is shown in Figure 4.15. The tensits provided data for stress verses displacement
however, the tensile data from different welds dowdt be directly compared to each other or tdotme-
metal using these plots because the heat input é@ch weld had affected a different proportionhaf t
base-metal. An approximate comparison could beerbativeen two specimens that were taken from the
same weld as shown in Figure 4.15. This would ipktensile specimens that had a similar proportion
of affected material. This allows a comparisorbéomade between a HAZ failure specimen and a BM
failure specimen by selecting specimens from a wlt had a mixed failure mode. The two

sets of data shown in the figure were both takemfthe TB94 weld.

800 4 BM Failure - TB94 Specimen 1
4 m———— HAZ Failure - TB94 Specimen 4
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. O UTS - HAZ Failure
600 — === \
z \
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Figure 4.15: A comparison between stress-displacement curves femsile specimens with
HAZ failure and BM failure.

120



The plot suggested that there was significant degghent prior to localized necking for both
failure modes and that the UTS was similar for Hatlure modes; this suggested that DP steel had go
weldability and 100% joint efficiency could be atied. The BM failure specimen appeared to have a
more gradual change in curve slope after the UB8 the HAZ failure specimen. The displacement that
occurred after the UTS had been reached is indicate the chart. The BM failure specimen had
displaced 3.86 mm after UTS and the HAZ failurecamen had displaced 1.46 mm. The BM failure
mode had a significant increase in displacemenindgdocalized necking. This suggested that the BM
failure mode was safer under loading conditiong toald induce catastrophic failure. Otherwise the
deformation that had occurred for both failure n®daring uniaxial transverse weld tensile testirag w

mostly diffuse necking within the base-metal.

The tensile fracture results are also shown infféigul6 to illustrate the transition of failure tha
occurred across the range of GMAW-P weld heat mputhe lowest heat input weld (TB87) had all
tensile specimens fail in the base-metal. The gheat input weld (TB88) had all tensile specinmfails
in the HAZ. Another relatively high heat input weld, TB99, algave 100% HAZ failure. The weld
TB99 was lower in heat input and average HAZ widtlcomparison to TB100. However, the result for
TB100 included a specimen that gave a BM failuré hance it was a mixed failure mode weld. This
suggested that TB99 was within a transitional zohdailure. For the purposes of this study, TB99
retained its designation as a 100% HAZ failure wélgt because it fell within the transitional zoite,
was not used for tests to determine the differehetween a HAZ failure and a BM failure. To pursue
and determine the mechanism for achieving BM failur GMAW-P DP sheet steel, welds TB87 and
TB88 were selected for further study. These twidsvevere retested for uniaxial failure mode with an
additional 5 tensile specimens each. The TB87 welttinued to show 100% BM failure and the TB88
weld continued to show 100% HAZ failure. Afteresting and retaining consistent results, both welds

were considered suitable for evaluating the DPtstteel failure mechanism.
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Figure 4.16: The fracture modes of the selected welds versud et input and HAZ half
width.

Uniaxial transverse weld tensile testing of thedsehat were selected from Phase 2 welding trials
showed that the requirements for identifying weddosonditions that would produce tensile specimens
that would fracture in either the BM or the HAZ hhden met. A 100% HAZ failure mode was
established with welds TB99 and TB88, and a 100%fBiMire mode was established with weld TB87.

No further testing was required because the desiagdition of failure mode had been achieved.
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4.1.2: Determining Causes for Base-metal Failure in the Welded DP Sheet Steel

The following tests were performed on the low heaput weld (TB87) that had exhibited
100% BM failure during uniaxial tensile testing artde high heat input weld (TB88) that had
100% HAZ failure during testing. The testing tlveds used included: fracture analysis of complete
fracture specimens, analysis of partially fractuspdcimens, martensite area fraction measurenands,
microhardness mapping. The goal was to determieason for why the lower heat input welds always

failed in the BM while all high heat input weldsléal in the HAZ.

4.1.2.1: Full Uniaxial Tensile Test Fracture Analysis

The fractured specimens from the uniaxial transvevseld tensile tests were analysed to determine the
micro-mechanism that occurred at the weld BM faillocation and at the weld HAZ failure location.
The fracture surfaces of unwelded BM and weldedispens that had failed in the BM and the HAZ
were examined using the SEM. In addition, crostiees of the welded specimen that fractured in the
BM failure location and the welded specimen thdeéhin the HAZ failure location were examined ugin

the SEM.

Base-metal Fractography

Prior to analysing the BM and HAZ weld failure Iticas in greater detail, the parent DP600 ‘16s’ethe
steel was characterized with a fractographic amalysTensile specimens were loaded to complete
fracture, the UTS and total elongation were meakfoereference, and an analysis of a tensile spati

fracture surface was conducted.

The tensile test measurements for UTS and totalgelmon are given in Table 4.6. The values
were slightly higher than the nominal values predidy ArcelorMittal Dofasco Inc. [48]. This was a

significant amount of deformation that suggestedtithufracture.
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Table 4.6: The DP600 ‘16s’ base-metatechanical properties derived from uniaxial tensile
testing and the nominal values [48].

Specimen Number [I\le-ll;z] Total % [E;c])ngation
1 653 27.30
2 658 25.71
Nominal [48] 638 23.7

A full image of a DP600 ‘16s’ BM fracture surfattet was examined with the SEM is shown in
Figure 4.17. Crack formation for eventual fractappeared to initiate from the half-way point betwe
the central sheet and the sheet edge. This lociishown in the figure with a dashed white lirihis
produced a double slant fracture surface, whigipgal for thin sheet [69]. This location was tentral
area of the tensile gauge width. Crack initiategpypeared to be complex, where several relativegela
micro-cracks had formed and expanded in the ceated of the width. These expanding cracks would
have connected by tearing (creation of a dimpladtéire plane between the crack tips) after thekdips
began to overlap on different planes [69]. The rémtrea of the gauge width had the greatest anwfunt
thickness reduction. The complete fracture extdradeay from the both sides of the initiation stie$he
edge of the gauge width, shown in the figure witiows pointing in the direction that fracture preded
along. From the tensile tests, there were a numbdifferent fracture planes. The angle of thectuae
planes varied between very low angles (almost pelipalar to loading) to approximately 25° offsedrfr

the specimen cross-sectional plane.

Reduction of Thickness J

Figure 4.17: Top view of a typical fracture surface from a DP6D8s’ base-metal specimen.
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A higher magnification analysis was also condu@rd images are shown in Figure 4.18. The
specimen had a ductile dimpled fracture surface a@ppeared to fail due to micro-void coalescence.
There were no areas on the fracture surface tisplagied brittle fracture. Crack initiation sitegne
typically associated with large voids. Cracking vedso associated with micro-shearing away from the
larger void sites. Most large voids were founchéwve formed around incoherent particles. In Figure
4.18a and f, the location of a connection betwe&endoalesced void surfaces is shown. The surfase h
a drastic shift in elevation, indicated as locatidnon the image. The void surfaces most likektended
from separate crack initiation sites and connebtetkaring after the expanding planes overlapp8il [6

This could be a grain boundary interface.

In Figure 4.18a, b, and c, suspected crack irotiasites are shown with a dashed line and
labelled ‘B’. Each of these sites had a line oingtof voids that appeared to meet when they graa
each other. These void stings could have beenddcat grain boundaries. They were typically

surrounded by a continuous shear lip, which indiddhe formation of a crack [69].

Randomly distributed large voids had formed onftheture surface. These appear in all of the
figures with the label ‘C’. Magnified images ofese large voids are shown in Figure 4.18d, e, and f
Typically these voids contained a large incohepanticle [69]. An EDS analysis was performed oa th
particles and they were found to be aluminum-rightiples. These aluminum-rich inclusions wereliike
introduced during the steel killing process whdwmanum is typically added to the melt to deoxidthe
steel prior to casting. These normally innocuolgOAinclusions normally retain their shape during hot

rolling [70].

From the fracture surface analysis there was nimiteé evidence of void nucleation between
the ferrite and martensite interface; however, sime of the dimples/voids was associated with the
volume fraction of martensite islands within theeshsteel. Other nucleation sites associated tiviéh

dimple size would have been the carbide/bainiteriates with the ferrite matrix and along grain
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boundaries. It was suspected that decohesioresat timitiation sites would occur, but from the frae
surface analysis, it was not possible to deternfitieey occurred at final fracture or if decohesioas the

dominant site for void nucleation early in loading.

Figure 4.18: Analysis of DP600 ‘16s’ sheet steel BM fractureface. In image a),b), and c),
suspected micro-crack initiation sites are showa, an image d), e), and f) large micro-veid
are shown, which had formed at incoherent particles
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Fractography of the Welded Specimens

The fracture surfaces of the welded tensile samplese analysed after fracture to determine the
prominent failure mechanism and to determine prigbatbes of crack initiation. Prior to analysirtet
weld specimen fracture surfaces with the SEM, dloation of fracture for both the BM failure and HAZ
failure specimens were confirmed by examining agitwainal section of the two types of fractured
samples under the optical microscope. The longiddection for the weld that gave 100% BM failure
is shown in Figure 4.19. The fracture location wasfirmed to be far out into the base-metal. The
fracture site was measured to be approximately t@n3away from the Acline. The section of a HAZ
failure mode specimen is shown in Figure 4.20. Jdwion showed that the failure was not immedyatel
adjacent to the Acline. The fracture was approximately 2.1 mm avi@yn the Ag line. In both
fracture specimen sections, the hardened regi@sGR, GG, and FZ) had not undergone significant

thinning due to the loading during the tensiledesthe sections also suggested that the HAZ &alhad

undergone more strain through the sheet thickness.

Figure 4.19: A longitudinal section of a fractured weld tenssigecimen that had a BM failt
location. (Low heat input weld).

Figure 4.20: A longitudinal section of a weld tensile specimkatthad a HAZ failure locatic
(High heat input weld).
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A fracture surface from the set of welded specimthta were made with the TB87 weld
parameters and had 100% BM failure is shown in ffleigh21. The fracture surfaces were similar to
unwelded BM specimen fracture surfaces. The spawinfiailed with double slant fracture surfaces and
crack initiation sites appeared to be just aboeentidway point of the sheet thickness. Crackatiitin
appeared to be complex, with several crack indrasites that connected by tearing between ovarigpp
crack planes. Significant initial cracking wasdted in the area of greatest thickness reductidichw
was located in the center of the specimen gaugehwitihis is labelled on the image with dashed evhit
lines. A chevron pattern was observed on the sesfavhich suggested that some crack initiation
occurred close to the edge of the specimen gaudi \{fabelled X’ on the image) [69]. This suggest
that although critical strain for significant craickmation was in the center of the specimen gavigé,
there were also significant cracks forming at otleeations throughout the gauge width. These areas
would most likely only become dominant after ther&@s significant cross-sectional area reduction over
the entire gauge width. The edges did not showifsignt thickness reduction after fracture; howeve
the sheet edges typically incurred greater localrsduring the onset of necking. This occurredaose
the sheet edges of the gauge width were free fgfdat did not have a stress normal to the sluget e
(along the gauge width axis). This caused grdated strain in these regions. If significant ddag in
areas of reduced thickness had not already leth&b fracture, then there was increased likelihobd

cracks initiating and propagating from the shegesd

s

‘t& *'..‘."\:‘;. it

Reduction of ThicknessJ

Figure 4.21: Top view ofthe fracture surface of a welded specimen thata&®&M failure
location.
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Several fracture surface locations from a weldeztispen that gave 100% BM failure are shown
at higher magnification in Figure 4.22. The suefacas similar to the unwelded BM specimen fracture
surface. Fracture occurred due to micro-void cxarce and each image shown in the figure displays
typical dimpled rupture surface. In Figure 4.2®a strings of voids with continuous shear lipsttivare
most likely crack initiation sites are marked ‘BThese appeared to extend from the left of the énag
right side where they ended in a series of sheaing faces, which are marked ‘A’. The dimpledturp
surface can be seen with a chevron pattern extesmag from the cracks, indicated on the image with
the direction of the dashed arrows. A similar grattof crack initiation and shear tearing is shawn
Figure 4.22b. This type of complex fracture wasyw@milar to the unwelded BM fracture surface.eTh

strings could be grain boundaries where there wasltkesion between martensite and ferrite interfaces

In Figure 4.22c, a shear tearing location is shoivne location where different planar cracks met
and connected by tearing is marked ‘A’. A crackiva large void formation is labelled ‘D’. Thisack
appeared to initiate from a distance below thetfracplane before eventual rupture at the surfades
suggested that cracks were allowed to form foraergled duration of time, which suggested ductile
fracture [69]. The dimples on the lower ledge & tear appeared to be directed away from the foomat
as indicated by the dashed arrows. This suggdistednitiation occurred at the location of thertdhis

crack may have been a continuation of the uppegeled was at a grain boundary [69].

In all of the figures, large voids that appearetheathe result of incoherent particles (inclusions)
are marked ‘C’. In Figure 4.22e, large voids wirend that appeared to be at the initiation sitas f
strings of voids or continuous shear lips, which ararked as ‘B’. The large voids did not contain
evidence of inclusions; however, incoherent patictould have become dislodged during sample
preparation [69]. Voids that did have inclusioms de seen in Figure 4.22d and f. The void shawn i
Figure 4.22f shows that dimpled rupture was dieeay from the large void, indicated by the dashed

arrows. This suggested that the large voids wHeeteng crack growth and initiation. The inclusi
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were verified through EDS analysis to be rich inngihum, which was similar to the unwelded BM

fracture specimen.

Figure 4.22: SEM Analysis of a welded DP600 ‘16s’ sheet stgmdcimen that fractured in f
BM. Image a), b), and d) show ‘strings’ of voidisit were believed to be micovack initiatior
site, image c) shows a site of shear tearing, aradje e) and f) show that large micro-voldg
appeared to be located at initiation/terminati@essfor micro-cracks.
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Generally, the fracture surfaces for a BM failusedtion did not definitively show the dominant
mechanism for micro-void nucleation and crack fdrorg however, crack initiation leading to final
fracture appeared to be caused by large void nimteat inclusions and along strings of voids thad
continuous shear lips. The strings were likely esded with the ferrite/carbide interfaces or grain
boundaries and may have been affected by straalization caused by the larger voids. The reagpnin
for final fracture could be described as a dudididure by micro-void coalescence. From all of the
evidence, it would appear that the welded specithah gave BM failure was fracturing for the same

reasons as the unwelded BM specimens.

To analyse the dominant mechanism for micro-voidleation, the fracture cross-section from
Figure 4.21 was examined with the SEM. Magnifiethges of the surface cross-section are shown in
Figure 4.23. The images are labelled where these=vlarge crack formations with an ‘A’ and are
labelled where there was evidence of decohesiomeget the ferrite and martensite interface with a ‘B
The microstructure displayed significant plastidodeation compared to unloaded BM microstructure
images. From Figure 4.23a, it was found that @ackiated and grew a significant distance awayrfr
the fracture surface. There were crack formatamesind inclusions found in the SC region of the HAZ

however, these sites did not have significant pgapan.

In Figure 4.23b and c, there was evidence of mioid- nucleation due to decohesion.
Decohesion appeared to be occurring between thgefenatrix and the distributed martensite islands.
Large cracks did not appear to have inclusions;dwaw initiation could have been caused by such
particles on a different plane. From the imaghe, dracks appeared to shift and bypass the magensi
and carbide islands. At these crack deflectiomfgdihere was evidence of decohesion from thetderri
matrix. There was also evidence of martensite avbide plastic deformation in this region. The
deformation obscured the prior grain boundariesclwiappeared to be aligned normal to the fracture

surface.
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At the location of decohesion in Figure 4.23d, tlaedened island labelled ‘B’ appeared to have
fractured. The martensite islands were cohererticfes in the ferrite matrix and micro-cracks only
formed due to decohesion or particle fracture [63his type of micro-void nucleation due to pasicl
fracture was only seen in the region immediateljp@eht to the fracture surface. It was suspediat t
this region adjacent to fracture incurred subsadltinigher local stresses than the remainder ef th
specimen and had entered into a tri-axial stres®.stThis suggested that these decohesion typgs on

occurred during necking and immediately prior tcfure [63,70].

Figure 4.23: A longitudinal section at the fracture site of a veeldspecimen that had the |
failure location. Image a) shows large cracks Heaal initiated adjacent to fracture. Imag
and c) show locations where there was decohesioveba ferritemartensite interfaces. Ime
d) shows a martensite island that appeared to thacteired.
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A similar fractographic analysis was conducted ttoe welded specimens that had produced
100% HAZ failure during uniaxial tensile loadingAn image of a typical HAZ fracture longitudinal
section is shown in Figure 4.24. The fracture axgfshowed double slant fracture. Numerous crack
initiation sites and shear tears were found throtighthickness of the sheet. These are shown on the
image with a dashed white line. There was a natilgereduction of thickness across the entire dract
surface compared to the BM fracture specimens. cEmter of the gauge width had the greatest amount
of thickness reduction and in this region there wasomplex arrangement of crack initiation sited an
shear tearing. There was a significant reductibthickness compared to the BM fracture specimens;
however, after localized necking, specimens thattéred in the HAZ failure location had less lopadi
necking across the length of the specimen, i.eajnstvas concentrated through the sheet thickness.
Decomposed martensite islands could have allowedrimater local deformation compared to the base-
metal. Towards the edges of the gauge width, tivene chevron patterns that suggested some crack
growth at fracture had extended from the edgesatt found that shear planes existed at the shgesed
where crack initiation may have occurred. Theseks at the edges most likely did not occur uhgkée

was already significant crack growth from the calngauge width region.

Significant Reduction of Thickness
Over Entire Gauge Width

Figure 4.24: Top view of the fracture surface of a welded specinthat had aAZ failure

The fracture surface was examined further at mighegnification and SEM images are shown in
Figure 4.25. The surface had a dimpled rupturegmghy that suggested the cause of final fractag w

micro-void coalescence. The central region ofghage width is shown in Figure 4.25a. This areh ha
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the greatest amount of thickness reduction afestdire. The surface appeared to be different than
BM fracture surfaces. There was a complex distigipuof potential crack initiation sites and a deza
proportion of shear tearing ledges than compar&Mdracture. On the image, large shear tearimgga
are labelled ‘A’. These fracture locations werestrikely caused by cracks from separate plandshtc
overlapped during growth and then connected byrdeaang. These were similar to BM fracture excep
that they appeared to be more numerous. There alsresmaller shear tearing locations that wereemor
numerous than what had been observed on the BNufeasurfaces; these are labelled ‘E’ on the image.
It was suspected that the increased reductionickribss prior to fracture had caused a greater atraju
crack initiation sites in this region. There wésodess displacement in the loading direction carag to

a BM fracture specimen and hence a shorter time &pacracks to propagate. These combined factors

may have caused the relatively large populatiosndll shear tearing ledges.

In Figure 4.25b and d, closer inspection of a shearing ledge are shown. In Figure 4.25b,
crack formations were seen on the top and bottotheofedge and are labelled ‘B’. This resembles th
same general mechanism as found in the BM frasjpeeimens. There was no definitive evidence from
this formation that suggested that decomposed msittehad caused the failure. Large voids, lile th
one that is labelled ‘C’, were found across thérersurface of the gauge width. It was suspedtatithe
void may have acted as either an initiation sita tarmination site for the shear ledge that igllad ‘E’.

The image was further magnified and is shown irufdgd.25d. This was the upper ledge of the shear
tearing formation where a crack initiation site viiagnd. Its appearance resembled separation ia g
boundary [69]. The dashed arrows show the direction that the oatis shear lip had followed. The
crack initiation site did not appear to have manyds along its central axis. This suggested that f
fracture occurred at this site. The appearandastffracture suggested that the duration of tietevben
micro-void nucleation and crack formation was skioed when compared to instances where a string of
voids were observed along the center of a set @frships. At the tip of this crack an aluminumkric

inclusion was found during EDS analysis and itaiselled ‘C’. There did not appear to be a largel vo
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associated with that inclusion; however, it mayenaeen an important micro-void initiation site ladtt

ledge.

Figure 4.25: SEM analysis of a welded DP600 ‘16s’ sheet stpekimen that fractured in 1
HAZ. Image a) shows numerous shear tearing sidsbq and d) are magnified images aof
shear tearing ledge. Image c) shows a crack tioitissite that consisted of a string of voids
shear lips. Images e) and f) show that large mioids were associated with incoher
particles (similar to BM fracture).
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The image in Figure 4.25c¢ shows a crack initiasite@ where there was a large void located at the
tip of it. The large void is labelled ‘D’ and thdrection of crack propagation is shown with dashed
arrows. The large void may have acted as a numtesite for the crack or alternatively it may haated
as a termination site. This formation appeareoetasimilar to crack formations found in the BM fiae

surfaces.

In Figure 4.25¢, e, and f, large void locations gtvewn that had aluminum-rich inclusions within
them. These void locations appeared to have riedess a result of the inclusions [69]. It wagsased

that all large voids were most likely directly rgld to inclusions within the sheet steel.

Generally, the micro-mechanisms for HAZ fracture@egred to be similar to the BM fracture
specimens. There was no definitive evidence towsliise dominant mechanism for micro-void
nucleation. There was no evidence that defingivélowed that decomposed martensite was causing
early onset for crack initiation; however, the retitan of sheet thickness may have been as a rafsilie
HAZ softened zone. The similarities were a dimplegbture surface that suggested micro-void
coalescence at fracture, large voids formed ar@lmehinume-rich inclusions, and shear tearing between
suspected crack propagation fronts appeared to forensimilar manner. The major differences of a
HAZ fracture specimen compared to a BM fractureexfeund at the macroscopic scale, which included:
a greater reduction of thickness across the gaugéhvand smaller, more numerous shear tearing

formations.

To analyse the dominant mechanism for micro-voidleation in a HAZ fracture, the fracture
cross-section from Figure 4.20 was examined wita 8EM. Magnified images of the surface
longitudinal section are shown in Figure 4.26.Figure 4.26a the longitudinal section revealed thate
was a significant amount of damage immediately ajaito the fracture surface. A large crack is
labelled ‘A’, areas where there was substantialrorioid nucleation are labelled ‘B’, and a largeédvo

site is labelled ‘D’. There appeared to be moreroavoid nucleation sites in the HAZ fracture thara
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BM fracture and significant damage (large cracksjenmore likely to form. The image in Figure 4.26b
gives another example of a large crack formatiabdlled ‘A’) and the image in Figure 4.26¢c shows an

area that had an abundance of micro-void nucleaties.

Figure 4.26: A longitudinal section at the fracture site of a veeldpecimen that had the H
failure location. Images a) and b) show an abooéaf microeracks adjacent to the fractt
Image c) shows that martensite/ddeb particles were aligned normal to the fractunefase
Image d) shows a large void formation and sitedeabhesion at ferrite-martensite interfaces.

The large void site that is labelled ‘D’ is shoanhigher magnification in Figure 4.26d. Two
locations where there was decohesion between ameddmartensite island (or other carbide) and the
ferrite matrix are labelled ‘B’. These were sitkat were directly linked to the large void; howegveom

this image it was not possible to determine if tlkaysed the void to form. These islands appeared t
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have disrupted the void from propagating furth@here was also evidence that micro-void nucleation

had occurred due to the micro-fracture of a hardésland, which is labelled ‘C’ on the image.

4.1.2.2: Partial Uniaxial Fracture Analysis

It had been suggested by Steinbruneteal. [24] that erroneous conclusions could be deriveddiely
analysing the longitudinal section adjacent toftheture surface. To determine the dominant mdshan
for micro-void nucleation, partial tensile testsreveconducted and then longitudinal sections were
examined to locate sites where void or crack ntideahad occurred. For this test, the literature
suggested that noticeable damage and micro-voiteatimn was not expected until after the onset of
necking [63,70]. The specimens were, therefore, plastically deforpest the onset of localized necking
and allowed to displace until the level of streegdn to rapidly decrease but was stopped befoat fin
fracture occurred. The full fracture data was use¢lidge the slope of the stress-displacementegurv
specifically after necking; this provided an indioa of the rate at which fracture would occiirom the
stress-displacement curve for a BM fracture, it wWaewn that the slope of the curve after necking
changed gradually and that there was a signifidaration of time before fracture. For the HAZ tmé

location, the duration of time after necking wasctmshorter and the change of slope was rapid.

It was difficult to directly compare the BM and HAfilure locations because the degree of
necking was only a qualitative estimate. Both spens appeared to be rapidly approaching final
fracture when the loading was stopped, but it wesumed that there was a difference between the
specimens and one was most likely closer to fractban the other. Another difficulty with direct
comparison was that the cross-sections were nassadly cut along the same plane, i.e., the same

distance from the edge of the gauge width; thidccatfect the amount of visible nucleation sites.

The longitudinal section of a partial uniaxial fnia@ test that necked at a BM failure location is
shown in Figure 4.27. The specimen had been medhmm a weld made with the low heat input TB87
weld parameters. The specimen necked at a signifitistance from the weld fusion zone and henee th
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weld bead was not included with the cross-sectidn.image of a partially fractured specimen thajdre

to neck in the HAZ failure location is shown in &ig 4.28. The specimen had been machined from a
weld made with the high heat input TB88 weld paramse Both of these specimens were observed with
the SEM to locate micro-void nucleation sites aiggiificant damage was only found in the necked ,area
relatively close to the location of greatest thieks reduction. It was found that although there wa

greater reduction of area in the HAZ failure looatithe span of localized necking was shorter & th

HAZ when compared to the BM failure location.

Approximate span of —

significant damage

Figure 4.27: Longitudinal section from a paali fracture test of a TB87 welded sample
necked in the BM failure location.

Approximate span of

significant damage >

Figure 4.28: Longitudinal section from a partial fracture te$taoTB88 welded sample tt
necked in the HAZ failure location.

The SEM images from the specimen that neckeddrBM failure location are shown in Figure
4.29. Damage was found predominantly in the fofrtarge cracks. There was very little evidence of

decohesion between ferrite-martensite interfacéscations where EDS analysis determined that a
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particle was an aluminum-rich inclusion are laklld’, particles that were found to be close to the

nominal steel composition are labelled ‘B’, an@sitvhere there was decohesion are labelled ‘C’.

Figure 4.29: Damage found in the necked region of a welded spatithat had the BM failu
location. Images a) and c) show large cracking tted formed as a result of incohe
particles. Image b) shows a site decohesion between two nsiteeslands. Image d) show
micro-void that was adjacent to a larger dominanid site.

The image in Figure 4.29a shows a relatively langek that had formed in the necked region.
The crack was adjacent to the location of gredtéskness reduction and was approximately half-way
between the center of the sheet and the sheet ebige.crack had propagated towards the location of
greatest thickness reduction as indicated by tisbatharrow. The crack had formed in the directibn
the uniaxial load and therefore propagated due tiiffarence in shear stress throughout the sheet

thickness that was caused by the diffuse neckifgrihation (a tri-axial stress state had developddje
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predominant factor for nucleation appeared to leepitesence of second phase patrticles, as indibgted
‘A’. The small area adjacent to the crack sitet tisalabelled ‘C’ had evidence of decohesion. This
location is magnified in Figure 4.29b. This sifgeaared to be decohesion at a fractured partidieshw
was most likely martensite. The only evidence efahesion was in areas that were relatively close t
larger crack formations. This suggested that dleallstress in regions that had large cracks wgisehi

than the surrounding material.

A similar site that had significant damage is shawirigure 4.29c. This was another site that
had formed and propagated along the uniaxial &rndilection. Some second-phase particles were
identified as aluminum-rich inclusions and are llok‘A’. Some particles within the crack were
analysed and found to be close to the nominal stgaposition. One such particle is labelled ‘Bhese
were most likely martensite islands, but could dlsewe been bainite or other carbides. The image in
Figure 4.29d shows a crack that did not have amialum-rich inclusion present. It was suspected tha
this site most likely initiated due to a secondg#haarticle, like the aluminum-rich inclusions, Ibiogt
evidence had been removed during grinding andhgolis The particle that is labelled ‘B’ was foutwd
be close to the nominal steel composition and wast frkely martensite. It appeared to disruptcheck
formation. Although the crack had been disruptieaipd by the particle, there was evidence that the
crack would expand around the particle and contmetite micro-void that was nucleating adjacent.to i

which is labelled ‘C'.

Micro-voids that had nucleated by decohesion betwthe ferrite/martensite interfaces and had
been found close to the fracture surface in Figh23 were not predominant during necking. If
decohesion had been the dominant mechanism foeaiimh of micro-voids/cracks then there should
have been a larger distribution of decohesion mticle sites. Significant damage that was found
suggested that the dominant mechanism for micrd-noicleation and significant internal cracking was

caused by second-phase particles, such as alunmiobrmclusions.
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The SEM was used to examine the partially fractigecimen that had a HAZ failure location
and images are shown in Figure 4.30. LocationsevE®S analysis determined that a particle was an
aluminum-rich inclusion are labelled ‘A’, particleabat were found to be close to the nominal steel
composition are labelled ‘B’, sites where there vagohesion are labelled ‘C’, and decomposed

martensite islands are labelled ‘D’.

Figure 4.30: Damage found in the necked region of a wdldpecimen that had the HAZ fail
location. Images a) and b) show that large crackiad formed as a result of incohe
particles. Image c) shows that there was evidericdecohesion between ferribeartensit
interface and that decohesion did notur at sites of decomposed martensite. Imaghaly:
what appeared to be a fractured martensite island.

In Figure 4.30a the image shows two locations wheiero-voids had nucleated and grown

around an inclusion. These two sites are labef\ed There were no sites that had attained the s
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these voids on the cross-section that were notceded with an inclusion. An example of this was a
micro-void that had nucleated by decohesion andhslled ‘C’ on the image. This nucleation siteswa
several orders of magnitude smaller than the vihds formed around the inclusions. In the image,
several decomposed martensite islands are lab®ledDecohesion did not appear to form at any of
those sites. This suggested that decohesion oolyri@d between solid particles and the ferrite ixaitr
was suspected that the decomposed martensite $slamich had broken down to spheroidal carbides,
were free to move and hence did not resist the Bibwstress in the ferrite matrix. Spheroidal cdesi
were most likely firmly bonded with the ferrite miatand would require excessive plastic strain to

nucleate a micro-void by decohesion [70].

In Figure 4.30b, a large crack is shown that hadleated at an aluminum-rich particle,
labelled ‘A’, and had propagated in the directiénh@ axial load, as indicated by the dashed arrdhis
was very similar to BM fracture and further suggdsthat the most significant damage was caused by
second phase particles, which were mainly alumimigiminclusions. The HAZ failure location differed
from the BM failure location by the presence of@aposed martensite, but also by a noticeable iserea
in the amount of micro-void nucleation due to dexobn between the ferrite matrix and hardened
particles. Two sites that had evidence of micrmvaucleation due to decohesion are labelled ‘Gl an

more evidence of decomposed martensite that waslfisuabelled ‘D’.

The increased population of micro-voids may haeamh that the HAZ partial fracture specimen
had an increased degree of necking compared BNhpartial fracture specimen and was closer tolfina
fracture. This did not explain why the largestc&sain the HAZ sample were relatively similar te tBM
sample. It was assumed that because both sangdesirhilar large cracking, the increased population
micro-voids due to decohesion was a trait of thezHailure location and not just caused by an insegla
degree of necking. This trait for a larger popolatof micro-voids was also seen on the fully fusetd

sample from Figure 4.26.

143



A micro-void that had nucleated at an interfacevben a solid particle and the ferrite matrix is
shown in Figure 4.30cThe particle appeared to be a martensite islartdnéd partially decomposed at
its center, which is labelled ‘E’. This suggesthdt the martensite island (and others like it) rhaye
had significant alloy micro-segregation. The redilbat is shown had a large distribution of decoregos
martensite islands that are labelled ‘D’. It ispected that the decomposed martensite islandseallo
for a greater amount of material flow in a direntithat was normal to the axial load direction. sThi
appeared to be the main difference between the féflizre location and the BM failure location. The
increased flow due to decomposed martensite islaadsed a significant tri-axial stress state tdvevo
during necking and increase the amount of matéhnial attained a critical strain that could nucleate

micro-voids [70].

A site that had micro-void nucleation that was asgociated with an inclusion is shown in Figure
4.30d and is labelled ‘C’. The void appeared teehaucleated due to a fractured martensite islartte
EDS analysis of the island found that both locatidabelled ‘B’ were close to the nominal steel
composition. This suggested that it was a hardeaetitle and not an inclusion. The image alsovsha

magnified image of a decomposed martensite islaaidis labelled ‘D’.

The dominant mechanism for micro-void nucleatiorsved large second-phase particles. This
result was similar to the BM failure location aradde cracks were found at incoherent aluminum-rich
inclusions; however, there was also a larger pdimmaof micro-voids that had nucleated due to

decohesion of ferrite-martensite interfaces.

The HAZ failure location appeared to have more eaibbn sites that were related to decohesion
than the BM failure location. These sites were thet dominant mechanism for micro-void nucleation;
however, the larger population of micro-voids coelgblain the increased number of shear tearingeledg
that had been found in Figure 4.25&.greater population of micro-voids was suspectelave led to a

more numerous distribution of cracks that propadyated met during a later stage of necking immelyiate
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prior to final fracture. An increased distributiaaf cracks would have decreased the length of
propagation before a propagating crack overlappetl @nnected with other cracks by shear tearing.
Decomposed martensite islands did not appear t@ liirect decohesion with the ferrite matrix;
decohesion only appeared to occur at large soliticfes. Decomposed martensite islands were fiee t
move with the deforming material and most likelgreased material flow in this region; this would/éa

caused a tri-axial stress state and localized ngdki occur in the HAZ.

4.1.2.3: Percent Area of Martensite Measurements

A study to quantify the depletion of martensitehie suspected softened zone of the HAZ was condlucte
on the low heat input (TB87) and the high heat ir(888) welds. This study determined the amodnt o
martensite at different locations across the HAZhefweld that had failed in the HAZ and compaiesl t
results with the weld that had fractured in the BMwas suspected that the high heat input weldlevo
have a greater decrease in martensite and thattemfdecomposition would be found further away
from the Ag line when compared to the low heat input welde Weld HAZ profiles were also compared
to the nominal base-metal value for percent areamaftensite. This allowed an approximate
measurement of the distance from the Mge to where martensite decomposition first eradrin the

HAZ.

Decomposed Martensite in the Weld Subcritical Region

Prior to making the percent area of martensiteilegfboth welds were examined using the SEM to
confirm that there was decomposed martensite instheritical region adjacent to the ;,Acine. An
image that was taken from the SC region of the heat input weld (TB87) is shown in Figure 4.31.
Decomposed martensite was found in the microstractf this weld. An island of decomposed
martensite is labelled on the image with an ‘Ahefe were also islands that had not decomposédthin t
area. Examples of these carbide islands are ¢abeh the image with a ‘B’; the nature of thesdichrs

were unknown.
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Figure 4.31: The lowest heat input weld (TBBFad evidence of decomposed martensite lo
in the subcritical region.

The SC region of the high heat input weld (TB88)st®wn in Figure 4.32. Decomposed
martensite was also found in the microstructurg¢hsf weld. In the image, decomposed martensite is
labelled with an ‘A’. A similar observation compalrr to the low heat input weld was that there were

islands that had not decomposed. Examples of ttabide islands are labelled on the image witR'a *

Figure 4.32: The highest heat input weld (TB88) had evidenced@tomposed martens
located in the suspect softened zone.
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The confirmation of decomposed martensite in thielhtreat had consistently fractured in the BM
failure location during uniaxial tensile testing svaignificant because this meant that decomposed
martensite could be present in a weld HAZ and yeintain BM fracture. Islands that had not
decomposed may have been low carbon martensiteowd dhave been bainite, cementite, and/or

austenite; these would have been less suscepiidiecomposition.

Base-metal Martensite Measurements

Prior to conducting the HAZ profiles, the percergaaof martensite in the DP600 ‘16s’ base-metal was
measured. The result of the test is shown in Eigu83. The figure shows the BM cross-sectiomat t
location where the profile was made. The specimeas etched with the Lepera’s tint [7] and the 16
locations through the thickness of the sheet thatewmeasured for percent area of martensite are
indicated with black circular markers. The profilesult suggested that the sheet steel was
inhomogeneous. Areas near the edge of the shepetmgu to have a decrease in the percent area of
martensite and the lower half of the sheet appeardédve lower martensite content than the upplér ha
This suggested that there was macro-segregatiatiaying elements throughout the sheet thickness or
that there had been cooling rate differences througthe sheet during quenching/cooling. At thetee

of the sheet, a band of hardened martensite wawl fitat was continuous across the entire centrglcdix

the sheet. This band caused the spike that wdiprofile. The central band was not includedhia t
average percent area of martensite calculatiore aMerage percent area of martensite for the basa-m

was 7.8 + 1.4%.

In the region immediately adjacent to the cdnirand there was an area that appeared
depleted of martensitelhis suggested that the area was depleted of ajaslements that promote s
hardenability, such as C, Mn, Cr, Si, and Mo, whialere all present in the nominal s
composition [33]. This suggested that there wgsiitant macrasegregation at the center of the st
The central martensite band likely formed due wdbntinuous casting process [48]. Masegregatio

of the solute elements normally occurs during $iodation of the continuous cast ingof his solute i
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Figure 4.33: The DP600 ‘16s’ base-metal percent area of emaite profile. The spike at 1
center of the profile contained was caused by #méral band of martensite and was not inch
in the average calculation for the BM percent arffemartensite.

pushed into the liquid ahead of the solidifyingidand creates a build up of alloying elements that
solidify when the columnar fronts meet at the cetadorm the band of solute-rich material [6,48]he
band macro-segregation is retained during hotnlli This solute-rich band in the centre of thderbl
sheet is fully austenitized during intercriticaln@aling and most likely has higher hardenabilitsnth
other regions due to the increase in alloying elemf83]. The depleted region adjacent to theespikis
suspected to be caused by a build up of equiaxaidggthat had formed during continuous casting by
dendrite tips breaking off during solidificationdaby nucleation off of unmelted particles in theltao
zone. These grains would have settled on topeofittvancing columnar front and so in the regionwel

the central band there would have been a buildf @ll@y depleted grains [48]. There was also poaén
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for pockets of insoluble rejected solute elemeatgédt trapped between the dendrite arms. Thidylike
caused the macro-segregation through the shedindss that was suggested by the percent area of

martensite profile.

Some of the images that were used for measuremenshewn in Figure 4.34. The Lepera’s
tint [7] had caused martensite islands to appearewhainite/carbides to appear blackish-blue, ted
ferrite matrix to appear brown. The image in Fegdr34a was located approximately 200 pm from the
bottom edge. It appeared to have a significantushof bainite/carbides, which were measured to
occupy a percent area of 16.1%. The carbide psdiad not formed to martensite and hence the percen
area of martensite had been low, at 6.1%. Thelzteeen the dashed white lines appeared to ba lowe
in percent martensite than the adjacent regioregidRs like this were found across the sheet amiet:
to extend for a significant distance. The largetiad band of martensite is shown in Figure 4.3%his
area was measured to have 15.3% martensite. Odmeling, indicated by the arrow, was known to be
caused by macro-segregation that produced Mn-egons of microstructure that became elongated
during hot-rolling [6]. The image in Figure 4.3d@s located approximately 200 um away from the top
edge. It was measured to have a percent area roémaae of 8.5%. This region appeared to have a
relatively uniform distribution of martensite isi@smand had less bainite/carbide formation (10.3%in t

the image in Figure 4.34a.

Figure 4.34: Examples of the DP600 ‘16s’ BM images that weredusemeasure the perc
area of martensite. Images a) and c) were takeppaisite edges of the sheet steel thicknes
image b) was taken at the center of the sheet where was a large band of martensite.
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Area Fraction of Martensite in Welded Specimens

The percent area of martensite in the low heattiapd high heat input welds were measured at sgepwi
locations through their respective HAZ's. The festdior the low heat input weld (TB87) that had
fractured in the BM is shown in Figure 4.35. Tbeditudinal section that was used for this studyg e
same one used for the extended microhardnessepfaih Figure 4.12. The locations where the pdrcen
area of martensite was measured are indicated eoerss-section image with black circular markers.

The profile was approximately 580 um away fromgheet edge.
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Figure 4.35: The percent area of martensite profile ttog low heat input weld (TB87) that t
100% BM fracture during testing.
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The percent area of martensite curve shown in Eigu85 suggests that decomposition/tempering
of martensite occurred at a distance of approxip&enm from the Ag¢line. This location was selected
because it was the point along the curve wher@Menominal value was first attained. The curve was
generally well below the BM nominal value, whichggested that the axis along which the profile had
been made may have coincided with a band that Haever percent area of martensite than adjacent
regions. The percent area of martensite spikedleatiie BM nominal value at locations that were &bov

the Ag line and within the IC region; this was due to finlesence of renucleated martensite.

Example images that were used for the percent @r@sartensite measurements are shown in
Figure 4.36. The sample was etched with the Lépéirat [7] and martensite islands appeared white,
bainite/carbides appeared black, and ferrite ajgoeas tan; decomposed martensite islands, whicé wer
broken down into ferrite and spheroidal carbidggeared brown and black. An image that represented
the base-metal is shown in Figure 4.36a. This enags measured and found to have a percent area of
martensite of 7.6%. The image in Figure 4.36b takien immediately adjacent to the,Aime in the SC
region. The majority of carbides found in this aar@ppeared to be retained from the original BM
microstructure; decomposed martensite islandsraliedated by the arrows. This image was measured
and found to have a percent area of martensitedéb4 The image in Figure 4.36¢ was taken withi th
intercritical zone. There was a visible increasdhe size of the renucleated martensite islaritise

image was measured and found to have a percentfaneartensite of 15.5%.

Figure 4.36: Locations that were used for the percent area ofemsite profile of the low he
input weld (TB87) that had fractured in the BM taé location 100% during testing. Imag
was from the BM, image b) was from the SC region, @nage c) was from the IC zone.
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A similar study was performed with the high hegiut weld (TB88) that had fractured in the
HAZ failure location during uniaxial tensile tegjin The resulting profile for percent area of masite is
shown in Figure 4.37. The cross-section is inauitethe figure and the locations used to take gu@rc
area of martensite measurements are indicated bAaitk circular markers. This was the same cross-
section used to make the extended microhardneddgepimm Figure 4.13. The profile was made

approximately 480 pm away from the sheet edge.
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Figure 4.37: The percent area of martensite profile for the Hight input weld (TB88that ha:
100% HAZ fracture during testing.
The profile suggested that decomposition/tempeexigted at approximately 6 mm away from

the Ag line. This was the same distance that had beamdffor the low heat input weld; however, this
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profile was more easily definable. The profile lzadery drastic transition from depleted martenisite

a region that resembled the BM nominal percent afeaartensite. The profile appeared to show that
significant decomposition/tempering had occurrathier into the BM, i.e., the drastic transition vihe
point that was selected and measured to be 6 nine. pfior base-metal along the axis that was used to
measure the high heat input weld profile most yikedd a higher percent area of martensite thapribe
base-metal for the low heat input weld profile.isThurther suggested that macro-segregation waepte

throughout the sheet steel thickness.

Example images that were used to measure percEatod martensite are shown in Figure 4.38.
The sample was etched with the Lepera’s tint [4 enartensite islands appeared white, bainite/cagbid
appeared black, and ferrite appeared as tan; dexsmdpnartensite islands, which were broken dowm int
ferrite and spheroidal carbides, appeared brownbdack. The image in Figure 4.38a was found in the
base-metal. It had a noticeably higher percentdgeartensite than the base-metal locations froen th
low heat input weld sample. This image was measanel found to have a percent area of martensite of
10.9%. The image in Figure 4.38b was from the &flon immediately adjacent to the Amme. There
were a significant portion of decomposed martenisignds and some have been indicated by the arrows
on the image; however, there were also martensliémds that had not decomposed. This image was

measured and found to have a percent area of rmaeeai 4.5%. The image in Figure 4.38c was taken

%1000 20 ym

Figure 4.38: Locations where images were taken to measure pgeacea of martensite for t
high heat input weld (TB88). Image a) was from BM, image b) was from the SC region,
image c) was from the IC zone.
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within the intercritical region. The martensitéaizds were noticeably larger. The area was medgare

have a martensite percentage of 15.5%.

Generally, the profiles suggested that there vegdetion of martensite in both the low heat input
weld HAZ and the high heat input weld HAZ. It wasspected that HAZ failure in welded DP sheet steel
was caused by increased material flow in the S@mneghen compared to the BM; this was due to the
presence of decomposed martensite islands. Irextaaaterial flow likely caused localized necking to
occur in the SC region. The SC region of the losathinput (TB87) weld HAZ had decomposed
martensite, but this weld did not fracture in th&Zd During uniaxial transverse weld tensile tegtithe
low heat input (TB87) weld was instead fracturimgthe BM, which was a region that had a higher

percent area of martensite.

The expectation that there was significant decomipasof martensite in the 100% HAZ failure
weld was confirmed. The comparison with the 100Rb fRilure weld suggested that there was no major
difference in martensite decomposition in the HAdywever, the high heat input (TB88) weld had a more

distinct difference between the martensite fractifsom the BM and SC regions.

The base-metal microstructure was inhomogeneowsighr the thickness of the sheet; this is
believed to cause the difference between the twdsweThis was because the prior base-metal alomg t
axis of the HAZ profile was only loosely based be tiverage BM value; i.e., if the profile axis used
measurement landed on a banded region. To progefige the weld HAZ for an inhomogeous base-
metal like the DP600 ‘16s’ sheet steel, a percesd af martensite study that covered the entiiekti@ss
could have been made. However, mapping of the fxeedion of martensite in the HAZ was not
performed. Instead, microhardness mapping was tsamver the entire thickness of the sheet and

minimize the difficulties of comparison that théhémogeneous structure had on the results.
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4.1.2.4: Microhardness Mapping of the DP600 ‘16s’ Sheet Stke

The same weld cross-sections that were used fomémensite profiles were taken to ArcelorMittal
Dofasco, Inc. [48] and were mapped for Vickers olerdness throughout the weld HAZ and through
the entire thickness of the sheet steel. Thisgodf the study was meant to clarify the findirigem the
microhardness profiles, provide definitive evidemfesoftening in the weld HAZ suspect softened zone
of both welds, and provide a better measurementh®melative size of the softened zone in the 100%

BM failure weld and the 100% HAZ failure weld.

Base-metal Mircohardness Mapping

Prior to evaluating the weld microhardness mapgckers microhardness map was used to characterize
the DP600 ‘16s’ base-metal hardness. The colontoco map of microhardness was generated from a
regular grid of hardness measurements consistird? of 15 hardness measurements. The results of the
hardness mapping plot are shown in Figure 4.39omFthe map it was immediately clear that the
hardness varied significantly throughout the shbitkness. There was lower hardness (~195 VHN)
surrounding the central band of hard martensite thrdedges of the sheet appeared to have different
average hardness (bottom edge ~214 VHN / top ed®¥ ¥HN). This result confirmed that the
hardness varied through the sheet thickness. ddis agreed with the results from the percent afea

martensite profile from Figure 4.33.

The sheet steel hardness appeared to vary signlfica For a single column of indents, one
standard deviation of the average through-thickhesdness (ATTH) was 8.5 VHN. This suggested that
the previous calculation for average hardness, winas based on a 3 x 3 indentation grid, was not
sufficient for this steel. The ATTH for the DP6A®Bs’ sheet steel was calculated and was foundeto b
201 £ 1.5 VHN. This calculation was the averageiedior all of the indentation columns that weredis

to create the hardness map. The sheet thicknessneasured using the optical microscope and was
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found to be approximately 1.68 mm thick. This whghtly different than the nominal value of 1.65m

thick.

Approximate axis locations
for microhardness profiles
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Figure 4.39: A Vickers microhardness map for the DP600 ‘16sebasetal.

The map provided an image of the hardness thrduglentire sheet thickness. This also provided
a series of microhardness indentation profiles tbatld be compared with the DP600 ‘16s’
microhardness line profiles shown in Figure 4.Xgure 4.13. The profiles had been made at an
approximate distance of 560 um from the sheet eshgkare indicated on the map with dashed lines.
This meant that the profiles were made along axaswere relatively non-uniform. The axes appeared
to border on an area of the sheet that was signifig lower in hardness but could potentially fluete to

higher hardness values. This helped to explairdiberepancies from the previous HAZ microhardness

profiles.

The image in Figure 4.40 shows how the microhasinespping indentation grid was aligned on

the unwelded BM cross-section. The grid was palrédl the sheet edges and was symmetrical between

156



the two sheet edges. The image was measuredheitbptical microscope software and it was found
the distance from the edge of the sheet to theliis of indents was very similar at both ec; distances
of approximately 160 um and 1p4n were measured. iBhdifference was minimal and suggested
the grid had a desired alignmerirom examininghe microstructure, ivas found that the central line
indentations had been made along the central bahdrdened nrtensite. This is labelled ‘A’ on tf
image. This confirmed that theentral martensitband was present in th@rdness meing data. The
average hardness along the lofeindents that had been located at the centrall of martensite was
206 = 6.5 VHN. The central band of hardened martensite was indludéheATTH calculation If this
line of indents was removed from the calculatitie ATTH became 201 + 1.2 VHNhis difference was

negligible.

Figure 4.40: The unwelded BM cro-section for the DP60QAL6s’ sheet steel that shows
alignment of the indeation grid used for microhardness mapg
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The hardness of the DP600 ‘16s’ sheet steel wghtbliasymmetrical. The bottom edge of the
steel, which lay between 0.00-0.42 mm on the magp, ligher average hardness (~214 VHN) than the
opposite edge of the sheet (~207 VHN). This wasettige of the steel where the first indentatioa lin
was at a distance of 154 um as shown in Figure 4l#4the grid of indentations had been alignedselo
to the bottom edge it could have caused more stgnif asymmetry. This meant that it was important

have good grid alignment that was centered betwe#nsheet edges.

Weld HAZ Microhardness Mapping

The low heat input weld (TB87) and the high heauirweld (TB88) were mapped using a similar grid
pattern to the one that was used for the 1.65 mr6ODP16s’ BM specimen. The only differences
between the indentation grids were a greater seiréaea that was covered and there were alignment

differences that were inherent with the equipment.

The result for the low heat input weld (TB87) thatl provided 100% BM failure during uniaxial
tensile testing is shown in Figure 4.41. The waloss-section is shown in Figure 4.41a. This vhas t
same cross-section that had been used for thedmdemicrohardness profile and the percent area of
martensite profile. The indentation grid coverednirjust above the Acline to the BM. The grid

orientation was relatively parallel to the sheajesd

The hardness map is shown in Figure 4.41b. Thearesignificant evidence that a softened zone
did exist in the weld HAZ from the map. It was&bed in the subcritical region in the location wher
decomposed martensite had been found, immediatghgent to the Acline. The softened zone was
measured from the map to be approximately 2 mmidthw The measurement was taken from the Ac
line to the location where uniform softening apgeato begin. The measurement was contrary to the
percent area of martensite profiles, which had amzeto show that tempered/decomposed martensite
had existed further away from the Aine. The area adjacent to the softened zoneaapgeo have

hardened in the subcritical zone; the area is letbel\’ on the map. This suggested that some atieats

158



N
[}
o

b —
Ac3 =380
[ |
Uniform Softening Start Acl = 360
340 T
I o o
_ 2.0mm I | 20 S
£ A <—> ! D
£ | I 300 7
= | | |
S | = <
E 1.68 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIrIIII|III !280 =z
i o i >*° S
2 084 = = S
n 240 =
o
E 0.00— — 220
g -14-13-12-11-10 -9 -8 -7 -6 -5
o 200
U Distance to Acl [mm]
(@] B = 180

160

Figure 4.41: The microhardness map for the lowest heat inpuB{)EDP600 ‘16s’ weld HA:Z
The image in a) shows the grid of indentationshenB87 weld crossection and b) shows f
mapped microhardness.

had tempered martensite may have increased in éssdrThe suspect hardening in the subcriticabregi
appeared to occur at both edges, which is indicatéda ‘B’ on the map image. This did not matble t
map from the unwelded BM sample, which was slighlymmetrical and one edge had appeared to have

a higher hardness.

There was significant hardening in the intercritiaad supercritical regions. This result agreed
with the microhardness line profiles from Figur&Qi—- Figure 4.13. It also agreed with microstruaitu
interpretation, showing that the significant in@ean the percent area of martensite in the IC 1@tk
caused the region to increase in hardness.
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Generally, the map appeared to show the emergdns® diardness properties past the area of
suspect hardening; however, it did not include @dé@ed band down the central axis of the sheets Th
suggested that indentations had not landed on #ndehed band of martensite. The sample was
examined with an optical microscope and it was fbthmat indentations had not in fact landed on the
hardened central band, as shown in Figure 4.4Be ifidents are indicated as ‘A’ and the hardened ba
is indicated as ‘B’ on the image. This suggeshed the alignment of the grid was different thag Bi
sample. It was unclear how much effect this hadthen mapping image and the value for average

hardness through the thickness.

Figure 4.42: Imageshows that indents did not land on the central lErfthrdened martensi
This was from the grid of indentations used to riegTB87 weld hardness.

A profile of the average through-thickness hardr{@gsTH, see Figure 3.17) for the TB87 weld
map is shown in Figure 4.43. This provided a quatitvie comparison between the unwelded BM map
and the map of the TB87 weld specimen. A curve fitas the profile to show the general trend tivais
associated with hardness throughout the weld H&Bur regions of hardness were observed along the
profile: the base-metal (BM), the hardened sulpaitregion (H-SC), the softened subcritical reg(8n

SC), and the intercritical region (IC). These osgi are labelled on the chart.
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Figure 4.43: The average througthickness hardness profile for the low heat inped
(TB87). The profile shows the four regions of difig hardness that were observed.

The BM region was defined as the region where ittedf curve on the weld average hardness
profile was relatively parallel to the unwelded BMTTH. This location on the chart was located
approximately 9 - 10 mm away from the ;Aine. There was a difference between the unweklied
ATTH and the weld BM ATTH, which is marked ‘A’ ohé chart. The BM hardness value in the welded
specimen was lower than the unwelded BM. The wiffee in hardness was approximately 4 — 5 VHN.

This difference was small; however, it suggested there was a discrepancy between the unwelded BM
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and the BM from the welded specimen. This disanepacould have been from the mapping grid
orientation or it could have been caused by a rstowoutural difference that had been caused bwéieé

heat input. The welded BM ATTH was approximatedg HN.

The H-SC region was observed to have an increasaridness relative to the unwelded and
welded BM hardness. This region had a peak avehageness that was approximately 5 — 10 VHN
higher than the welded BM region. The ATTH frone tivelded specimen BM was extended across the
profile and is labelled ‘B’ on the chart. The H-$&jion was approximately 7 — 8 mm in width. From
the curve fit, the H-SC region appeared to havelhaminess plateaus. These plateaus are labelled ‘C

the chart. The plateau with the higher ATTH wasated adjacent to the S-SC region.

The presence of hardness plateaus suggested¢natwere different microstructural changes at
different peak temperatures throughout the weld HAZdditions of Cr, Mo, and Si, were known to
retard the softening effects of martensite tempeeand potentially increase hardness due to secgpndar
hardening of alloyed martensite [10]. Howevergatild also have been caused by plastic deformafion
the weld coupon; sheet steel coupons were healapped down during welding and would have

resisted thermal expansion.

The S-SC region had a definitive decrease in hasinempared with the unwelded and welded
BM hardness. There was a sharp drop in the AT T&hadpproximate distance of 1.8 mm away from the
Ac; line; this was the width of the softened zone. isTimeasurement was more accurate than the
estimated measurement that was made directly onatt;ness map from Figure 4.41. The location ef th
sharp drop in hardness was defined as the bouhetmeen the H-SC and the S-SC regions. The profile
allowed for a quantitative measurement of softenime degree of softening was approximately 6 VHN
relative to the welded BM ATTH value and was apprately 10 VHN compared to the unwelded BM
ATTH value. The difference in average hardnessvben the H-SC and the S-SC was approximately

15 VHN.
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The IC region had the same result as found im#éndness profiles. The material hardness in this
region was substantially higher than the BM ATTHhe degree of hardening was measured off of the

profile and was found to be approximately 44 VHN.

The result for the hardness map that was made eritth heat input weld (TB88) that had
provided 100% HAZ failure during uniaxial tensikesting is shown in Figure 4.44. The weld cross-
section is shown in Figure 4.44a. This was theesanoss-section that had been used to make the
extended microhardness profile and the percent@&rezartensite profile. The grid of indentationasw
located from just below the Adine to out towards the BM. The grid orientatiwwas parallel to the sheet
edges and approximately equidistant from each sbage. The grid had an extra row of indentations

compared to the grid that was used to map the wdddiM sample.

The hardness map image is shown in Figure 4.44gavie a similar image as the low heat input
weld. A definitive softened zone was observedtia expected location of decomposed martensite
adjacent to the Adine. The intercritical region was also foundhve a significant increase in hardness.
The softened zone was measured off of the imagenasdound to extend approximately 2.8 mm away
from the Ag line. This indicated that there was a more sigaift amount of softening occurring in the
high heat input weld. This may have contributetbt@l necking in the high heat input weld HAZ chgyi

uniaxial tensile testing.

There was evidence that hardening may have oatimréhe subcritical zone. This suspected
area of hardening is labelled ‘A’ on the map imagtignificant regions of hardening appeared to have
emerged at both the top and bottom edges of thet shiekness. These are labelled ‘B’ on the map
image. This hardening did not appear further owtards the BM. This result was very similar to the

hardness map from the low heat input weld (TB87).
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Figure 4.44: The microhardness map for the high heat input (JB38600 ‘16s’ weld HAZ
The image in a) shows the grid of indentationshentB88 weld crossection and b) shows i
mapped microhardness.

An ATTH profile was created for the high heat ingtiB88) weld and is shown in Figure 4.45.
The profile allowed for the same type of quantitatmeasurements that were used to classify the low
heat input weld (TB87). A curve was fitted to gefile in order to observe the general trend & th
average hardness data. The four regions of hasdhaswere identified on the average through-tesis

profile for the low heat input weld (TB87) were @lfound on the profile for the high heat input weld

(TB88). The BM, H-SC, S-SC, and IC regions areliga on the chart.
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Figure 4.45: The average through-thickness hardness profiletifer high heat input wel
(TB88). The profile shows the four regions of difig hardness that were observed.

The boundary between the BM and the H-SC regioas @stimated to be at an approximate
distance of 11 mm away from the Alme. The welded BM ATTH was approximately 200 MH This
was the point on the profile where the fitted cudvepped below the unwelded BM ATTH. The BM
region for the high heat input weld (TB88) specinagpeared to have lower average hardness than the

unwelded BM. The difference in hardness was apprately 1 — 2 VHN; this discrepancy was minimal.
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The H-SC region for the high heat input weld (TB88)s very similar to the H-SC region that had
been observed on the low heat input weld (TB87yae hardness profile. In this region, the average
hardness had increased above the unwelded BM avéi@giness and above the welded BM average
hardness. The ATTH for the welded BM was exteratmdss the entire profile and is labelled ‘A’ o, th
chart. The increase in hardness was measured &pgreximately 5 - 14 VHN above the welded BM
ATTH; this was higher than the low heat input welthe width of the H-SC region was measured to be
approximately 8 — 9 mm; this was wider than the logat input weld. Two hardness plateaus were
observed in the H-SC region on the high heat im@ltl average hardness profile, which are labelgd
on the chart. The plateau with the higher hardmesslocated adjacent to the S-SC region; thisthas

same observation that was made on the low heat wgld average hardness profile.

The S-SC region showed definite evidence thaesofg had occurred in the region immediately
adjacent and below the Adine. The S-SC region began to decrease in hasdat an approximate
distance of 2 mm away from the Aline; this S-SC width was slightly larger than {8eSC width of
1.8 mm in the low heat input weld profile. The nmaxm decrease in hardness for this region was
measured to be approximately 10 VHN below the weelBM ATTH. The decrease in average hardness

compared to the unwelded BM was approximately 12NVH

The IC region had a substantially higher hardrthas the BM average hardness. This was
similar to the findings from the microhardness pest The approximate increase in average hardness

within the IC region was measured to be 30 VHN.

To directly compare the low heat input weld (TB&@)the high input weld (TB88), the profile
curve fits for the H-SC and S-SC regions were sopmsed onto each other and are shown in Figure
4.46. From this comparison, it appeared that iga heat input weld (TB88) was more significantly

affected by the GMAW-P heat input in all aspectsoss the weld subcritical HAZ. It had a more
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substantial decrease in hardness within the S-SiCaamore substantial increase in hardness witlgn th

H-SC. The H-SC was also observed to extend fugivay from the Acline in the high heat input weld.
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Figure 4.46: A direct comparison between the average thrahgtkness hardness profiles
the low heat input weld (TB87) and the high heauirweld (TB88).

The presence of a higher hardness region that@sdkeiurther into the welded specimen BM could
have increased the likeliness for a HAZ failureakben to occur during uniaxial tensile testing.gieater
difference between the BM/H-SC hardness comparethéoS-SC hardness would have limited the
amount of diffuse necking in the BM and promotedal@zed necking within the S-SC HAZ. The total
difference between the H-SC peak and the S-SC hWrasigndicated on the chart with an ‘A’ for both

curves. This difference in hardness was approxinat3 VHN for the low heat input weld and was
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approximately 20 VHN for the high heat input weldlhis suggested that higher heat input during
welding had caused the identified regions of hasdrie reach extremes in both the degree of hargenin
and the degree of softening. This would have bekted to an increase in the time duration fdiudibn

to occur within the microstructure of the weld SBH

A greater amount of softening within the S-SC whserved in the high heat input weld (TB88)
when it was compared to the low heat input weld§TB This is shown on the chart in the shaded
regions, which are labelled ‘B’. The area under Welded BM ATT hardness was larger for the high
heat input weld (TB88). This direct comparison Isidwn a clear difference between the two welds.
This suggested that the degree of softening irhidie heat input weld had been an important faatoiaf
HAZ failure location during uniaxial tensile tesfinhowever, the difference between the S-SC regions
did not appear to be substantial. This appearedatich the transition of failure that had been iflieql

in Figure 4.16; the transition from a HAZ failueed BM failure had been gradual.

Subcritical hardening of the H-SC was not an exqi@mt during the study. There were no reports
in the literature that had observed hardening énsilibcritical zone of a DP steel weld HAZ; howetkee,
potential for hardening did exist and had been eskeduring studies where martensite was tempered

over prolonged periods at low isothermal tempeest(it0].

Generally, the hardness mapping suggested thdtemed zone did exist in the GMAW-P HAZ of
the DP600 16s sheet. This was an expectationeoftildy; however, because there were BM failures
during uniaxial tensile testing, it was unexpectedind significant softening in the 100% BM faiur
weld. This definitive evidence of softening helgedxplain why local necking had occurred in thizH
for welds that had the HAZ failure location. Thadtened zone most likely allowed for a higher antoun
of local strain compared to the BM and therefoeehed a critical strain for micro-void nucleaticaefdre
the BM [70]. It was suspected that this level tohis could only be attained once the tensile sarhpd

necked and entered into a state of tri-axial strd9ss occurred because decomposed martensitelssla
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did not resist plastic deformation like the solidmensite particles found in the BM and insteaavéld
with the deforming ferrite matrix. Indents landing areas of decomposed martensite would also be

subject to an increase in plastic flow during logdand hence would measure lower levels of hardness

The high uniform hardness found in the IC zone w@#spected to cause a substantial decrease in
plastic flow. This was seen in the HAZ fracturess-section from Figure 4.20. The high hardnessdo
in the IC zone would have supported the adjaceftersed zone to resist plastic flow through the shee
thickness. The area of greatest softening waartbe that had the most martensite decompositioithwh
was immediately adjacent to the Ame; however, this area was observed to havemahdeformation.
The effect of the intercritical zone was measuredxtend approximately 2.1 mm out from the, Ane.
This value could not directly correspond to theteahg measurement of 2 mm because there was
significant deformation in the sample; however sthgalues were of the same magnitude and suggested
that the 100% HAZ failure weld softened zone exéshthr enough away from the support given by the

rigid intercritical zone to cause localized neckinghe SC region.

4.1.3: The Welded Dual-Phase Sheet Steel Fracture Mechanism

Reasoning for why there was a transition from a Haifure location to a BM failure location was also
developed based on the mapping data. Welds that wi¢hin the transition zone shown in Figure 4.16
most likely had softened zones that followed a lsindinear trend as the Adalf-width measurements,

i.e., as heat input was decreased the softenedwiditewas decreased.

The presence of the H-SC could help to explain wiBM failure mode had occurred in the lower
heat input welds. The S-SC may have been suppbstetie adjacent regions of high hardness (H-SC
and IC regions) just enough to prevent strain laatibn. A smaller S-SC required a greater amadint
diffuse necking before strain localization couldcwic This was analogous to a brazed joint under
uniaxial loading. In a brazed joint, increase@msfyth can occur with narrow joint fit up. As joigap is

increased, the brazed joint strength decreased2}.1,In the case of DP steels, the S-SC region of
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microstructure may act in a similar fashion as sbé brazing filler metal and a wider S-SC could be

more likely to neck locally at lower levels of sse

A schematic diagram that illustrates the generabyr for why BM fracture can occur in pulsed-
GMA welded Cr-Mo thick DP600 sheet steel, which hadAZ softened zone, is shown in Figure 4.47.
The illustration depicts a longitudinal section afweld joint during loading past the yield point, a
constant load®, where appreciable diffuse necking has alreadyed; this is the state just before

localized necking occurred.

o
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Figure 4.47: The general mechanism during diffuse necking tlatuoed duringuniaxia
transverse weld tensile testing of pulsed-GMA weldes5 mm thick Cr-Mo DP600 sheet steel.
The schematic drawing depicts a typical longitubsetion of a weld from the IC regida the
BM.
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The drawing is an exaggeration of thinning thatially takes place during a uniaxial transverse
weld tensile test. The four regions of microstmetthat were identified from the average though-
thickness hardness (ATTH) plots are labelled onittege. The intercritical (IC) region did not have
visible thinning in either of the fracture longiindl sections from Figure 4.19 and Figure 4.20, had
been found to have significant hardening. In thewhg, therefore, it is shown as being rigid. The
tensile specimen grip is not shown (off to leftimfage), but it too was assumed to be a rigid area.
Beneath the drawing there are two generalized Ipsoif the local mechanical properties. The triemd
local ATTH was known from microhardness mapping endepicted as the solid line in the figure; the
hardness has not been adjusted to include stragemiag. The trends for local ultimate tensilesgth
(UTS) and yield strength (YS) are also includedwéweer, because these local values have not been
measured, the trend that is shown is only infefrech the ATTH curve and observations made from full
and partial fracture tests performed in Sectiofhs?41and 4.1.2.2 respectively. A profile for the local
true stress (S) is also included, which is invgrgebportional to the cross-sectional area (A) givaen

displacement; cross-sectional area varies alonptiggh of the section due to diffuse necking.

A BM fracture occurred, even though there was apabte softening in the S-SC, because the
level of local stress in the BM reached the BMrudite tensile strengttT Ssw) before the local stress in
the S-SC reachellTS.sgc  An illustration of BM fracture is shown in Figur4.48. A simplified

relationship to illustrate this is:

Saw — P > P — Sssc
UTSBM ABM mJTSBM A&scmﬂ-sssc UTSS—SC (4.)

where fracture occurred when:

UTS,. (4.2)
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Here,P is the applied load in Newton’s (Nggu andSs.scare the maximum local stresses in the BM and
S-SC regions of microstructure, respectively, ingapascals (MPa)Asy and As.sc are the minimum
cross-sectional areas, for their respective regionsquare millimetres (mf) UTSy is the ultimate
tensile strength of the BM in megapascals (MPa), 3hS; scis the local ultimate tensile strength at the

location in the S-SC at the location/&fscin megapascals (MPa).
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Figure 4.48: An illustration of basewnetal fracture that occurred during uniaxial trarse wel
tensile testing of Cr-Mo DP600 steel. Top imagelo heat input weld crossection, whic
depicts a narrow HAZ with low DOS. Middle imagehe weld in tension at maximum difft
necking prior to strain localization. Bottom imagfee resulting BM fracture location.

The relations in Equations (4.1) and (4.2) are dhage the assumption that the location of
minimum cross-section in the S-SC was the locatibfracture for specimens that failed in the HAZ
fracture location. Consider that the cross-seatianea of the S-SC immediately adjacent to thelie
was at a maximum and that this was also the latationaximum softening. This location will neveilf
by ductile fracture because the other regions afesiructure (BM, H-SC, and remainder of the S-SC)
experienced more thinning due to diffuse neckind had reduced cross-sectional area and hence were

experiencing greater local stress. However, a wetidile specimen could fail by brittle fracturetlait
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location if the degree of softening was substangiatl hence the local streé§sg; surpassed a substantially

low UTS1.

During diffuse necking, the following relation alysexisted:

Agn < Assc (4.3)

This was because there was significant constraimbsnding the S-SC, which was supported by the
adjacent hard intercritical (IC) and hardened sitibat (H-SC) regions. These points, at adjacelges

of the S-SC, were suspected to be locations whea& [mcal YS occurred. It has been reported in the
literature that discontinuous yielding, accompanigth an increase in YS, occurred at certain rarajes
isothermal tempering temperature for various allofp® steels [23,25,27,29,30]. Therefore, thelloca
YS in the diagram are shown to increase withinth8C region of microstructure. During a study by
Biro et al. [40], using non-isothermal Gleeble simulationsrioic welding tempering cycles, they found
that discontinuous yielding returned but that Y3yadncreased for prestrained DP steel. However, in
their study, they had tested for a thermal cychd thould have occurred in the S-SC during an actual
welding process. Therefore, the local YS thatséw@vn in the S-SC are low; however, it is not knafvn
the localYS.scwould actually drop significantly lower tha¥igy. It is suspected that Biret al. [40]
would have found evidence of an increase in Y®aéf peak temperature that they had used was slightly

lower. Therefore, the following general relatioipshetween local YS was proposed:
YSc >>YSy sc > YSew > YSssc (4.4)

During the study, the IC region was found to beyveard and had minimal deformation after full
fracture had occurred in both the HAZ or BM fraetlocations. This support limited diffuse necking
the S-SC so that critical strain to induce localizeecking did not occur. The effect of the H-SC
constraint was likely less significant than the stomint from the IC region; however, it would shiiélp to

limit the reduction of Asc Then, based on the inferred UTS curve, as tB€ Svidth increases or as the
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DOS increases, the likelihood to have HAZ fractwilt increase. The same principle will also desea
the resulting UTS of the weld joint during uniaxtednsverse weld tensile testing because, as B€ S-

width increases, the location of minimum crossieeal area within the S-SC will have a lower local

UTSsso

An illustration of a HAZ fracture location is showmFigure 4.49. A shift in failure location from
BM fracture to HAZ fracture occurred because thdtiwiof the softened subcritical (S-SC) region had
been increased by using a higher heat input anmhihdue to a lower locd) TS s the lowerUTSs s

was inferred by the greater DOS in a high heattimmided DP HAZ.
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Figure 4.49: An illustration of heat affected zonkacture that occurred during unia
transverse weld tensile testing of Cr-Mo DP600Ist@ep image: A high heat input weld cress
section, which depicts a wide HAZ with high DOS. idslle image:The weld in tension
maximum diffuse necking prior to strain localizatioBottom image: the resulting HAZ fract

location.

A HAZ fracture occurs when the relation in Equati@nl) is reversed so that local stress in the
S-SC &g region reached TS scbefore local stress in the BNEsy) has reachetdl TSy, i.e., fracture

occurs when:
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Sssc -1
UTS. .. (4.5)

This may be an obvious relation, but its importaiscthat it provides reasoning for why joint eféoicy
was found to approach 100% for a DP600 weld jdiat had fractured in the HAZ. From the literature,
Hsu et al. [38] found that there was minimal (<5%) loss ofnjoefficiency for pulsed-GMA welded
DP600 sheet steel during HAZ fracture, Conragthal. [39] found 10-15% reduction of joint efficiency
for GMA welded DP780 steel, which had HAZ fractuaed Xiaet al. [44] found that DP980 steel had a
reduction of 22% for a high heat input LBW procdsst only had a 5% reduction for a low heat input
LBW process. This suggested that the degree dérsofy was of most importance when trying to
improve joint efficiency, because it had also bekawn that the degree of softening increased & bas

metal volume fraction of martensite increased [8]D,4

An illustration of how the joint efficiency was affted during HAZ fracture is shown in Figure
4.50. In the diagram, the local stress, S, has keperimposed on the inferred local UTS curvee Th
UTS curve depicts two different degrees of softgr{iow and high DOS) for the same S-SC width. The
two relations from Equation (4.1) are indicatedtom diagram and it is shown tHaT S sc= Ss scfor low
and high DOS, and thatTSy > Sy As shown, the curve for local stress intersedtis the curve high
DOS UTS curve at a significant reduction in joifficiency. For the lower DOS, the local stressveur

intersects at a higher local UTS and the jointcadficy increases accordingly.

For the range of heat input that had been createdglthis study, the transition of failure had
produced minimal loss of joint efficiency and inity, loss of strength had been overlooked as baing
transient variance. However, after creating tbisrial evaluation for joint efficiency, re-evaluajithe
weld specimen for ultimate tensile strength shottedsame argument. The welds that had been within
the transition of failure depicted in Figure 4.%ich had mixed fracture locations, had near 100/t j

efficiency regardless of the fracture location. afdas, the highest heat input (TB88) weld had drdpp
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Figure 4.50: A general schematic depicting how HAZ fracture canse the joint efficiency
welded DP sheet steel to decrease.

in UTS and had a re-evaluated joint efficiency@8%o, which although minor, was a sign that the weld

trials had created a near perfect fit on eithee sidthe transition of failure operating window.

With a formal definition in tow, the path to achéeimproved joint efficiency for pulsed GMA
welding of all grades of DP sheet steel strengthlccde explored. In the following section, this
knowledge was used to evaluate different methodshiffing failure mode from the HAZ and into the
more desirable BM fracture location, which in twmould show improvement of DP sheet steel joint

efficiency.
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4.2: Experimental Series 2 - Shifting GMAW-P Welded Dual-phase Sheet Steel

Failure Location

During Experimental Series 2, using the knowledgsebthat was developed during Experimental Series
1, different methods to shift failure location wergsessed. Shifting failure location from the HaZhe

BM was achieved by increasing sheet thicknessinByeasing the sheet thickness, it was hoped tieat t
degree of softening would decrease because a mawarfible path for heat transfer would be introduce
for a similar reason, it was hoped that the widththe S-SC would be decreased. These were two
methods that were believed to be significant facfor making a DP sheet steel that would fractnréhe

BM failure location (as described in Section 4.)J1.35hifting from a BM failure location to the HAXas
achieved by decreasing sheet thickness and/orasioig the strength grade of the DP sheet steal; thi
assumption was also based on Section 4.1T8e results and discussion for ExperimentaleSe?i are
presented in Appendix A. A summary of the findifigsn all of the work from this study is provided i

Appendix C.
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Chapter 5: Conclusions and Recommendations

In the automotive industry, autobody structural poments that have traditionally been made with
conventional plain carbon and high strength lowoyal(HSLA) sheet steels are being fabricated
increasingly from materials that reduce the comptheveight and hence improve the vehicle fuel
economy. Materials like aluminum, magnesium, addaaced high strength steel (AHSS) alloys are
being used because they offer better strength-tghweatios over the conventional materialhe AHSS
steels, such as dual-phase (DP) and transformatthrced plasticity (TRIP), are being used to reduce
weight because they retain a comparable formalditdSLA steel at a higher strength and therefbee t
sheet steel gauge thickness can be reduced whitgamméng the required design strength. The reduoct

in thickness provides a reduction in vehicle weight

In the present study, the weldability of variousiteal HSLA and DP sheet steels by the pulsed gas
metal arc welding (GMAW-P) process has been examnin€onventional HSLA steels can be welded
with relative ease, whereas DP steels, which havsva-phase microstructure comprised of hardened
martensite islands in a soft ferrite matrix, tendsbften due to welding heat input. The softerigig
caused by martensite tempering in the subcritieglon of the weld heat affected zone (HAZ). The
softened region can lead to a loss of the requdesiign strength at the joint. In the literatur®, Eheet
steel softening has been regarded as the primasecaf failure in the HAZ of welded DP sheet steels
however, the mechanisms responsible for the mosiatde failure in the base-metal (BM) of these

welded DP sheet steels has not been studied.

Using full-penetration bead-on-plate GMAW-P weldad®a onto coated DP600 sheet steel, a wide
range of heat input was developed so that the tpest of uniaxial transverse weld tensile failure
locations occurred at the extremes of the heat irgnge, i.e., low heat input welds consistenthcfured
in the BM failure location, high heat input weldsnsistently fractured in the HAZ failure locaticand

welds made with intermediate heat input had mixadtéire. The fracture mechanisms that cause a HAZ
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failure location during uniaxial transverse welddide tests were compared with the more desiraMe B
failure location to determine why BM fracture castor when there is a softened zone present in dheé w
HAZ. This was predominantly studied using 1.65 rinitk DP600 galvanized sheet steel; however,
supporting data was studied from welds that werdenzato 1.80 mm DP600, 1.20 mm DP600, 1.20 mm
DP780, and 1.20 mm DP980 sheet steels. A 1.80mmok HSLA galvanized sheet steel was used to
develop a welding procedure required to make faligiration bead-on-plate GMAW-P welds in the DP
sheet steels. Subsequent metallurgical analydiseodifferent welded DP sheet steels was perforimed
gain insight into how the fracture and fracture hadsm changed based on sheet gauge thickness and

BM strength (prior BM percent area of martensite).

From this study, the following conclusions can kedet

M A transition of failure from a HAZ failure locatioto a BM failure location during uniaxial
transverse weld tensile testing can be achievedherl.65 mm thick DP600 sheet steel by
varying the GMAW-P heat input. A weld that faild®0% of uniaxial tests in the BM was
observed at low heat input and a weld that fail@@P4 of uniaxial tests in the HAZ was observed
at high heat input. Mixed failure during uniaxiednsverse weld tensile testing occurred within
this range of heat input. This showed that a cieffitly low heat input can be achieved with
GMAW-P so that welds made in DP600 sheet steghat@0% joint efficiency. DP600 has good
weldability with a GMAW-P process.

M For GMAW-P welds that were made in 1.65 mm thickM@r DP600 galvanized sheet steel, the
shift in failure location from HAZ fracture to BMrdcture occurred because the width of the
softened subcritical (S-SC) region had been redbygagsing a lower heat input. A narrow S-SC
was supported by the adjacent hard intercritic@) @nd hardened subcritical (H-SC) regions.
This support limited diffuse necking in the S-SCtlsat critical strain to induce localized necking

did not occur. By limiting diffuse necking in ti&SC, the BM region incurred greater reduction
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in cross-sectional area (only prior to localizedkieg) and, therefore, the BM entered a state of
higher stress than the S-SC and failed once itexhthe BM UTS.

A HAZ failure location was believed to occur wheiffube necking was sufficient to reach a
critical strain in the S-SC and initiate void nutien around second-phase particles in the steel.
A wider S-SC was believed to achieve this critisahin during diffuse necking, whereas a
narrow S-SC was believed to be supported by adjatardened regions and, therefore, was
prevented from reaching this critical strain.

A similar mechanism, that had caused BM fractul@R600 steel, can cause high joint efficiency
in pulsed-GMA welded 1.20 mm thick Cr-Mo DP780 shsieel. Supporting regions of high
hardness adjacent to the S-SC region can limitis#fnecking, while diffuse necking occurred to
a greater extent in the BM (thus reducing the esesdional area of the BM). However, unlike
the DP600 welds, the degree of softening is motestantial in DP780 welds and, therefore,
diffuse necking in the BM region does not likelyduee cross-sectional area enough to cause
localised necking, i.e., the stress in the S-SClevoeiach UTS first. This could also improve
joint efficiency in DP980 steel; however, the hidggree of improvement would be limited due to
significant losses of strength in the S-SC.

Visualization of the BM welded HAZ non-homogeneanisrohardness distributions in these DP
steels are best achieved by using a microhardnagsmconjunction with an ATTH profile. The
profiles were used to identify the H-SC and provideualization of the welded BM region,
which was not consistently identified with conventl microhardness profiles during this study
due to the non-homogeneous microstructure chaistitesf these materials.

The 1.80 mm thick HSLA sheet steel could be weldéh a full penetration bead-on-plate weld
from a GMAW-P welding process and achieve 100% BNufe during uniaxial transverse weld
tensile testing and retain the HSLA design UTS, iteattained 100% joint efficiency and hence

good weldability with a GMAW-P process.
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Recommendations for further research:

M DP steels tend to have non-homogeneous microstagctsuch that standard microhardness
profile measurements can provide misleading resultd Study of how indentation grid
orientation and grid resolution affects ATTH measnents should be done. A finer grid of
indentations at lower indentation load could beduseachieve better resolution. However, this
would be time costly, so it would be beneficialdetermine an optimal grid resolution that is
efficient and does not incur significant varialyilit

M The nature and morphology of the H-SC region shdadexamined to determine if fine alloy
carbide precipitation plays a role in the hardniessease that is observed in that region of
microstructure, i.e., determine if secondary hairtpiof martensite occurs within the HAZ of a
GMAW-P welded DP sheet steel.

M Measurements for the degree of softening in the&€Segjion should be calculated by using area-
under-the-curve for curve fitted data from an ATpkbfile. Then study how this measurement
affects the resolution of the degree of softenilogsporoposed by Xiat al.[45], which describes
the threshold time duration for preventing HAZ saihg.

M A fracture analysis of higher strength grades déqirGMA welded DP780 and DP980 should
be performed to determine the dominant mechanignvda nucleation and to verify that the
mechanism for preventing DP600 HAZ fracture is atsomechanism that improves joint
efficiency in these materials.

M Tests should be performed on DP600 welds that hawging softened zone width and a
hardened IC region, but do not exhibit an H-SCargif hardness; this would provide evidence
to show whether an adjacent H-SC region is a refsqoreventing a HAZ or a BM fracture from
occurring.

M Similarly, tests should be performed on DP600 wéhds have varying softened zone width, but

do not have intercritical (IC) and supercriticaP{Shardening; this would provide evidence to
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show that the significant hardened region that feamd adjacent to the weld softened zone
supports the softened zone during loading and ptevécalized necking. This could be
accomplished with post-weld local tempering of lBeand SP or could be a with welds in age-
hardened aluminum)

Welds should be made onto varying sheet thicknesfSeigiher strength grades of DP sheet steel;
specifically DP780, which had a minimal reductidnU¥'S. Increased sheet thickness should
improve joint efficiency and could potentially dhiifacture to the BM. Although increasing sheet
thickness is contrary to the goal of using DP siséetl for weight reduction, if joint efficiency
does improve, then in future it may be benefiaalailor components so that joints have a higher
local thickness than the bulk of the sheet, ehg sheet edges could be plastically deformed prior
to welding to increase thickness at the edges wivetds will be made. This would create a

more favourable path for heat transfer and woulldice stress in this area.
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Appendix A
Experimental Series 2:

Shifting Dual-phase Steel Failure Location
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Experimental Procedure

A second series of welds was created to complirttentl.65 mm DP600 ‘16s’ sheet steel welds
and give an extra point of comparison for the diffg modes of uniaxial tensile failure. The pumpad
these extra welds was to create different condition a HAZ fracture and a BM fracture to occuridgr
uniaxial transverse weld tensile testing. Thisosecseries was made in differing DP sheet steel
thicknesses and differing DP sheet steel strengiieg. These included the 1.20 mm DP600 ‘22s’ and
1.80 mm DP600 ‘24s’, the 1.20 mm DP780 ‘21s’, amel 1.20 mm DP980 ‘23s’ sheet steels. By taking
similar strength grades of DP steel and varying sheet thickness, the expected size of the softened
region would be increased on smaller thicknessdsianoreased on larger thicknesses. An increabein
size of the softened region was expected to inerdas likeliness of HAZ failure and a decreasehim t
softened region size was expected to increasakifimess of BM failure. A comparison was also mad
between the steels with a thickness of 1.20 mm lseving the failure mode in the differing steel
strength grades. The differing DP sheet steeingthe grades were included in the study because
ultimately a mechanism for preventing a HAZ fraet@nd/or improving joint efficiency in the higher

strength grades was desired.

For the DP600 ‘24s’ sheet steel, the DP600 ‘16sadeh2 weld parameters were used to make
bead-on-plate welds in 254 mm x 203 mm sized cosipontensile testing. There were no modifications
to the Phase 2 weld parameter$hese welds were cross-sectioned to measure HAZhwidgth a
minimum of 2 cross-sections per weld. They werntkensile tested using 3 transverse weld tensile
specimens to determine failure location and redati'S. For this series of welds, if no weld gavezH
fracture, then a higher heat input weld would bdeadto the study in an attempt to induce a HAZ
fracture. The only other testing conducted wasiuatess map of the highest heat input weld from the

weld set.

For the DP600 ‘22s’ sheet steel, a new set of GMRWeld parameters was created and used to

make bead-on-plate welds in 254 mm x 203 mm sizeghans for tensile testing. There was minimal
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optimization conducted for this study and only sets of weld parameters were developed. This was
done because there was no requirement for a ti@nf failure within this sample set. The weld
development process was as follows: the weld TWRS, and CTWD were setup prior to the study, and
the TS was selected during the study based onlabereed root penetration of the previous weldtidhi

TS was set to 25.4 mm/min (60 ipm). Full root geaten through the bottom of the sheet was delgrab
For the DP780 ‘21s’ and DP980 ‘23s’ sheet steetddsvwere made using the same weld parameters that
had been used to make the DP600 ‘22s’ sheet seddbsw The lowest and highest heat input welds that
were also free from defects were selected from gmatle of steel for further study. These six welds
were cross-sectioned for HAZ measurement with amim of 2 cross-sections per weld. Each weld
was tested for uniaxial transverse weld tensiletén@ location and relative UTS with a minimum of 3
tensile specimens per weld. The lowest heat imgitl from each steel grade was used to create a

microhardness map.

For each sheet steel in this series, the base-metal characterized as follows: a uniaxial
transverse weld tensile test using 3 tensile spatinwas conducted to compare with the weld UTS, a
martensite through-thickness profile was condutdezbmpare the volume fraction of martensite betwee
different grades and calculate the estimated msiteeisland carbon content, and a hardness map was
made to observe the base-metal hardness as ge@xigbugh the entire thickness of the sheet sfEleé
base-metal characterization was used for comparisetween all of the sheet steels, specificallelate

back to the 1.65 mm DP600 ‘16s’ sheet steel measants from Experimental Series 1.

Results and Discussion

The goal of this experimental series was to makdsvento DP sheet steels that had different sheet
thicknesses and onto DP sheet steels that hadafiffenominal strengths and to compare uniaxial

transverse weld tensile test failure location ®wrelds from Experimental Series 1.
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Base-metal Characterization

Prior to welding, the base-metal for the 1.77 mm6O® ‘24s’, the 1.20 mm DP600 ‘22s’, the
1.20 mm DP780 ‘21s’, and the 1.20 mm DP980 ‘23gengharacterized by measuring the percent area of
martensite through-thickness profile and with akéis microhardness map. These were made in arder t
compare these results with the 1.65 mm DP600 ‘shset steel from Experimental Series 1. Each of

these steels was also tested to complete failuteumiaxial tensile tests.

The percent area of martensite through-thicknesigifor the 1.80 mm DP600 ‘24s’ sheet steel
is shown in Figure A.1. The locations for the ireaghat were used for percent area analysis areethar
on the cross-section with black circles. The resaf this steel was similar to the profile from
Experimental Series 1. The percent area of matéepsofile varied through the thickness of theethe
The profile was asymmetric, and as shown in theréigthe lower half had a higher average martensite
percentage than the upper half. There was a peakifat the center of the thickness; however, artlile
1.65 mm DP600 ‘16s’ sheet steel, there was no leistvidence of a continuous band of hardened
martensite at this location. This suggested thahg continuous casting, this steel did not havenach
macro-segregation of rejected solute at the adugrfeonts of the solidifying steel during castingtloat
the cooling rate from intercritical annealing waxt as high as the DP600 ‘16s’ sheet steel. The preak
the profile that was at this location meant thatitgobuild up existed, but was not as pronounced #se
DP600 ‘16s’ sheet steel. This result meant thatettwas some macro-segregation present through the
sheet thickness. The average martensite percettiagevas calculated for the DP600 ‘24s’ BM was
7.4+15%. The sheet thickness was measured thigh optical microscope and found to be

approximately 1.75 mm.

Two example images that were used to measure tleergearea of martensite for the 1.80 mm
DP600 ‘24s’ sheet steel are shown in Figure A.he base-metal was comprised of martensite islands

that were dispersed within a ferrite matrix. On timages, martensite appears white and ferriteaaippe
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Figure A.1: The percent area of martensite through-thicknesslgrfor the 1.80mm DP60!
‘24s’ sheet steel.

tan/brown. There was no evidence of the bainitbida pockets that had been found in the DP600 ‘16s
sheet steel. The image in Figure A.2a was locatetthe upper half of the sheet thickness at th® 166
location. This image was measured and found te l@amartensite percentage of 4.9%. The image in
Figure A.2b was located at the center of the stigéeitness at the 850 um location. This was thatlon

of the peak value from in the through-thicknessfifgro This image verified that there was no centra
band of hardened martensite. The image was mehanrefound to have a percent area of martensite of

10.3%.
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Figure A.2: Examples of the DP600 ‘24s’ BM images that weredusemeasure the perc
area of martensite. Image a) was taken at 155&¢@mthe bottom surface and b) at 850 um.

The Vickers microhardness map for the 1.80 mm DPBA§ sheet steel is shown in Figure A.3.
The sheet steel showed highest hardness valules shéet edges. The softest area was located thieng
center of the sheet thickness. There was no estdehhigh hardness along the center of the shegt t

could correspond to the peak of martensite pergentaat had been shown by the martensite percentage

profile. The ATTH was 201 + 0.5 VHN.
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Figure A.3: The microhardness map for the 1.80 mm DP600 ‘244’ B
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The through-thickness percent area of martensitégifor the 1.20 mm DP600 ‘22s’ sheet steel
is shown in Figure A.4. The profile showed that tpper half of the sheet had a higher martensite
percentage than the lower half of the sheet; théslt was similar to the BM profile for the 1.65 mm
DP600 ‘165’ sheet steel from Experimental Seriedthere was a peak in the profile at the centeéhef
sheet thickness; this peak corresponded with aaldmand of martensite that was continuous aloeg th
central axis of the sheet steel. The Lepera’setich [7] that was used to establish the contrastiden
martensite islands and the ferrite matrix was noifieum; the lower half of the sheet was lightly fetd
compared to the upper half. During analysis it difécult to achieve images with similar contrasisd
the percent area of martensite values could haga bffected. This issue was investigated with éigh
magnification optical images and are shown beldie average through-thickness martensite percentage
that was calculated for the DP600 ‘22s’ BM was# Z.0%. The sheet thickness was measured with the

optical microscope and found to be approximately Inm.

Two example images that were analysed to measearpditent area of martensite for the profile
in Figure A.4 are shown in Figure A.5. The imagee from opposite edges of the sheet thickness.
Both images had minimal evidence of bainite/carliaenations, and during image analysis dark regions
were included in ferrite measurements. The imagEigure A.5a was on the lower half of the sheet,
where the profile had shown a lower percent areaatensite. This image was located at 200 um from
the bottom edge of the sheet. There was goodasirtetween martensite and ferrite. This image was
measured and found to have a martensite perceofdgy8%. The image in Figure A.5b was located on
the upper half of the sheet, where the profile slaolwn a high percent area of martensite. This énag
was located at a distance of 950 um from the bottdge of the sheet. This image had good contrast
between martensite and ferrite, and it visuallyesppd to contain more martensite than the location
Figure A.5a. This suggested that contrast at iiffesheet locations was not causing the differeince

martensite percentage. This image was measurefiband to have a martensite percentage of 9.1%.
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Figure A.4: The percent area of martensite through-thicknessl@ifor the 1.20nm DP60!
‘22s’ sheet steel.

Figure A.5: Examples of the DP600 ‘22s’ BM images that weredusemeasure the perc
area of martensite; a) at 200 um from the bottorfasa and b) at the top surface, 950 fromr
the bottom surface.
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The Vickers microhardness map for the DP600 ‘ZP&et steel is shown in Figure A.6. The
result showed similarities to the DP600 ‘16s’ mahe map followed similar trends that were observed
from the percent area of martensite profile. Thees was harder at locations close to the edges whe
compared to the locations that were surroundingcthdral band of martensite. The central band was
present on the map and represented the hardesnregithe sheet steel. The sheet appeared to have
asymmetrical through-thickness hardness, and thperupalf of the map appeared to contain larger
regions of hard material than the lower half. ¥é'H was 214 + 3.1 VHN. This average included the

hardened band of martensite that was located alengentral axis of the sheet thickness.
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Figure A.6: The microhardness map for the 1.20 mm DP600 ‘224’ B

The percent area of martensite profile for the Tid@ DP780 ‘21s’ sheet steel is shown in Figure
A.7. The profile was slightly asymmetric, and tlygper half showed a slightly higher percent area of
martensite than the lower half. Observations @&f ¢hoss-section showed that the sheet was heavily
banded. The majority of the banding was causeldiyich regions that became highly elongated during
hot rolling [6]. During intercritical annealingpdations that were Mn-rich had high hardenabilityg a

during quenching had formed as martensite bands Tlre was also evidence of a significant central
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band of martensite that had formed during contisucasting. The highest martensite percentage
(~25 VHN) was located at the central band of maiten The average through-thickness for percesd ar
of martensite that was calculated for the DP78G"AM was 20.2 + 1.9%. The sheet thickness was

measured with the optical microscope and founcetagproximately 1.24 mm.
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Figure A.7: The percent area of martensite through-thicknesslgrfor the 1.20 mm DP780
‘215’ sheet steel.

Example images that were used to measure the peacem of martensite for the DP780 ‘21s’
sheet steel are shown in Figure A.8. The imagatswiere used to measure martensite percentageefor t
profile had similar contrast. Martensite islanggeared white and the ferrite matrix appeared brown
there was no evidence of bainite/carbide pock@&tse image in Figure A.8a was located 970 um away
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from the bottom edge of the sheet. In the imadmral of martensite that had formed due to a pfior
rich region is labelled ‘A’ and indicated with arpliel black dashed line. This image was measaret
found to have a martensite percentage of 21.6%he imhage in Figure A.8b shows the location of the
central band of hardened martensite. The bancdcemtinuous along the central axis of the sheetveami

much larger than any other bands throughout thetgshizkness. This image was measured and found to

have a percent area of martensite of 24.6%.

Figure A.8: Examples of the DP780 ‘21s’ BM images that weredusemeasure the perde
area of martensite. a) point 8 at Qi@ from the bottom surface and b) point 5, at thee
center.

The Vickers microhardness map for the 1.20 mm DPZ8s’ sheet steel is shown in Figure A.9.
The resulting map was relatively uniform; althowggime regions on the upper half appeared softer than
regions on the lower half. The map did not hawpilie in hardness located along the central aXis. T
map is shown next to the cross-section with themtation grid. The cross-section shows that tdenis
that were located along the central axis had ne¢reml the central band of martensite; the centratibis
marked ‘A’. This was why there was no spike indmass observed on the map. The ATTH was

254 + 3.8 VHN.
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Figure A.9: The microhardness map for the 1.20 mm DP780 ‘2M: B

The percent area of martensite profile for the @ DP980 ‘23s’ sheet steel is shown Figure
A.10. The locations that were used to measurarifwgensite percentage are shown on the figure with
black circles. The profile was asymmetrical acrthgs thickness of the sheet; this was trend thdt ha
appeared on each martensite profile for all ofdtels that were tested. For this profile, theas wo
evidence of a spike in the martensite percentaggahe central axis that had been observed iof e
other steels that were tested. The percent aremaofensite for the DP980 ‘23s’ sheet steel was
significantly higher than for the other steels thatre tested. The average through-thickness nsitgen
percentage was 45.6 + 3.5%. The sheet thicknessmeasured using the optical microscope and was

found to be 1.18 mm.

Example images that were usedmeasure the percent area of martensite for t@8D ‘23s
sheet steel are shown in Figure A.Illhe contrast between the images that were usdtd percent ar

analysis was very similar. Martensite appearedendund ferite/bainite/carbides appeared dark blue
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Figure A.10: The percent area of martensite through-thicknesSBlgifor the 1.20 mm DP980
‘23s’ sheet steel.

brown. It was difficult to differentiate betweearfite and bainite/carbides and so these phases wer
grouped as one. The microstructure that is shawrigure A.1la was located 200 um away from the
bottom edge of the sheet. It was measured anddftmiinave a martensite percentage of 39.4%. The
microstructure that is shown in Figure A.11b wasated 700 um away from the bottom edge of the
sheet, above the central axis of the sheet. Thagé showed that the steel had a severely banded
microstructure. The band that is marked ‘A’ wassirikely associated with an Mn-rich region thattha
elongated during hot rolling [6]. The microstrugtdrom this image was measured and found to have a

martensite percentage of 48.6%.
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x500

Figure A.11: Examples of the DP980 ‘23s’ BM images that weredusemeasure the perc
area of martensite. Image a) was 200 um up frenbdittom surface and b) was 700 pum.

The Vickers microhardness map for the DP980 ‘2Bset steel is shown in Figure A.12. The

result was similar to the DP780 ‘21s’ map; the slsésel appeared to be relatively uniform and loost

of differing hardness were randomly distributedotigh the thickness of the sheet. There was no

evidence of increased hardness along the central @ix the sheet thickness.

330 +4.6 VHN.
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Figure A.12: The microhardness map for the 1.20 mm DP980 ‘284’ B
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A summary of the BM properties that were estabtisirem the tests found in this section is
shown in Table A.1. The table includes the meabaheet thicknesses, which differed from the nomina
values. It was important to know the actual shigiekness because changing the DP sheet steeh#sisk
was suspected to be a method of affecting theuiradbcation for welded DP sheet steels, and navag
known that the nominal sheet difference of 0.15 batween the DP600 ‘16s’ and ‘24s’ sheet steels was
actually a smaller difference of 0.08 mm. It wésoashown that the nominal 1.20 mm thick DP sheet
steels varied in thickness, which would affect hiemisfer during welding and hence welds madeeseh
steels may have differing weld dimensions. Theehagtal hardness and area fraction of martensite
appeared to follow an expected trend from thedttge [5], and the hardness increased as the ambéunt
martensite increased. Lastly, the estimated msiteegarbon content is shown, which was calculated
using Equation (3.10) from Section 3.4.4.. It aed that the DP600 ‘24s’ and DP780 ‘21s’ shealiste
had above average martensite hardness, and thddRB80 ‘23s’ had the lowest martensite carbon
content. It is unclear in the literature [5,22ifartensite carbon content has a significant effecDP
steel strength, but it has been included heredterence. These properties are in addition toBikle
properties found in Table 3.1 and Table 3.2 intiSaa.1.

Table A.1: Summary of the measured BM properties for the whfie strength grades of DP
sheet steel.

Measured Sheet Averagfe Average TT Estimated
Steel Grade . Martensite ;
Thickness [mm] Hardness [VHN]| Martensite C%
Percentage [%)]
1.65 mm DP600 ‘16s 1.68 7.8+1.4 201 +1.5 0.42
1.80 mm DP600 ‘24s 1.75 74+15 201 £ 0.5 >0.70
1.20 mm DP600 ‘22s 1.16 7720 214 +3.1 0.39
1.20 mm DP780 ‘21s 1.24 202+1.9 254 + 3.8 0.64
1.20 mm DP980 ‘23s 1.18 45.6 + 3.5 330+4.6 0.31

Shift in Failure Location: Differing DP600 Sheet Steel Thickness

A comparison to the welds made on 1.65 mm DP608’ ‘46eet steel was made with welds that

had similar weld bead geometry but different DP6B8et steel thicknesses. The 1.80 mm DP600 ‘24s’
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sheet steel was similar to the thickness of th® i HSLA ‘17s’ sheet steel, and so the seven wglec
weld parameter sets from the Phase 2 welding t@ldd be used to make full penetration bead-otepla
welds for this study. Using these welding paramseta new group of full penetration bead-on-plate

welds was created using the 1.80 mm DP600 ‘24&tsdteel.

During this study, the DP600 welding operating vawd(weldability) was adjusted by increasing
the steel sheet thickness to create a more favieupalth for heat dissipation away from GMAW-P weld
heat input. This method for improving weldabilityas counter-productive to the main goal of AHSS in
automotive, which attempts to lower vehicle weidiyt decreasing sheet thickness; however, it was

suspected that this would improve DP steel weldgbil

All of the welds that were made onto the 1.80 mn600P‘24s’ sheet steel are listed in Table A.2.
The relative heat input, the weld root penetrataorg the A¢and Ag HAZ half-width measurements are
listed. All of the welds were full penetration,cept for the lowest heat input weld (TB110). Tiisld
was measured and found to have a percent penatrati®3.8%, which was acceptable for the study
because the Acand Ag lines were linear and perpendicular to the shdgee The welds have been
placed in order from the lowest relative heat inpuhe highest relative heat input. When the w&ldre
ordered in terms of relative heat input, the HAZf®adth increased in size as the heat input was
increased; this was the expected trend for the MAdth measurements and reflected the results found
from welding trials in Experimental Series 1. Treld TB136 was an additional weld that was made at
higher heat input than the welds from the 1.65 nf?6@0 ‘16s’ sheet steel study. This weld extended t
range of the HAZ half-width measurements so thatelwas a weld that had similar HAZ width to the
highest heat input weld (TB88) from Experimentali& 1. The basis for comparison for this studg wa
between the HAZ width and the sheet thickness foe two different DP600 sheet steels.

Although the weld parameters that were used duhigystudywere the same as those use

the Phase 2 welding trials, there were some diaa@es that wereotind in the power input data wt

compared to the observations that had been madegdhe welding of the 1.65 mm DP600 ‘16siee
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Table A.2. The weld parameter sets that were used to make-dreathte welds onto the

1.80 mm DP600 ‘24s’ sheet steel.

Root Average Ac; | Average Ac;

Weld Weld Parameters H,el Penetration HAZ Half- HAZ Half-
Code [Trim, TS, WFS, CTWD] [J/mm] [%] Width Width

[mm] [mm]
TB110 | [1.00, 19.4 mm/s, 169 mm/s, 14.3 mm] 186 93.8% 4.59 3.84
TB112 | [1.00, 23.3 mm/s, 254 mm/s, 14.3 mm] 218 114.7% 5.33 4.43
TB111 | [1.00,20.3 mm/s, 212 mm/s, 14.3 mm] 226 115.7% 5.52 4.55
TB115 | [1.15,22.4 mm/s, 212 mm/s, 14.3 mm] 102.4% 5.59 4.63
TB114 | [1.15,21.2 mm/s, 212 mm/s, 14.3 mm] 261 102.8% 5.93 4.95
TB113 | [1.15,19.1 mm/s, 169 mm/s, 14.3 mm] 288 114.5% 6.39 5.57
TB116 | [1.25,19.1 mm/s, 169 mm/s, 14.3 mm] 324 108.1% 6.87 5.79
TB136 | [1.25,21.1 mm/s, 212 mm/s, 14.3 mm] 366 117.7% 7.31 6.19

steel. The relative heat input that was calculédedveld TB112 was approximately 20 J/mm lowemtha
weld TB107, which had been made with the same wafdmeters during trials Experimental Series 1. A
similar difference was observed between weld TBdrid weld TB94 and between weld TB116 and weld
TB88. These differences caused the order of tHdsme change from what had been observed during
the 1.65 mm DP600 ‘16s’ sheet steel welding triatsen they were placed in order of relative heptiin
These discrepancies were not investigated furtbeaulse the HAZ half-width measurements retained the
expected linear trend when compared with relateat hnput and, therefore, met the initial goal &mel

desired basis for comparison.

The average AcHAZ half-width measurements are plotted againstdhlculated relative heat
inputs from all of the welds that were made on® 180 mm DP600 ‘24s’ sheet steel, and they exddbit
the linear trend that is shown in Figure A.13. Thert includes the curve fit that represents theakr
trend that had been observed in the 1.65 mm DPB&® sheet steel welding trials. The differencénim
HAZ half-width between the two sheet steels wasr@pmately 0.5 mm. The expectation was that a
higher relative heat input would be required fag thicker 1.80 mm DP600 ‘24s’ sheet steel to cause
HAZ failure location during uniaxial tensile teggin The difference between the two linear cungias

relatively small and it was expected that thereldidne HAZ failure in the higher heat input welds.
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Figure A.13: The plot shows how the A¢HAZ half-width was related to the relative weld f
input. An expected linear trend was observed.

An example image that was used to measure the M&Rihalf-width is shown in Figure A.14a.
A detailed microstructural analysis of the 1.80 mR600 ‘24s’ weld HAZ was not conducted. The HAZ
half-widths were measured from samples that had lgeeund to 1200 fine grit paper and then etched
with 2% Nital to attain a macro etch that was déaor measuring the weld HAZ. This was done to
eliminate the time required for polishing. The wecy of the HAZ half-width measurements was
comparable to welds that had been polished and ételmed; however, discrepancies could not be
evaluated at optical microscope magnifications tgrethhan x50. The weld that is shown was the tEghe

heat input weld (TB136) from the study. An exampleasurement is shown, which was found to be
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7.30 mm. The weld was measured to have an avekagkelAZ half-width of 7.31 + 0.04 mm. The
image that is shown in Figure A.14b is from the heigt heat input weld (TB88) from
Experimental Series 1. This weld had been etchitd2f Nital after being polished with 1 um diamond
polish and a visual comparison between the two \ivetjes shows that identification of the;And Ag

lines was similar for both preparation techniqués example measurement is shown, which was found
to be 7.49 mm. The weld was measured to have enage A¢HAZ half-width of 7.44 £ 0.19 mm. This
weld had provided 100% HAZ failure during uniaxtehsile testing. The two welds had relatively
similar weld geometry, and only differed by 0.07 mim the measured sheet thickness and by
approximately 0.14 mm in AHAZ half-width. The expectation was that the TBM&d would provide

a similar HAZ failure during uniaxial tensile tesii however, because the sheet steel was slightly

thicker, it was thought that there was potentialtémsile specimens to fracture in the BM failuwedtion.

(1.80 mm DP600 24s)

d

Weld TB136 |

(1.65 mm DP600 16s)

b gEE=

Weld TB88

Figure A.14: A comparison between two welds that were measaréave similar average Ac
HAZ half-widths but were from different sheet thigdsses.The image in a) was etched a
grinding with 1200 fine grit paper and the imagebinwas etched after polishing withulr
diamond polish; both were etched with a 2% Nitahatt.

The images in Figure A.15 show a comparison betwenop and bottom surfaces of two welds

that were made with the same weld parameters.wEle parameters that were used for both of the sveld
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were: 1.15 trim, 22.4 mm/s TS, 212 mm/s WFS, an@ tdm CTWD. From the images, the welds
appeared to be similar. The zinc melting (420%0therms, which are marked with white dashed lines,
showed similar width for both weld HAZ's. The rqmnetration for both welds was visible at the doott
surface of the sheet steel coupons. The weldighatiown in Figure A.15a was made onto the 1.80 mm
DPG600 ‘24s’ sheet steel. It had a calculatedikagdteat input of 288 J/mm. The average HAZ half-
width for this weld was 6.39 mm. The weld thasigown in Figure A.15b was made onto the thinner
1.65 mm DP600 ‘16s’ sheet steel during ExperimeBtales 1. It had a calculated relative heat igbut
297 J/mm. The average AEIAZ half-width for this weld was 6.87 mm. For fgewelds, there was a
difference in relative heat input of 9 J/mm, a nueed sheet thickness difference of 0.07 mm (froen th
base-metal characterization), and a differenceantHAZ half-width of 0.48 mm.The welds had similar
relative heat input, but were each made on a diffesheet thickness of DP600 steel. The differémce

sheet thickness affected the rate of heat trarefery from the weld during welding. The thicker

%
*

TOP BOTTOM

Weld TB113
(DP600 24s)

b

Weld TB99
(DP600 16s)

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

Figure A.15:. Example images that show a comparison between teldswthat were ma
using the same welding parameters but were onreiftehickness DP600 sheet steelfie twc
welds had similar relative heat input.
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1.80 mm DP600 ‘24s’ sheet steel acted as a moeetafé heat sink and hence its measured HAZ width
was smaller than HAZ width measured on the thinh& mm DP600 ‘16s’ sheet steel. This was
observed for other welds in the study; howeves tlimparison could not be made directly betweeaofall

the welds and the original welds from Experimel@aties 1, because the calculated values for relativ

heat input showed too much fluctuation.

The average width of the IC zone was observecetatger in the thinner 1.65 mm DP600 ‘16s’
sheet steel when it was compared to the IC zonthvaifla weld made at a similar relative heat inpuit

the 1.80 mm DP600 ‘24s’ sheet steel; this geneeaddt is shown in Figure A.16. On the chart the

1.5~ L 2 DP600 '16s' Welds - 1.68 mm thick
N — — Fit- DP600 '16s'

1.4 — @ DP600 '24s' Welds - 1.75 mm thick
— | =— - =— Fit-DP600 '24s'
= | ’ oo
E 13—
—_ 2
5 —
=)
. — 1.2 —
=
(D) ;
c ' O
o 1.1 — S .
N | 4 S -
) BM _ -
o L failure O — X
c) | P
S - _ -7 All BM
o 0.9+ . O_ - failures
< . - -

~~
0.8 = @Average of
4 O 2 sections
0.7 T T T T 1 T ] T 7 T T T ]

175 200 225 250 275 300 325 350 375
Relative Heat Input [J/mm]

Figure A.16: The general trend of the IC zone width that waseoled for both the 1.6%m
DP600 ‘16s’ welds and the 1.80 mm DP600 ‘24s’ welds
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average IC HAZ widths of individual welds are shofam both sheet steels and linear curve fits are
shown. The difference in IC zone width increaséitth imcreased relative heat input. This was a gdal
the study, which showed that microstructural regiarere reduced in width due to an increase in sheet
steel thickness. It was suspected that this trendld also be reflected in the width of other
microstructural regions within the weld HAZ. It svauspected that the subcritical softened zonehwidt
would be reduced in the 1.80 mm DP600 ‘24s’ weldd that this reduction in width could shift the
failure location from a HAZ failure into the BM fare location during uniaxial transverse weld ténsi

testing.

The welds were machined into uniaxial transversédwensile specimens and were loaded to
failure to observe the failure location. An exaenphage of a set of specimens that had been Idaded
failure is shown in Figure A.17. Three specimeresesested for each weld. The uniaxial transverse
weld tensile tests for all of the transverse welttatsile specimens in the study had fractured enBhil
failure location, i.e., there were no HAZ failupztions observed in any of the tensile testss Wais an
unexpected result. The weld that is shown in tgeré had the second largest HAZ width. This weld
(TB116) had been made using the same weld parasnatethe highest heat input weld (TB88) from

Experimental Series 1. After observing that tliel 16 weld had fractured in the BM failure location

Figure A.17: An example image showing the 100% BM failure lomatihat was observed
all of the uniaxial transverse weld tensile specismeThis weld (TB116) was madlee highes
heat input weld parameters from Experimental Setiesto the 1.8ehm DP600 ‘24s’ she
steel.
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through 100% of uniaxial tensile tests, the weldl38 was made to include a higher heat input weld in
attempt to cause a HAZ failure location; howevee TB136 weld also fractured in the BM failure
location through 100% of testing. The uniaxialsimtests were not continued after TB136 had shown

100% BM failure.

Although there was no transition of failure looatiwithin the set of 1.80 mm DP600 ‘24s’ sheet
steel welds, the failure location appeared to helviéted away from the HAZ and into the BM when
compared with the thinner 1.65 mm DP600 ‘16s’ she&his was the general result that had been
expected, which suggested that the increase in #iiekness had prevented a HAZ failure. The iasee
in sheet thickness represented a more favouralite fpa heat dissipation during welding that was
reflected in narrowed microstructural zones witthie weld HAZ. It was important to note that thinfis
in failure location appeared to have been causegtlayively small difference in sheet thicknessjalih

was measured to be 0.07 mm or approximately 4%.

To complete this portion of the study, the highesat input weld (TB136) was cross-sectioned
and used to create a Vickers microhardness maghviishown in Figure A.18. The weld cross-section
is shown in Figure A.18a. The indentation gridexad from just below the Adine to the BM. The grid
orientation was relatively parallel to the sheaje=i The microhardness map is shown in FigurelA.18
There was definite evidence of softening in thecsitibal zone immediately adjacent and below the Ac
line. Uniform softening was measured on the mapa@pproximately 2.3 mm away from the,Aice.
There was some evidence of subcritical hardenitigiwis labelled ‘A’ on the map. This suggesteat th
the steel had been affected by the weld heat inpusimilar fashion as the welds made onto thé inf
DP600 ‘16s’ sheet steel from Experimental Seriesltlfurther supported the evidence that subclitica
hardening was occurring in the GMAW-P DP600 weldZ1AAn unexpected increase in hardness was
observed out towards the BM at the location thdalelled ‘B’. This increase in hardness was isola
and was non-uniform through the sheet thicknessia$ suspected that this was not a result of weéd

input, and was rather a spike in hardness due dartitial steel processing or handling during weld
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preparation. A microstructural analysis was notdenfor this area because it appeared to be a ‘mndo
occurrence. There was also a significant increabardness observed in the IC region of the HAAIs
was the same observation that had been made frgmrigxental Series 1 for the 1.65 mm DP600 ‘16s’

sheet steel.
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Figure A.18: The microhardness map for the TB136 1In&® DP600 ‘24s’ weld HAZ. Tt
image in a) shows the grid of indentations on tB436 weld crossection and b) shows 1
mapped microhardness.

The ATTH was calculated for the TB136 weld HAZngsithe data from the microhardness map
and the profile is shown in Figure A.19. A cumvas fitted to the data to create a general treatlttie

ATTH had followed. This profile was very similas the profiles from Experimental Series 1 and the

216



same general trend was observed as had been foutiteflow heat input (TB87) weld and the high heat
input (TB88) weld. The regions that were identifieom the profiles in Experimental Series 1 coailsb

be identified on the TB136 profile, and the BM, B;S-SC, and the IC zones are labelled on thelerofi

N
NN
o

<& TB136 - Average Hardness
- ——-TB136 - Best Fit of Average Hardness
BM Average Hardness
230 — (Average)
____ BMAverage Hardness
- (Standard Deviation) {X

Average Through-Thickness Hardness (VHN200g)

Distance from Ac, Line [mm]

Figure A.19: The average through-thickness hardness profilehieohighest heat input (TB136)
weld that was made onto the 1.80 mm DP600 ‘24sétskeel.Four characteristic regions
hardness (IC, S-SC, H-SC, and BM) were identified are marked on the profile.

There was a discrepancy in the average throughkrtegs BM hardness from the unwelded BM
microhardness map when compared to the TB136 awenmgugh-thickness profile. This discrepancy is
marked on the chart with an ‘AThe unwelded BM ATTH had been found to be 201 £\3kBN. The
approximate BM hardness value that was observethéofB136 ATTH profile was 197 VHN, which is
labelled with a ‘B’ on the profile. This was a rmral difference of 4 VHN in the average hardness.

From the BM characterization, the microhardness foafhe unwelded BM had appeared to have higher
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hardness on one edge of the sheet thickness, aibdvas believed that the indent grid orientatioaym
have caused this discrepancy. If the indentatiooh lsad covered a greater portion of the edge hhdt
higher hardness then the ATTH would have appeasgdeh. The approximate welded average BM
hardness value of 196 VHN was used as the valuedimparison with other regions across the TB136

weld HAZ profile. This region was located approately 10 mm away from the Atine.

There was further evidence that a hardened sutadriggion did exist in the TB136 weld HAZ of
the 1.80 mm DP600 ‘24s’ sheet steel. This regfpeared to have two plateaus of peak hardnesshwhic
are labelled ‘C’. These plateaus had also beererebd in the TB87 and TB88 profiles from
Experimental Series 1 and so this new profile suppathe observations that had been made. From the
TB136 H-SC region, there appeared to be an appaigimcrease in ATTH of 9 VHN when compared to
the welded BM hardness value. The spike in hagirteat had been observed on the TB136
microhardness map is labelled ‘D’. These ATTH datints were not used to create the curve fit and

were not used for further analysis.

There was significant evidence that subcriticatesohg had occurred immediately adjacent to
the Ag line. This was significant because the weld hatdfailed in the softened zone. The width of the
TB136 S-SC region was measured using the proftieveas found to be approximately 1.8 mm wide; this
measurement was made from the, e to the location where the profile curve fiogped below the
welded BM ATTH. This was smaller than the softezede width from the highest heat input (TB88)
weld from Experimental Series 1. This supported bHelief that the microstructural regions were
narrower for similar relative heat input welds theatre made onto the thicker 1.80 mm DP600 ‘16séthe
steel. From the profile, a decrease in ATTH wasasuead and found to be approximately 12 VHN when
compared to the welded BM average hardness; théssivailar to the highest heat input (TB88) weld

from Experimental Series 1.
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The IC region showed a significant spike in hardnedhis was similar to the welds from
Experimental Series 1 and was most likely due toiremease in martensite percentage. The peak
hardness in this region was measured and founé &pproximately 30 VHN higher than the weld BM

average hardness.

From the observations that were made for this stiaywelds that were made onto the 1.80 mm
DP600 ‘24s’ sheet steel appeared to be very sirtoldhe welds made onto the 1.65 mm DP600 ‘16s’
sheet steel from Experimental Series 1. The ndniivh composition of both steels was similar, the
measured BM martensite percentages were similat,tla@ Vickers microhardness maps and average
through-thickness profiles were similar. Thegsmilgirities suggested that the failure mechanisningur
uniaxial transverse weld tensile testing was m&styl similar and that a combination of a high heess
in the IC region and support from the H-SC regionld have prevented failure within the S-SC. This
study also provided evidence that a relatively sriradrease in sheet thickness had increased the
likelihood for a BM failure location to occur dugruniaxial transverse weld tensile testing. Tlozease

in sheet thickness represented a more favourabief@aheat dissipation away from the weld zone.

Shift in Failure Location: Differing DP Sheet Steel Strength

In this study, the failure mode of three DP shéeels with similar thickness and differing grades
of strength were compared in order to examine vérath not a shift of failure location would occuorin
a BM failure location to HAZ failure location dugnuniaxial tensile testing due to an increase & th
percentage of martensite in the BM. The steels weae used during this study were: the 1.20 mm
thick DP600 ‘22s’ sheet steel, 1.20 mm DP780 ‘Alset steel, and 1.20 mm DP980 ‘23s’ sheet steel.
Although the nominal thickness of these sheet steak 1.20 mm, the actual measured thicknesses were
found to be different. The DP600 ‘22s’ sheet sthal a measured thickness of 1.16 mm, the
DP780 ‘21s’ sheet steel had a measured thickneds2dfmm, and the DP980 ‘23s’ sheet steel had a

measured thickness of 1.18 mm. These differencebeet steel thickness were not ideal for theystud
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however, this difference was not considered sigaift when compared to the significant differences i

the percent area of martensite in the sheet stdel B

During this study, a shift in the DP welding opergtwindow (weldability) was observed by
comparing the failure mode of welded DP steel shéleat had similar sheet thickness and different
grades of strength. There was no expectationdeent a HAZ failure mode in the high strength DP780
or DP980 sheet steels; however, by comparisone®#®600 failure mechanism and weld HAZ hardness
properties, it was believed that some insight meventing higher strength DP steel HAZ fracturaldo
be established. The concepts developed during riexpetal Series 1 for a DP600 weld failure,
specifically the failure mechanism (brazed jointlagy) that was suggested, were compared with the
higher strength grades of DP steel. The diffeignaides of strength were associated with differing
percentages of BM martensite. Steel with a higirea fraction of martensite in the BM had a higher
strength. Individual martensite islands from egrhde of steel most likely had different chemical
compositions and potentially different morphologydamechanical properties; however, there was no

attempt to determine the mechanical propertieadifidual martensite islands.

The goal of this study was to create S-SC regidrsnoilar size and geometry that had different
prior BM percentages of martensitdhis would create different physical metallurgicainditions for
martensite tempering by increasing the percentdgmartensite (from steel to steel); this was the
mechanism that was used to shift failure locatremfthe BM to the HAZ.The geometry and size of the
S-SC was suspected to be a significant factordasing HAZ fracture during uniaxial tensile testiagd
it was expected that an S-SC region with a highiear BM martensite percentage would incur more

significant local softening and, therefore, be mikely to fracture in the S-SC region.

The 1.20 mm DP600 ‘22s’ sheet steel was also usabinpare with the 1.65 mm DP600 ‘16s’
sheet steel from Experimental Series 1 to obsesléfof failure due to the difference in sheatkhess

(similar to the study of the previous section)sstikomparison was used to observe a shift of failure
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location from BM to the HAZ due to a decrease ieestthickness. The 1.20 mm DP600 ‘22s’ sheet steel
had a significant difference in sheet thicknesswbempared to the 1.65 mm DP600 ‘16s’ sheet steel.
The 1.20 mm DP600 ‘22s’ sheet steel required a setwof welding parameters in order to make full

penetration bead-on-plate welds.

The new weld parameters that were used to makepé@uetration bead-on-plate welds onto
254 mm x 203 mm 1.20 mm DP600 ‘22s’ sheet stegbaos are shown in Table A.3. There were a total
of 6 bead-on-plate welds made. The weld paramdtershese 6 welds are shown along with the
calculated relative heat input, the percent roaiepration measurement, and the, Aad Ag HAZ half-
width measurements. Only two of the welds werasssectioned to measure the root penetration &nd th
HAZ half-widths. These two welds represented a hwat input (TB117) weld and a high heat input
(TB120) weld. The low heat input (TB117) weld Fackelative heat input of 119 J/mm and was measured
and found to have a percent root penetration dd%1.which satisfied the requirement for full root
penetration. This weld had an average R&Z half-width of 4.05 £ 0.55 mm. The high heaput
(TB120) weld had a relative heat input of 132 J/mand a measured root penetration of 119.4%. The
measured average AdAZ half-width was 4.85 + 0.10 mm. The relativeahéput difference between
these two welds was approximately 13 J/mm and trerage A¢ HAZ half-width difference was
approximately 0.80 mm. The two welds (TB117 and.Z® that were cross-sectioned and measured for
HAZ width were the only welds made onto 1.20 mm DP&2s’ sheet steel that were tested with an

uniaxial transverse weld tensile test.

The weld parameters that were established fromlth@ mm DP600 ‘22s’ sheet steel bead-on-
plate welds were used without modification to makailar welds onto 1.20 mm DP780 ‘21s’ sheet steel
coupons and onto 1.20 mm DP980 ‘23s’ sheet stagdats. The results for the 1.20 mm DP780 ‘21s’
sheet steel welds are shown in Table A.4 and thatsefor the 1.20 mm DP980 ‘23s’ sheet steel welds

are shown in Table A.5. The weld parameters aad:#iculated relative heat input are shown foo#ll
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Table A.3: The weld parameter sets that were used to make-drepthte welds onto the
1.20 mm DP600 ‘22s’ sheet steel.
Root Average Average
Weld Weld Parameters H,el Penetration Ac, HAZ Ac; HAZ
Code [Trim, TS, WFS, CTWD] [J/mm] %] Half-Width | Half-Width
[mm] [mm]
TB117 | [1.00, 25.4 mm/s, 127 mm/s, 143 mm] | 119 91.9% 4.05 3.41
TB118 | [1.05, 27.5 mm/s, 127 mm/s, 14.3 mm] 122 -—-- -—-- -—
TB119 | [1.10, 29.6 mm/s, 127 mm/s, 14.3 mm] 125 - - -——-
TB120 | [1.00, 28.8 mm/s, 169 mm/s, 14.3 mm] 132 119.4% 4.85 4.02
TB121 | [1.05,31.8 mm/s, 169 mm/s, 14.3 mm] 133 -—-- -—-- -—
TB122 | [1.10, 34.7 mm/s, 169 mm/s, 14.3 mm] 134 - - -——-

the welds. Only two welds were selected to besssestioned and measured for root penetration @pd A
and Ag HAZ half-width for each set of welds on the twdfelient DP sheet steels; these selected welds
were made with the same weld parameters as theteglevelds (TB117 and TB120) from the
1.20 mm DP600 ‘22s’ sheet steel. This selectimviged a high and low heat input weld to be used f
comparison during the study. For the 1.20 mm DPZ86’ sheet steel, the low heat input (TB130) weld
had a heat input of 116 J/Jmm. It was measuredf@mad to have a root penetration of 68.0% and an
average A¢HAZ half-width of 3.74 £ 0.11 mm. The root peraion was lower than the TB117 weld
because there was an increase in the measuredtisickaess of approximately 0.08 mm. The high heat
input (TB133) weld had a relative heat input of I33m. It was measured and found to have a root
penetration of 100.2% and an average, MAZ half-width of 4.51 +0.01 mm. For the 1.20 mm
DP980 ‘23s’ sheet steel, the low heat input (TB128)d had a heat input of 114 J/mm. It was measure
and found to have a root penetration of 67.8% andwerage ACHAZ half-width of 4.13 £ 0.12 mm.
The high heat input (TB126) weld had a heat ingut30 J/mm. It was measured and found to have a
root penetration of 101.4% and an averageA&Z half-width of 4.28 £ 0.07 mm. The TB126 wedidd

an Acl HAZ half-width that was lower than expecteds could have due to BM chemistry or this could

have been due to improper measurement, which isiesg later in this section.
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Table A.4: The weld parameter sets that were used to make-drepthte welds onto the

1.20 mm DP780 ‘21s’ sheet steel.

Root Average Ac; | Average Ac;

Weld Weld Parameters H,el Penetration HAZ Half- HAZ Half-
Code [Trim, TS, WFS, CTWD] [J/mm] [%] Width Width

[mm] [mm]
TB130 | [1.00, 25.4 mm/s, 127 mm/s, 14.3 mm)] 116 68.0% 3.74 3.17
TB131 | [1.05, 27.5 mm/s, 127 mm/s, 14.3 mm] 122 -—- -—-- -—--
TB132 | [1.10, 29.6 mm/s, 127 mm/s, 14.3 mm)] 122 - - -
TB133 | [1.00, 28.8 mm/s, 169 mm/s, 14.3 mm] 133 100.2% 4.51 3.86
TB134 | [1.05, 31.8 mm/s, 169 mm/s, 14.3 mm] 134 -—- -—-- -—--
TB135 | [1.10, 34.7 mm/s, 169 mm/s, 14.3 mm)] 136 - - -

Table A.5: The weld parameter sets that were used to make-drepthte welds onto the
1.20 mm DP980 ‘23s’ sheet steel.

Root Average Average
Weld Weld Parameters Hel Penetration Ac, HAZ Ac;HAZ
Code [Trim, TS, WFS, CTWD] [J/mm] %] Half-Width | Half-Width

[mm] [mm]

TB123 | [1.00, 25.4 mm/s, 127 mm/s, 143 mm] | 114 67.8% 4.13
TB124 | [1.05, 27.5 mm/s, 127 mm/s, 14.3 mm] 118 -—-- -—-- -—
TB125 | [1.10, 29.6 mm/s, 127 mm/s, 14.3 mm] 123 -—-- -—-- -—
TB126 | [1.00, 28.8 mm/s, 169 mm/s, 14.3 mm] | 130 101.4% 4.28
TB128 | [1.05, 31.8 mm/s, 169 mm/s, 14.3 mm] 136 -—-- -—-- -—

Example images that were used to measure the HAZnsions for the welds TB117, TB130,
and TB123 are shown in Figure A.20. There was etaild microscopic analysis performed on the
microstructure in the HAZ's of these welds; the moatructure was only required for HAZ measurement.
The Ag line and Ag line are labelled for each cross-section. The ariag-igure A.20a was the low heat
input (TB117) weld that had been made onto the @0 DP600 ‘22s’ sheet steel. A sample
measurement is shown for the ;AdAZ half-width, which was found to be 4.34 mm. €llmage in
Figure A.20b was the low heat input (TB130) weldtthad been made onto the 1.20 mm DP780 ‘21s’

sheet steel. A sample measurement is shown forAtheHAZ half-width, which was found to be
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(1.16 mm DP600 22s)

d

Weld TB117

(1.24 mm DP780 21s)

Weld TB130

(1.18 mm DP980 23s)

C

Weld TB123

Figure A.20: A comparison between three welds that were madetivt same weld paramete
but were on different sheet steels. The weld invay made on DP600 ‘22s’ sheet ¢
(2.26 mm thick), the weld in b) was made on DP7ABIs* sheet steel (1.24m thick), and th
weld in c) was made on DP980 ‘23s’ sheet steeB(fnfn thick). (2% Nital etch).

3.81 mm. A visual comparison between TB117 and 3iB4uggested that the TB117 weld HAZ was
wider. These two welds had been made with the semeé parameters and had a similar calculated heat
input; however, the TB130 weld was made on a thiskeet steel and therefore had a more effectitre pa
for heat dissipation that resulted in a narrowerZHAt was also observed that the TB130 weld had an

internal pore within the FZ. There was no optirtitza stage during the weld development for thiglgtu
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and so the TB130 weld was retained for furtherymisl The image in Figure A.20c was the low heat
input (TB123) weld that had been made onto the (@0 DP980 ‘23s’ sheet steel. The weld HAZ
macrostructure for this sheet steel was difficaltdentify and two distinct locations for the Aand Ag

lines were not established. The prominent diviean on the macrocrostructure was considered to be
the Ag line. A sample measurement is shown for the K&Z half-width, which was found to be

4.27 mm.

The six welds that were cross-sectioned and measaraveld HAZ dimensions were also used to
machine three uniaxial transverse weld tensile ispts. These specimens were loaded to complete
fracture and the failure location was observedr the 1.20 mm DP600 ‘22s’ sheet steel, the TB1X¥ an
TB120 weld were used to make tensile specimense |gW heat input (TB117) weld had one uniaxial
tensile specimen fracture in the BM failure locatand two fractures in the HAZ failure locationdahe
specimens are shown in Figure A.21; this weld vis@sanly weld in this study that had a BM fracture.
From the image, all of the DP600 ‘22s’ tensile spens typically fractured at an approximate andle o
24° to the specimen gauge width. The high heattifpB120) weld uniaxial tensile specimen failed
100% of testing in the HAZ failure location. Fbet1.20 DP780 ‘21s’ sheet steel, the TB130 and BB13
weld were used to make tensile specimens. Alhefdpecimens that were machined from both of these
welds fractured in the HAZ failure location, an@ tspecimens from the low heat input (TB130) wekl ar
shown in Figure A.22. From the image, the DP785*2ensile specimens appeared to fracture parallel
to the specimen gauge width. For the 1.20 DP988’ ‘8heet steel, the TB123 and TB126 weld were
used to make tensile specimens. All of the spetsrtbat were machined from both of these welds
fractured in the HAZ failure location, and the spsens from the low heat input (TB123) weld are show
in Figure A.23. From the image, the DP980 ‘23sisile specimens appeared to fracture paralleldo th

specimen gauge width.
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Figure A.21: The low heat input (TB117) weld tensile specimemsnf the 1.2Gnm DP60!
‘22s’ sheet steel are shown after they were loaddrhcture. The welevas observed to havi
mixed failure mode.

Figure A.22: The low heat input (TB130) weld tensile specimemsnf the 1.2Gnm DP78I
‘21s’ sheet steel are shown after they were loddddacture. The welavas observed to ha
100% HAZ failure.

Figure A.23: The low heat input (TB123) weld tensile specimemsnfthe 1.20nm DP98I
‘23s’ sheet steel are shown after they were loddddacture. The welavas observed to ha
100% HAZ failure.
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The uniaxial transverse weld tensile ‘stress vapldcement’ results for the low heat input (TB117,

TB130, and TB123) welds for each of the sheet stee¢ plotted in Figure A.24. The ‘stress vs.

displacement’ results for unwelded BM uniaxial iEnspecimens are also shown. There was verg littl

change between the UTS of the welded and unweld®@im DP600 ‘22s’ sheet steel uniaxial tensile

specimens. The curve that is shown was from aimeecthat fractured in the HAZ failure location.

Similarly, there was very little change between tH&S of the welded and unwelded 1.20 mm

DP780 ‘21s’ sheet steel uniaxial tensile speciméhis; was unexpected and it suggested that a BM

failure location may be possible by adjusting teergetry of the welded DP780 ‘21s’ S-SC region. The
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Figure A.24: A comparison between the uniaxial tensile specirsass vs. displacem
results for the low heat input welds and their esponding unwelded BM uniaxial ten:
specimen stress vs. displacement results.
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1.20 mm DP980 ‘23s’ sheet steel was observed te hasignificant loss of strength. The UTS that was
measured from welded tensile specimens was weallbet28%) the UTS of the parent steel. All of the
welded specimens appeared to have decreased tgudtitre was less diffuse necking prior to strain
localization. The amount of diffuse necking desezhas the strength grade of DP steel increasiad; th

was true for both welded and unwelded tensile speas.

Extended cross-sections were cut from the low gaut (TB117, TB130, and TB123) welds.
These cross-sections were taken to ArcelorMittafaBoo, Inc. [48] and were tested with a Vickers
microhardness map. These maps were meant to suppodata and trends that were observed on the

microhardness maps from Experimental Series 1.

The Vickers microhardness map for the low heat tinfB117) weld that was made onto the
1.20 mm DP600 ‘22s’ sheet steel is shown in Figh@s. The image that is shown in Figure A.25a
shows the extended weld cross-section, the locatidhe Ag and Ag lines, and the indentation grid
orientation. The grid orientation was not ideadl #nvas found that the cross-sectioned weld sarnate
a slight bend across its length. This bend hadt iledy formed when the sheet steel was sheared in
order to obtain the sample. Generally, weld samplere not taken at a close proximity to a shearing
location; however, there was limited weld zone a@dé¢ on the welded coupon to be used for cross-
sectioning and hence this sample had been rehatilede to a shearing location. The grid of indéonhs
did not follow the path of the bend in the sampld &ence the grid was not parallel to the shee¢®dg
The top line of the indentation grid was discongiduat the location that is marked ‘B’ on the image,
which was approximately 4 mm away from the, Aoe; further along the sample, this top line mfiénts
would have been too close to the sheet edge tanohtaalid measurement. This misalignment was
present in all of the indentation lines within gméd. There was no attempt to identify what thfeetfof a

misaligned grid would have on the microhardness.map
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Figure A.25: The microhardness map for the low heat input (TB1L20mm DP600 ‘22¢
weld HAZ. The image in a) shows the grid of indgians on the TB117 weld crosection an
b) shows the mapped microhardness.

The image of the microhardness map for the TB1&ldws shown in Figure A.25b. There was
significant evidence that softening had occurredcant to and below the Adine. From the map, the
softened zone was measured to be approximately inmmwidth; this distance was from the location
where uniform softening emerged to the;Ame. There was no visual evidence that subatitic
hardening was present in the weld sample. Theseewiaence that the weld HAZ above theg Aae had
significantly increased in hardness. This incremsbardness was suspected to have a similar effect
during uniaxial tensile loading that had been ad@r®d from Experimental Series 1. The hardened zone

in the IC microstructural region could have suppdrthe softened zone and limited diffuse necking
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around the S-SC region; this could have potentjatgvented localized necking in the S-SC and shifte
failure to the BM. There was no visual evidencat ttuggested that the misaligned grid of indematio
had affected the map result, i.e., the map was itgtiebly similar to the maps from
Experimental Series 1. Also, the indentation gmjgpbeared to have overlapped the central band of

hardened martensite, which is labelled ‘A’ on thepm

The ATTH was calculated for the TB117 weld HAZngsithe data from the microhardness map
and the profile is shown in Figure A.26. The fdeofivas fitted with a curve to visualize the gendrahd
that existed throughout the weld HAZ. The différezgions of hardness (IC, S-SC, H-SC, and BM) that
were identified on the average through-thickneskl ypeofiles from Experimental Series 1 are indicate
on the TB117 weld profile. The unwelded BM averagedness is also shown on the chart. The welded
BM region that was identified on the profile hadvey ATTH (~7 VHN) than the unwelded BM,; this is
indicated as ‘A’ on the chart. The welded BM, lddx ‘B’, had an approximate average hardness of
206 VHN. However, the hardness appeared to dexrgam approximately 208 VHN, at 9 — 10 mm
away from the Agline, down to 203 VHN, at 11 - 12.5 mm from the;Aice. This could have been
caused by grid misalignment that had been observédat distance from the Adine to the BM region

was measured and found to be approximately 9 mm.

There was evidence of hardening in the H-SC regibthe TB117 weld HAZ; it appeared to
correspond to unwelded BM average hardness. Mm@sea significant decrease in variance of the H-SC
ATTH at the location that is labelled ‘C’. Thiscé®n of the TB117 weld HAZ appeared to be
consistently above the average BM hardness. Toatitm where the top indentation line had been
discontinued was approximately 4 mm from the, Ae, and so it was within the H-SC region. The
consistency of the profile data that is labelled 6@ the profile appeared to change at approxirgatel
4 mm away from the Adine, and so the grid misalignment could potehtibhve caused a difference of
hardness in the H-SC region. The ATTH data thas wedatively consistent at the location ‘C’ was

approximately 10 VHN higher than the welded BM AT.TH
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Figure A.26: The average througthickness hardness profile for the lowest heattifpB117
weld that had been made onto the 1.20 mm DP600 &?2%t steel. Fowharacteristic regiol
of hardness (IC, S-SC, H-SC, and BM) were iderdifad are marked on the profile.

Compared to the welded BM average hardness, thaseminimal evidence of softening in the
S-SC region of the TB117 weld HAZ; however, a distidrop in average hardness was visible. This was
unexpected because during uniaxial transverse wadile testing there were HAZ fractures; this
suggested that the welded BM average hardness wasunmed to be lower than it actually veasl that
grid misalignment had likely skewed average harsimasasurements. The minimum average hardness
was approximately 203 VHN. The S-SC region was suesal to be approximately 0.7 mm in width
compared to the welded BM hardness and was 1.3mmmidth compared to the unweled BM hardness;

the true S-SC width likely fell within these limitsSimilarly, a range for the degree of softeningsw
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defined and the true value likely fell somewherdétween; the S-SC was 3 VHN softer than the welded

BM average hardness and was 11 VHN softer thaoriiaelded BM hardness.

The IC region was observed to have a significacteiase in hardness, which was similar to all
previous Vickers microhardness results. From thafilp, an increase in hardness compared to the

welded BM ATTH was measured to be greater thancqmately 40 VHN.

The microhardness mapping result for the low gait (TB130) weld that had been made onto
1.20 mm DP780 ‘21s’ sheet steel is shown in Figu&y. An image of the extended cross-section that
was used to create the microhardness map is showFigure A.27a. On the image, the grid of
indentations can be seen and the location of theaAd AG lines are indicated. Similarly to the grid
orientation that had been observed on the TB11d sainple, the TB130 weld was also misaligned. The
misalignment was caused by a slight bend in th&l wample cross-section. The bend was most likely
associated with the shearing step required to lhai sample. The location that is labelled ‘Adizates
where the top line of indentations was discontinuddhe internal pore that had been observed while

taking the HAZ measurements was also present srcthss-section, and is labelled ‘B’ on the image.

The image of the microhardness map is shown inrBigh.27b. From the image there was
significant evidence that softening had occurrethnS-SC region immediately adjacent to the k.
This region was measured using the map image &ppeoximately 1.5 mm.. This was larger than the
width measured for the TB117 weld. Both of thesdda had similar relative heat input, but becabse t
TB130 weld had been made on thicker sheet stegrdapnately 0.08 mm) it had been expected that
there would be a decrease in the width of the S€fibn. This suggested that the DP780 ‘21s’ sheet
steel composition or its higher martensite pergmtaad caused a larger S-SC region to form. Fr@m th
image there was some evidence of hardening in gpeoaimate location of the H-SC region, which is
labelled ‘C’. This location is also labelled orethmage of the cross-section, which shows thatdpe

line of indentations were discontinued approximamm away from this locationThis was important
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Figure A.27: The microhardness map for the low heat input (TB1B20mm DP780 ‘21¢
weld HAZ. The image in a) shows the grid of indgiuns on the TB130 weld crossetion an
b) shows the mapped microhardness.

because it suggested that the discontinuationeotdp line of indentations was not associated with
increase in hardness at this location in the HAAe grid of indentations appeared to have overldppe
with bands of hard and soft phases along the cefitbie sheet thickness as indicated by ‘D’. Theas
also a small section from the IC region of the wstructure that was represented on the map imagis.
region was observed to have a significant incréashardness, which was similar to the previous

microhardness results that had been observed ohthk DP600 sheet steels.

The ATTH profile for the TB130 weld is shown in Eig A.28. The same four regions of

hardness were identified in the TB130 weld HAZ.eTWTI'TH in the welded BM region was observed to
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have significant variability; grid misalignment magave caused variability of ATTH in the BM region.
There appeared to be a difference between the deddé@M ATTH and the welded BM region average
hardness as indicated by ‘A’. The welded BM hasdngas estimated to be approximately 246 VHN and
is labelled ‘B’ on the chart. The difference betwahe unwelded BM average hardness and the welded
BM region average hardness was approximately 8 VHNe welded BM region ATTH was used for
comparisons to the other HAZ hardness regionsomRhe profile, the location of the BM region was

measured to be approximately 7.5 mm to 9 mm away the Ag line.
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Figure A.28: The average through-thickness hardness profilehiiowest hat input (TB130
weld that had been made onto the In#t DP780 ‘21s’ sheet steel. Four characteristioore
of hardness (IC, S-SC, H-SC, and BM) were iderdifad are marked on the profile.

There was significant evidence of hardening inHR8C region of the TB130 weld HAZ. There

was a consistent peak of hardening that was obdentach is labelled ‘C’ on the profile. This peatas
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measured from the profile to have an average hasdimat was approximately 11 VHN above the welded
BM ATTH. This further suggested that an H-SC regias common in the weld HAZ of DP sheet
steels. The low heat input (TB130) weld had cdastty fractured in the S-SC region (100% HAZ
failure) and hence the presence of an H-SC regibmat prevent a HAZ failure location during uniali
transverse weld tensile testing; however, the Hr&@on may have helped support the S-SC during
loading and prevented a significant reduction & thTS. The belief was that the H-SC could prevent
HAZ fracture and/or improve joint efficiency if th®-SC was narrow enough to limit diffuse necking
across the boundary of these two regions of hasdngle presence of the H-SC region suggested that

there was potential to prevent a HAZ failure logatior welds onto the 1.20 mm DP780 ‘22s’ sheeatlste

There was significant evidence of softening in 838C region immediately adjacent to the Ac
microstructural line. The region was measured ftbenprofile to be approximately 2 mm in width. €Th
degree of softening was measured to be approxiyn2@VHN; this value was the difference in average
hardness between the welded BM and the lowest paitlhe S-SC trough. This degree of softening was
approximately 8 VHN higher than the highest hegiutn(TB88) weld that had been tested during
Experimental Series 1, which had also consistefiigtured in the HAZ. This was a significant
difference of softening when the welded DP780 ‘24lséet steel was compared to the DP600 steels
(degree of softening within range of 8 — 12 VHNIJhis suggested that welds that were made onto the
1.20 mm DP780 ‘21s’ sheet steel would require ahhmarrower S-SC region in order to prevent a HAZ
failure during uniaxial transverse weld tensiletiteg  The more significant softening value was mos
likely associated with the higher percent area drtemsite that was present in the prior BM

microstructure.

There was a significant increase in ATTH witklire IC region. This was similar to all of the
previous microhardness results and was most likeociated with an increased martensite percentage

within this region. The entire IC region was novered by the indentation grid and therefore it was
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difficult to measure a value for the increase imdhass. From the profile, the increase in ATTH was

measured to be at least 40 VHN.

The microhardness map for the low heat input (TB1®eld that had been made onto the
1.20 mm DP980 ‘23s’ sheet steel is shown in Figu9. The location of the Adine and the Agline
are indicated on the image. The grid of indentetivas observed to overlap with a section of thie we
FZ, which is labelled ‘A’ on the image. The exteddcross-section was observed to have a slight bend
that was most likely associated with a shearing ttat had been used to cut a section of the welld o

from the welded coupon. This bend caused a misakgt of the microhardness indentation grid and so

indentation lines through the weld HAZ were notgtiat to the sheet edges.

Uniform Softening Start Acl Ac3

(16002 NHA) ssaupieH

Distance to Acl [mm]

Distance to Sheet Edge [mm]

Figure A.29: The microhardness map for the low heat input (TB1220mm DP980 ‘23¢
weld HAZ.
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The image of the microhardness map is shown inrEigu29b. The indentation grid had covered
from the weld FZ, through the weld HAZ, and inte tivelded BM. The section of the map that had
covered the FZ is labelled ‘A’. The FZ was obsdrt@ have a hardness that was lower than the adjace
material in the weld HAZ and was lower than the Bisirdness. There was significant evidence of
softening in the weld HAZ; however, the lowest Imasis appeared to be located within the IC region of
the weld. This area of lowest hardness is labéBe@dn the map image. This was unexpected because
all previous DP steel weld HAZ's had exclusivelyeheobserved to have softening in the S-SC and had
significantly hardened in the IC region. The lézatof where uniform softening emerged was measured

to be approximately 4.7 mm from the Ame.

An analysis of the IC region microstructure frame fTB123 weld was made and an image of the
transition from the IC region into the supercritiGR region is shown in Figure A.30. On the imate,
approximate location of the Adine is shown. The Acline did not appear to be perpendicular to the
sheet edges; it appeared to be aligned with thededdary. The IC region had minimal evidencehef t
martensite islands that had existed in the prior. BNlhe majority of the IC region microstructure
appeared to be a ferrite matrix with small islaradscarbides, which was potentially renucleated
martensite; it could also have been martensite adt been autotempered during cooling. This could
explain the lower hardness that was observed imibeohardness map. The 1.20 mm DP980 ‘23s’ sheet
steel did not have significant additions of straagbide-forming alloying elements (Cr-Mo-V) thatnee
known to retard martensite decomposition [10]. sTthay have caused martensite decomposition to occur
in the IC region of the weld HAZ before the peakténperature was reached at that same location, i.e
the heat input from the front end of the weldingatig curve was sufficient to cause significant
martensite decomposition. Then, once peak IC testype had been reached, austenite nucleation would
occur around much smaller carbide islands instdaat the larger martensite islands of the prior BM.
The GR region was located by observing the ememgeficefined ferrite grains. Some refined ferrite

grains are labelled ‘A’ on the image. This regathe weld HAZ microstructure helped to locate the
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approximate location of the Adine. An indent that was used for the microhasdnmap is labelled ‘B’

on the image.

Figure A.30: Location of the transition from the IC region inttee supercritical GR regiahat
was observed in the TB123 weld HAZ. This weld Haeen made onto the 1.8Gm
DP980 ‘23s’ sheet steel.

The ATTH profile for the low heat input (TB123) ldethat had been made onto the 1.20 mm
DP980 ‘23s’ sheet steel is shown in Figure A.31culve was fitted to the ATTH profile. Based oe th
curve, five characteristic regions of average hesdrwere observed, which were: the FZ, the sugieadri

(SP) region, the IC region, the S-SC region, aredlBM region. There was no evidence of an H-SC

region.
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Figure A.31: The average througtmckness hardness profile for the lowest heattiffpB123’
weld that had been made onto the In#@ DP980 ‘23s’ sheet steel. Three characterisgioon:
of hardness (IC, S-SC, and BM) were identified arelmarked on the profile.

The welded BM region that was observed had an ATHad was similar to the unwelded BM
average hardness that was measured during the Bivhathrization. For comparisons to the other
characteristic regions of hardness in the TB123Iw&\Z, the uwelded BM region ATTH was used. The
location of the welded BM region was measured tatlee distance of approximately 8 — 9 mm away from

the Ag line. This was similar to the measurements thatewobserved in the DP600 ‘22s’ and

DP780 ‘21s’ sheet steels.

There was significant evidence of softening in $:8C region of the TB123 weld HAZ. The
S-SC region extended from the Aime to the BM region, and there was no H-SC regibserved. With

no evidence of an H-SC region, the width of theGS¢8gion was uninterrupted out to the BM region.
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The S-SC region was measured to be approximately9®mm in width. This was larger than the
measurement of 4.7 mm that had been made usingntge of the microhardness map; however, the
location where uniform softening emerged was preserthe curve at approximately 4.7 mm; it appeared
on the curve as an inflection point and is labelked The wider S-SC region was believed to be =l

by the removal of alloying elements (Cr-Mo-V) frdime BM compaosition; similar to the reasoning for
softening in the IC region mentioned above. Thek laf an H-SC region in the TB123 weld HAZ
suggested that these alloying elements could haused the emergence of the H-SC regions that were
observed in the other DP steels that did have thksgng elements in their nominal compositionheT
degree of softening in the S-SC region was meaduoedthe chart to be approximately 115 VHN. The
minimum ATTH that was measured in the S-SC regaintife Ag line) was approximately 215 VHN;

however, this was not the softest region of the ZB&eld HAZ.

The IC region of the TB123 weld HAZ was observediave lower ATTH than the S-SC region,
and it had the lowest average HAZ hardness. Thedi®n trough is marked ‘B’ on the plot. Softemin
in the IC region had been observed by Biro and[Bégfor a similar lean chemistry DP sheet stekhis
region was measured to have a minimum ATTH of agprately 200 VHN and therefore the absolute
degree of softening for the TB123 weld HAZ was appmately 130 VHN. This also extended the width
of the softened region of the weld HAZ to approxieha9 — 10.5 mm. This suggested that the softened
region of the low heat input (TB123) weld made omte 1.20 mm DP980 ‘23s’ sheet steel was
approximately 8 mm wider and over 100 VHN softeartteither of the welds that were tested for the
DP600 ‘22s’ or DP780 ‘21s’ sheet steels. Thesastaulbial differences suggested it would be difti¢al
create a narrowed softened region using the GMAWER process (due to its relatively high heat ipput
and that a narrowed softened region would mostylike insufficient to eliminate a HAZ failure ingh

1.20 mm DP980 ‘23s’ sheet steel (due to the sutiatategree of softening).

The SP and FZ regions were grouped as a singlerregi the plot. The point that is labelled ‘C’

was the location where the grid of indentationget into the upper section of the FZ. Generttigse
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two regions were observed to have increased ATTlmnwtompared to the S-SC and the softened-IC
regions. The peak ATTH was measured to be appsaieimn 305 VHN. This value was below the

unwelded BM average hardness, and the differenédrH was approximately 25 VHN.

In general, this study confirmed that an increms®P sheet steel strength shifted the failure
location during uniaxial transverse weld tensilgtitey from a BM failure mode to a HAZ failure. The
increase in sheet strength was associated withcaease in the prior BM percent area of martenditee
1.20 mm DP600 ‘22s’ sheet steel was observed te haBM failure location during uniaxial transverse
weld tensile testing, and for the same weld heptitirand similar HAZ geometry and size, the higher
strength 1.20 mm DP780 ‘21s’ and 1.20 mm DP980’'‘8Bset steels failed 100% of uniaxial tests in the
HAZ. A higher degree of softening was measurethagercent area of martensite increased. Thss wa
an expected result of the study. The DP600 ‘228 BP780 ‘21s’ sheet steels were Cr-Mo DP sheet
steels and had narrow S-SC regions of microstradbaised on analysis from microhardness mapping;
both of these steels also had evidence that an He&06n existed in the DP weld HAZ. The DP980 ‘23s
sheet steel had no strong carbide-forming allogidditions of Cr or Mo and was observed to havedewi
S-SC region; this sheet steel had no evidence &f-8C region within the weld HAZ. This was the ynl
weld that had no evidence of an H-SC region andthadvidest S-SC region of all of the welds thateve
tested. This was also the only weld made onto alidet steel that was not a Cr-Mo DP sheet slidab
suggested that the Cr-Mo DP sheet steel compodiaohbeen a factor in reducing the size of the S-SC

region and creating an H-SC region in the weld HAZ.

A summary of the data from weld HAZ microhardnesgpmis shown in

Table A.6. The table includes all of the weldg tlvare analysed by using a microhardness map.
The DP steel grade and the measured sheet thictoressch weld are given, along with the relatieath
input, volume fraction of martensite (VFM) for th@se-metal, and the fracture location from uniaxial

transverse weld tensile tests. The following nfiemainess data is listed in the table: the BM ATTH
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(ATTH), the minimum ATTH from the HAZ, the degreésmftening, the softened zone width, the degree
of H-SC hardening, and the width of the SC regidie following is a general summary of the trends
that were observed. The degree of softening inertkas the DP strength grade increased; this was

directly related to higher area fractions of mastenin the prior BM. The DP600 welds, which adidh

Table A.6: Summary of the measured weld HAZ properties fordifierent strength grades of
DP sheet steel that were assessed using the nidn&ss maps and average through-thickness
hardness (ATTH) profiles.

Weld Code TB87 TB88 TB136 TB117 TB130 TB123

Measured Sheet
Thickness 1.68 1.68 1.75 1.16 1.24 1.18
[mm]

Steel Grade DP600 ‘169DP600 ‘16s’| DP600 ‘24s’| DP600 ‘22s’| DP780 ‘21s’| DP980 ‘23s’

Volume Fraction
of Martensite 78+14 78+14 74+15 7.7+2.( 20.2 £11.9456 £+3.5
[%0]

Hrel
[J/mm]

193 347 366 119 116 114

Uniaxial Tensile 1 BM,
Failure Mode 100% BM | 100% HAZ| 100% BM > HAZ
Welded
BM ATTH 198 198 196 206 - 214 246 330
[VHN]
Minimum HAZ
ATTH 192 188 185 203 226 200
[VHN]
Degree of
Softening 6 10 11 3-11 20 130
[VHN ar7H]
Softened Zone
Width 1.8 2.0 1.8 0.7-1.3 2 9-10.5
[mm]
Degree of H-SC
Hardening 5-10 6-15 9 2-14 11 N/A
[VHN arrn]
Subcritical Zone
Width 9-10 10-11 95-11 8-9 75-9 8-9
[mm]

100% HAZ | 100% HAZ
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approximately 7.5 — 8% martensite, had the lowestreke of softening, at approximately 6 - 10 VHN.
When the area fraction of martensite was increase2D% by welding onto DP780 ‘21s’ sheet steel,
softening increased to approximately 20 VHN. WaddiDP980 sheet steel, which had the highest
percentage of martensite at approximately 46%,eos®d the degree of softening dramatically to
130 VHN. The degree of softening also increaseti@selative heat input increased. The low het
(TB87) weld, which had been made with a weld heptif of 193 J/Jmm, had softened by approximately
6 VHN. When the heat input was increased to 3gimlfor the high heat input TB88 weld or to
366 J/mm for the TB136 weld, the DP600 materiatesafd by approximately 10 VHN. The minimum
hardness for the TB123 weld HAZ, which was a DP9B68et steel weld, was lower than the minimum
average hardness both for the TB117 DP600 ‘22sdw#Z and the TB130 DP780 ‘21s’ weld HAZ.
These welds were made with similar relative heptiiron similar sheet gauge thickness. This sugdest
that after GMAW-P welding heat input, the 1.20 mi9B0 ‘23s’ sheet steel was a weaker joint than the

welded DP780 ‘21s’ sheet steel and became a colripgaint to the welded DP600 ‘22s’ sheet steel.

A direct comparison between the SC width for theeTB TB130, and TB123 welds showed that
BM hardness emerged at approximately the samendestaom the Acline. These welds had been made
with similar heat input and they each had simiteeet thickness, therefore, this met with the exqint

that the relative width of the HAZ would also bm#dar.

As mentioned above, only the Cr-Mo DP sheet ste#tlsvhad an H-SC region, i.e., all of the
welds except for weld TB123. There did not appwabe any difference between the amounts of
hardening that existed in these welds. There weoeexplanations developed for why the H-SC region
had emerged in the HAZ. The first explanation &t secondary hardening had occurred due to
martensite tempering. As mentioned in the sectiimve, it was believed that hardening may have bee
caused by strong carbide-forming alloys like CMar. From the literature, tempering has been shimwvn
increase the YS of alloyed DP steels [23,25,27(0%Bd that increased YS was potentially related to

carbide precipitation within a martensite body. riDg tempering, DP steels that contain these alloys
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have been shown to have secondary hardening atratedsevated temperature [10]; temperature ranges
depend on the alloy addition. This could have edube formation of the H-SC. However, the degfee o
H-SC hardening for each weld was similar. It waspgated that if tempering was the cause of the H-SC
then there should have been more significant hamgen the DP780 ‘21s’ sheet steel. This steel had
higher area fraction of martensite and, thereftirete would have been more islands of martensée th
had hardened; this should have caused a higheea@®drhardening. Likewise, welds on DP780 had a
higher degree of softening for the same reasone Sdtond explanation was that thermal expansion
during welding had plastically deformed the matdhat was adjacent to the weld; the coupons had be
heavily clamped and would have resisted. Thisanation had not been considered further, but coald
tested by measuring the hardness of an HSLA weloh iPhase 2 welding trials with a microhardness
map. If an HSLA weld did not have an H-SC, thecoitild be concluded that plastic deformation had no

caused hardening in the DP sheet steel welds.
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Appendix B

HSLA ‘17s’ Joint Efficiency Study

245



To conclude the weld procedure development, thet jefficiency of the selected welds from
Phase 2 welding trials that had been made ontorirBCHSLA ‘17s’ sheet steel was evaluated. The
welds were cross-sectioned and the HAZ microstraotas analysed. The cross-sections were measured
for HAZ half-width and then were taken to Arcelotdl Dofasco, Inc. [48] and were tested with
microhardness profiles to determine the nature ethmanical properties within the weld HAZ. The weld
parameters were then used to make bead-on-platis weto 254 mm x 203 mm HSLA ‘17s’ sheet steel

coupons. These welds were used to create tepsgiténsens for complete fracture testing.

An image of a typical cross-section from a GMAW-@ab-on-plate weldeHSLA ‘17s’ shee
steel is shown in Figure B.1The microstructural regions that were observethe HSLA ‘17s’ HAz
cross-section are labelled on the image. The dade& similar to the DP600 ‘16s’ welded crssstior
from Figure 4.4, which included: the fusion zone (FZ), the grgiowth (GG) region, the grain refin
(GR) region, the intercritical (IC) region, and thmsemetal (BM) region. The nature of 1
microstructure in each region was drtéfat than the DP600 ‘16s’ HAZ; however, the regiomse base
on the same principle that the steel had reacHéetalit peak temperatures throughout the HAZ ae
resulting microstructure could be to the binaryekfhase diagram in Figure 4.4 The image shown
Figure B.1 was from a full penetration weld crgsstion. The weld FZ had a ‘finger’ penetrationfibec
which was typical of GMAW-P streaming spray metahsfer. Large columnar graingre visible in th
FZ that had extended from the fusion boundary (®B)ards the weld centerline. The and Ag lines
are marked at the approximate location where therasiructure had appeared to changelhes:
boundaries were difficult to identify on macrosappnages. At the approximate center of the ICaegi
there was a macroscopically visible transiticom newly formed refined grains into larger graofsthe
BM. This line was visible on all of the welded ssesections, and is marked thie image as the ‘cent

IC region’.
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Figure B.1: A typical welded HSLA ‘17s’ sheet steel cras=setion showing the weld HA
The HAZ is labelled according to microstructurahpl boundaries that were observed.

The HAZ half-width measurements were made to thasnwscopic transition line and were described
an approximate distance from the weld centerlinghto Ag line. There was no visible evidence of
microstructural change at the location of the sitibaf (SC) region so it was excluded from the stadd

is not marked on the image of the cross-section.

Typical images of the microstructures that wereeoled at different locations throughout the
HAZ of a GMAW-P bead-on-plate welded HSLA ‘17s’ shateel is shown in Figure B.2. The image in
Figure B.2a shows the microstructure of the basim{M). The microstructure in this region was
observed to be a fine grained structure that ctawsisolely of ferrite. This region was immediately
adjacent to the Acline and, therefore, there were no visible miauagtiral changes within the
subcritical (SC) region. The image in Figure B.Pows the transition from the BM into the IC region.
The location of the Acline was marked where there was evidence in therostructure that refined
grains had formed, which are labelled ‘A’. Thessvly refined grains were much smaller than the fine
grained BM. These refined grains had formed duthéopeak temperature during welding rising above
the Ac temperature and into the IC region. At this terapge, austenite grains would have nucleated at

different initiation sites such as grain boundaaesl micro-carbides. The austenite grains reforased
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ferrite during cooling. Further into the IC regjahe temperature was higher and a greater nunfber o
austenite grains had formed, which caused an isergathe amount of newly refined grains [15]. The
upper boundary of the IC region was identified by timinishing presence of the larger fine graivad t

had existed in the BM, which are labelled ‘B’ oe image.

e

Figure B.2: The typical microstructure throughout the HAZ oH&LA ‘17s’ welded she
steel: a) the basmetal (BM), b) shows the intercritical (IC) regior), the transition from ti
grain refined (GR) to the grain growth (GG) regiand d) the weld fusion boundary (FB).

This microstructure made it difficult to accurgtedlentify the IC boundaries and therefore the
Ac; line and Ag line locations are only approximate. This mehat the accuracy of the HAZ half-width

measurements was diminished; however, the compabistween different HSLA ‘17s’ welds was good

if made to the approximate location of the;Aine. The presence of larger BM ferrite grainamthe Ag
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line was easier to identify than the first signsnefvly refined grains that were near the Aoe. This
was why the HAZ half-width measurement was takemmfrthe weld centerline to the approximate

location of the Agline.

The image in Figure B.2c shows the microstructheg tvas observed in the transition between
the GR region and the GG region. This area hadptaiely formed into austenite during welding. The
austenite at lower peak temperature had reformedrefined grains, which were similar to the refine
grains within the IC region. As the peak tempetincreased throughout these regions, the austenit
grains grew larger. This is indicated on the imagé an arrow that points from the smaller gramghe
GR region to the larger grains in the GG regionpokJ cooling, the grains transformed into different

forms of ferrite (polygonal and Widmanstatten),hwitinimal evidence of pearlite, bainite, or martens

The image in Figure B.2d shows the transition friiita GG region into the FZ. The fusion
boundary is labelled ‘FB’. Large columnar grainsrevobserved that had formed at the FB and extended
into the FZ to the right. These were directed talsdhe centerline of the weld FZ. Large priortanke
grain boundaries are labelled ‘AGB’ on the imaddese were located within the GG region of the HAZ
microstructure. These large grains had reformethgwooling with a layer of pro-eutectoid ferrdaethe
boundary. Within the large grain, there were tsagtdifferent forms of refined ferrite, Widmanséit

ferrite, and potentially some upper and lower haifi3].

HAZ Half-width Measurements

The selected welds from the Phase 2 welding toalshe HSLA ‘17s’ sheet steel were cross-
sectioned and the AHAZ half-width was measured. The results are showTable B.1. In the table,
the welds are in order from lowest relative hegauinto highest relative heat input. The smalle&ZH
half-widths were measured on the lowest heat in@lds, and it was observed that increasing theivela

heat input provided higher HAZ half-width measuretse This trend was expected and was similar to
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the trend observed from the DP600 ‘16s’ HAZ halfithi measurements. These welds were all relatively

close to full penetration.

Table B.1: Welded HSLA ‘17s’ sheet steel HAZ half-width mea=uents.

Root Average
Weld Weld Parameters H,e Penetration Ac; HAZ
Code [Trim, TS, WFS, CTWD] [3/mm] %] Half-Width
) [mm]
TB72 | [1.00, 19.4 mm/s, 169 mm/s, 14.3 mm] 197 96.19% 3.35
TB86 | [1.00, 20.3 mm/s, 212 mm/s, 14.3 mm] 218 90.7%  3.37
TB84 | [1.00, 23.3 mm/s, 254 mm/s, 14.3 mm] 226 82.2% 3.68
TB83 | [1.15, 22.4 mm/s, 212 mm/s, 14.3 mm] 271 81.8% 4.36

TB96 | [1.15, 19.1 mm/s, 169 mm/s, 14.3 mm] 298 1284l 454

TB97 | [1.15, 21.2 mm/s, 212 mm/s, 14.3 mm] 304 95.5%  4.77

TB79 | [1.25,19.1 mm/s, 212 mm/s, 14.3 mm] 342 192.8 5.29

The Ag HAZ half-width measurementwe plotted against their respective relative hgauts ir
Figure B.3. The HAZ hallvidth measurements formed a linear trend. A sinlileear trend for th
DP600 ‘16s’ Ag HAZ half-width measurements is included on therch@here was a difference betw
the HSLA ‘17s’ and the DP600 ‘16s’ Ac3 HAZ half-widmeasurements of approximatelyngh. Thi
difference was attributed to the difference in s$htbeckness and slight differences in the steelsg
diagram. The HSLA ‘17s’ sheet steel had a thickne$ approximately 1.86m, which wa
approximately 0.15nm thicker than the DP600 ‘16s’ sheet steel. Thémnt that for the same weld
heat input, the HSLA ‘17s’ sheet steel would hasted as a more effective path faat transfer than t

DP600 ‘16s’ sheet steel and therefore was not t&ffieas far into the BM.
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Figure B.3: The Ag half-width measurements verses relative heat inputhferHSLA ‘17s
sheet steel welds.
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Two example images of HSLA ‘17s’ welded cross-sewdithat were used to measure the HAZ
half-widths are shown in Figure B.4. The weld eeglnte, the Ag line, and the Acline are marked on

the images.

d

Weld TB72

Central IC
Region

b

Weld TB79

Figure B.4: Example images that were used for the HSLA ‘17geslsteeHAZ measuremen
of the half-width distances from the weld centexlio the Ag line. Shown is a) the lowest h:
input weld, TB72, and b) the highest heat inputdw@&B79.

The image in Figure B.4a shows a cross-section fifoenlowest heat input weld (TB72). A
sample measurement of thesAtAZ half-width for this cross-section is shown,ialhwas measured and
found to be 3.34 mm. The average; AAZ half-width for the TB72 weld was 3.35 + 0.16m The
image in Figure B.4b shows a cross-section takem the highest heat input weld (TB79). The average
Acz; HAZ half-width for the TB79 weld was 5.29 + 0.10rm The transition line within the IC region that
was visible on these macroscopic images is labétlutral IC region’. This line was easily idergd on
the majority of HSLA ‘17s’ weld cross-sections. dgd on the analysis of the HSLA ‘17s’
microstructure, this distinct macroscopic line vegproximately centered between the, Aoe and Ag
line; however, while measuring AEIAZ half-width, this line was used to approximéte location of the
Acs line.
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Microhardness Profile Results

The selected welds were taken to ArcelorMittal Bofa Inc. [48] and were tested with a

Vicker's microhardness profile. An example of pi¢gl HSLA ‘17s’ welded sheet steel microhardness

profile is shown in Figure B.5. The hardness waatively constant at locations within the BM regio

The BM hardness that is indicated on the profiles\vaa average value that was calculated with the
indentations that were at least 1 mm outside ofcdmral IC regions on either side of the weld HAZ.

Using these indentations, the BM hardness was fdande 141 + 6.1 VHN. The hardness increased
above the BM hardness at locations within the IR, @nd GG regions of the HAZ. This increase was
gradual and reached a peak at the FZ. These Hgidn® had most likely increased in hardness due to

the significant grain refinement that was obseraad due to the potential emergence of some bainite.

The FZ appeared to match the GG region hardneswasdignificantly higher than the BM hardness.
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Figure B.5: A typical microhardness profile of an HSLA ‘17s’ lded specimen.
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Transverse weld tensile Tests

The 7 selected welds from the Phase 2 weldingtvaire used to make bead-on-plate welds onto
254 mm x 203 mm HSLA ‘17s’ sheet steel coupons.esEhwelded coupons were used to machine
uniaxial transverse weld tensile specimens. Thsileespecimens were used for uniaxial tensilérgso

complete fracture.

The results from the uniaxial tensile tests shothad for all of the seven selected weld parameter
sets from Phase 2 welding trials, 100% of the ualdensile tests failed in the BM. An exampletlos
failure type is shown in Figure B.6. The specirsown in the figure was from the welded coupon that
had used the highest heat input weld parametergq)IBThe BM failure location typically had fraceur
planes that were perpendicular to the loading tamcor to a maximum angle of approximately 22°

offset from the specimen cross-sectional plane.

Figure B.6: All of the HSLA ‘17s’ welded tensile specimens &l within the baseaeta
during uniaxial tensile testing. The image shomeshighest heat input weld (TB7@) illustrate
this type of weld failure.

These uniaxial tensile testing results suggedtetl 100% joint efficiency had been achieved.
There were no observations from the tests that weed to classify the HSLA ‘17s’ welds that reqdire
further study. The HSLA ‘17s’ sheet steel weldtrigls had not provided a transition of failure ation

in welded uniaxial tensile specimens and therefaee not studied further.
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Appendix C

Summary of Results
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From this study, the following observations weredma

M The DP steel sheet did not have a uniform homogen@aicrostructure, but exhibited
bands of varying composition and hardness par&dighe rolling direction, especially
down the center of the sheet, which was primarilg tb macro-segregation in the original
rolling ingot. This was especially true in the 3®m DP600 sheet steel, where
appreciable amounts of bainite/carbide had formatieé BM microstructure. This made it
difficult to obtain consistent microhardness pidilin the horizontal direction through the
BM, HAZ, and weld metal. Microhardness mappingl dhe use of ATTH helped to
alleviate the problems associated with variabilitythe microhardness profiles due to
variability in the parent steel microstructure.

M The 1.65 mm thick and the 1.80 mm thick DP600 ‘18®et steel could be welded with a
full penetration bead-on-plate weld from a GMAW-RIlding process and achieve 100%
BM failure during uniaxial transverse weld tendiésting and retain the DP600 design
UTS.

M Welded DP600 tensile specimens that fracturederBil failure location during uniaxial
transverse weld tensile testing were consisterilseored to have a softened region of
microstructure located in the GMAW-P weld HAZ. Theftened region for BM failure
mode welds was always located immediately adjatetite Ag line (location where the
microstructure had been elevated to a temperatheyevaustenitization initiated) in the
subcritical (SC) microstructural region (occurretl tamperature just below the Ac
temperature). This was an unexpected finding of the study becaofiening had been
cited in the literature as the cause of HAZ fraetur

M Welded DP600 tensile specimens that fracturederHAZ failure location during uniaxial
transverse weld tensile testing were consisteriiseoved to have a softened region of

microstructure located in the GMAW-P weld HAZ. Neak during uniaxial tensile testing
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was observed to localize in this softened regidhis was an expected finding of the study
because HAZ softening was known from the literatareeaken the joint at this location.
When the DP600 sheet thickness was increased ft6imim to 1.75 mm in thickness,
there was a shift from HAZ failure to BM failure rilug uniaxial transverse weld tensile
testing for similar relative heat input welds. Flsuggested that a small increase in sheet
thickness (~4%) could be welded with much higheathieput (~46%) and would retain
high joint efficiency.

Uniaxial transverse weld tensile specimens from GMR welded 1.20 mm, 1.65 mm,
and 1.80 mm thick DP600 sheet steels that fractureéde BM failure location and/or the
HAZ failure location were observed to have a miriefzange of UTS when compared to
the unwelded BM UTS. Welds of similar geometry, H#idth, and relative heat input
were observed to have more displacement after ikmthlnecking had occurred when
failure occurred in the BM when compared to thepldisement to failure that occurred
when the specimens failed in the HAZ.

The GMAW-P welded uniaxial transverse weld tensgecimens that were machined from
the 1.20 mm thick DP780 sheet steel were obsexvéadture in the HAZ failure location
in 100% of the uniaxial tensile tests and had matiohange in UTS when compared to the
unwelded BM UTS.

The GMAW-P welded uniaxial transverse weld tensgecimens that were machined from
the 1.20 mm DP980 ‘23s’ sheet steel were obsewédcture in the HAZ failure location
through 100% of uniaxial tensile testing and hasigmificant decrease (~28%) in UTS
when compared to the unwelded BM UTS.

The GMAW-P welded HAZ that was observed in the 6B thick DP600 sheet steel
consistently had an increase in hardness in theG@R, GG, and FZ microstructural
regions. The increase in hardness in the IC miarotral region was consistently

associated with an increase in percent area ofemgité in this region that was caused by
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the formation of renucleated martensite. The rlzated martensite had formed when that
region of microstructure had been elevated to teatpees above the Adine and below
the Ag line.

The HAZ of the GMAW-P welded 1.65 mm thick DP60@shsteel always had a softened
region of microstructure in the subcritical zonemediately adjacent to the Adine.
Tempered martensite was identified in this regibmhe weld HAZ microstructure. The
size of the softened region for a weld that comsidy fractured in the BM, when compared
to the softened zone width from a weld that coesity fractured in the HAZ, was
relatively small (~10%) for the large differenceweld heat input (~45%).

The GMAW-P welded HAZ for the 1.80 mm thick DP6020 mm thick DP600, and
1.20 mm thick DP780 sheet steels were observedate imcreased hardness in the IC
region due to a visual increase in the percent afemartensite compared to the BM.
These steels were also observed to have a softegiedh in the SC microstructural region
immediately adjacent to the Abne.

The GMAW-P welded Cr-Mo DP sheet steels that weraysed using an ATTH profile
were observed to have a hardened subcritical (H4®Gjon. The H-SC was located
between the softened subcritical (S-SC) regiontaedBM region of the weld HAZ. The
H-SC was observed to be wider and have higher paadness for welds that were made at
a higher relative heat input.

The GMAW-P welded HAZ of the 1.20 mm thick DP98@sh steel was the only
non-Cr-Mo DP sheet steel in the study. It exhibite softened region that was located
across the IC and SC microstructural regions. Size of this softened region was
significantly larger than all Cr-Mo DP sheet stegllds that were analysed. The HAZ for
this welded sheet steel was not observed to ha«S& region and softening extended to

the BM region.
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M The fracture surface of the 1.65 mm thick DP60@sBkeeel that had fractured in the HAZ
failure location during uniaxial transverse weldd#e testing was observed to have greater
reduction of cross-sectional area than a weldhhbdtfractured in the BM failure location.
This was caused by increased material flow in tfeesed region of microstructure, which
led to the development of more significant tri-ds@ain prior to fracture.

M Both BM and HAZ failure modes were observed to havkmpled fracture surface and the
largest voids were associated with nucleation atosecond-phase incoherent particles
such as aluminum oxide particles introduced from gteel killing step during making of
the steel. Nucleation at the ferrite-martensitéerfiaces was observed immediately
adjacent to the facture surface (observation ofxeectioned samples) and was more
significant in welds that had fractured in the HAidring uniaxial transverse weld tensile
testing.

M The welded and unwelded BM fracture surfaces wesgally interchangeable. The HAZ
fracture surface was observed to have a greatectied of cross-sectional area and had
more numerous small shear tearing ledges.

M The SC region of welded DP steel, immediately a)atco the Agline, was consistently
observed to have lower percent area of martensienweompared to the BM. There was
visual evidence that this region contained temperadensite.

M HAZ half-width increased as welding heat input viagsreased. Intercritical (IC) region
width increased as welding heat input increased,atso decreased as sheet thickness
increased; the width of the IC region appearedeta lgood indication of the relative width
of the S-SC.

M The GMAW-P bead-on-plate weld HAZ of Cr-Mo DP shetetels exhibited four distinct
regions of hardness when analysed with an ATTHilerofThe four regions of hardness

were the BM, H-SC, S-SC, and IC.
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M There were no HSLA weld fractures associated withHHAZ or FZ through all of testing.
The HSLA design total elongation was slightly dimhed due to a hardened HAZ.
Hardness had increased above the BM propertieseimiicrostructural regions that had
been elevated to temperatures that were abovedhkind during welding. These were the
weld intercritical (IC), grain-refined (GR), graigrowth (GG), and fusion zone (FZ)

microstructural regions.
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