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ABSTRACT

In an effort to improve the fuel efficiency of automobiles, car designers are investigating new
materials to reduce the overall vehicle weight. Magnesium alloys are good candidates to
achieve that weight reduction due in part to their low density and high specific strength. To
support their introduction into vehicle body structures, the dynamic behavior of magnesium
alloys must be determined to assess their performance during a crash event. In this work, the
tensile high strain rate behavior of AZ31B magnesium alloy sheets was characterized. Two
different temper conditions were considered: AZ31B-O (fully annealed) and AZ31B-H24
(partially hardened). Three different sheet thicknesses were considered for the O temper
condition, 1.0, 1.6 and 2.5 mm, while the H24 temper was 1.6 mm in thickness. The sheet
condition of the magnesium alloys implies an in-plane anisotropy induced by the rolling
process. Therefore, both the rolling and transverse directions were investigated in the current

research.

In order to characterize the constitutive behaviour of AZ31B-O and AZ31B-H24 magnesium
alloy sheets, tensile tests were performed over a large range of strain rates. Quasi-static
experiments were performed at nominal strain rates of 0.003s”, 0.1s' and 1s” using a
servohydraulic tensile machine. Intermediate strain rate experiments were performed at 30s™
and 100s™' using an instrumented falling weight impact (IFWI) apparatus, and high strain rate
experimental data at 500s™, 1000s™ and 1500s™" was collected using a tensile split Hopkinson
bar (TSHB) apparatus. Elevated temperature experiments (up to 300°C) were also performed at

high strain rates using a radiative furnace mounted on the TSHB apparatus.

The tensile experiments show a significant strain rate sensitivity of the constitutive behavior of
both the O and H24 temper conditions. The two tempers exhibit an average increase of stress
level of 60-65 MPa over the range of strain rates considered. As the strain rate increases, the
strain rate sensitivity of both tempers also increases. The strain rate has a different effect on the
ductility of the two material conditions. The ductility of AZ31B-O is significantly improved
under high strain rate deformations, whereas the AZ31B-H24 exhibits similar ductility at low

and high strain rates.
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Both material conditions presented a strong in-plane anisotropy, with an average stress level in
the transverse direction higher than in the rolling direction by 15 MPa and 35 MPa for the O
and H24 tempers, respectively.

The thermal sensitivity for both tempers at high strain rates was obtained. The two material
conditions exhibit a clear thermal softening. From room temperature to 250°C, the loss in
strength at 5% plastic strain was found to be 55 MPa and 125 MPa for the AZ31B-O and
AZ31B-H24 materials, respectively.

The thickness of the AZ31B-O sheets has a mild effect on the measured constitutive behavior.
The flow stress increases with increasing thickness. An average difference of 10-15 MPa was
seen between the flow stress of the 1.0mm and 2.5mm sheets. However, similar strain rate

sensitivity was seen for the three thicknesses.

The experimental data was fit to three constitutive models: the Johnson-Cook model, its
modified version with a Cowper-Symonds strain rate sensitivity formulation, and the Zerilli-
Armstrong model. The three models were evaluated by numerical simulation of the TSHB
experiment under various testing conditions. It was found that the Zerilli-Armstrong model was
the most accurate in predicting the flow stress of the different material conditions. However,
finite element models incorporating the three constitutive fits failed to predict necking in the

specimen.
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1 INTRODUCTION

Automotive manufacturers are looking for ways to reduce the overall weight of vehicles to
improve their fuel efficiency, as well as their performances. More than 60% of vehicle weight
is due to the use of steel or cast iron in the body structure [1]. Currently in North America,
aluminum alloys represent 8% of the vehicle weight while use of magnesium alloys is quite
low with a contribution to the overall vehicle weight of only 0.3% [1]. However, due to their
low density and high specific strength, magnesium alloys are very good candidates to produce
lightweight vehicles. The United States Automotive Materials Partnership (USAMP) [1]
estimates that vehicle weight can be reduced by 290 lbs (131 kg) using magnesium alloys
instead of steel or aluminum alloys. Prior to the introduction of magnesium alloys in
automotive body structures, their performance during crash events must be known.
Deformation under a wide range of strain rates occurs during a car crash, with locally high
strain rate deformation within crash regions of the vehicle. Furthermore, finite element
simulations are widely used in the design processes to reduce the cost associated with safety
evaluation of structures. Good constitutive models should thus be available to accurately
predict the behavior of a vehicle during a crash event for example. Therefore, it is important to
study and be able to predict the high strain rate behaviour of magnesium alloys to support their

introduction into vehicle body structures.

Nowadays, AZ31 is the most common commercial magnesium alloy available in sheet form.
Rolled sheet offers a variety of technical and commercial advantages over cast products.
Indeed, forming processes, such as stamping, are faster than die casting, thereby reducing the
production cost of a stamped part. Unfortunately, due to their crystallographic structure and as-
rolled texture, magnesium alloys exhibit low ductility at room temperature and strong
anisotropy in their constitutive behavior. Therefore, elevated temperature stamping is needed to
produce magnesium alloy parts, which increases their production cost. Improvements in
magnesium alloy sheet are thus needed and the research interest on this activity has greatly
increased in the past few years [2]. Large research programs, such as the NSERC Magnesium

Strategic Research Network (MagNET), have been created to study several aspects of



magnesium sheets, such as: alloy improvements, solidification and casting properties, thermo-
mechanical processing, formability and high rate deformation, and joining properties of
magnesium sheets. The current research is a part of the NSERC MagNET within the

formability and high rate deformation theme.

The goal of the present research is to determine the high strain rate tensile behavior of AZ31B
magnesium alloy sheets. Uniaxial tensile experiments were performed on work-hardened
AZ31B-H24 and annealed AZ31B-O sheets. Three thicknesses of AZ31B-O were studied to
characterize the effect of thickness on its constitutive behavior. A large range of strain rate was
considered, from quasi-static experiments (at 0.003s™) to high strain rates (up to 1500s™). The
low strain rate experiments (0.003s” — 1s™) were performed on a classical servohydraulic
tensile machine. Intermediate rate experiments (30s’ — 100s™) were performed on an
instrumented falling weight impact apparatus, while the high strain rate tests (500s” — 1500s™)

were performed using a tensile split Hopkinson bar.

Parameters of three constitutive models were fit to the experimental data. The models
considered were the Johnson-Cook model [3,4], its modified version with a Cowper-Symonds
[5] strain rate formulation, and the Zerilli-Armstrong model [6-8]. These three constitutive
models are available in commercial finite element codes, such as LS-DYNA [9] which was
used to simulate the constitutive behaviour of AZ31B-O during the tensile split Hopkinson bar

experiments.

The remainder of this chapter presents a review of the literature pertinent to this research. This
includes: a review of the characteristics and properties of magnesium alloys, especially in their
sheet form; a brief review of material behaviour under high strain rate deformation, focusing
on AZ31; a discussion on the development and different configurations of the split Hopkinson

bar; and, a review of the Johnson-Cook and Zerilli-Armstrong constitutive models.



1.1 Magnesium Alloy Sheets

Among all elements, magnesium (Mg) is considered to be the 4™ most abundant element in the
Earth, following iron, oxygen and silicon [2]. Albeit largely available on Earth, magnesium has
a limited usage in industry. As illustrated by Figure 1.1, magnesium is primarily used as an
alloying component for aluminum alloys, 30% is used for die casting of magnesium alloys, and
only 1% is used for wrought products such as magnesium sheet. Among commercially

available magnesium alloys used in sheet production, AZ31 is the most common [10].

Principal fields of magnesium application (2000)
Worldwide shipments in 1999: 375,500 tons per year

o,
Aluminium alloys ﬁ Others 10%

45% —— Wrought products
(forgings, sheets, profiles)
1%

N Desulphurisation
of steel
14%

Reference: Hydro Magnesium \\— Mg-die castings 30%

Figure 1.1: Principal fields of magnesium application [10]

The main reason for the low usage of magnesium alloy sheet is that they exhibit poor
formability at room temperature [1,2,10]. However, their ductility is greatly increased at
temperatures above 200°C. Therefore they can be formed, but the elevated temperature
forming process increases the production cost. Several attempts to use magnesium sheet in
vehicle body structures have been made, such as the ultralight magnesium body prototype
developed by Allard in 1952 (Figure 1.2) with a total weight of only 64 kg [10]. But the low
cost and good formability of steel forced magnesium alloys to step aside for the last 50 years.
With increasing environmental concern, magnesium alloys have again became of interest to the
automotive industry. Magnesium alloy sheet also presents tensile properties similar to
conventional aluminum alloy sheet used for car body applications, as illustrated in Figure 1.3

[10].



Series sports car Allard (1952)

Car body out of Mg-sheet
(thickness: 1.3 to 2,0 mm); Global weight (incl. doors and bonnet): 64 kg

Figure 1.2: Car body developed by Allard in 1952 and made of magnesium sheet [10]
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Figure 1.3: Mechanical properties of different materials for car body construction [10]

Magnesium alloys have a hexagonal close-packed (HCP) crystal structure with a c/a ratio of
approximately 1.62 [11]. Therefore, only a limited number of slip systems are available to
accommodate plastic deformation. According to the von Mises-Taylor criterion [11,12], at
least five independent slip systems are needed to accommodate the arbitrary homogeneous
deformation of polycrystalline materials. At room temperature, magnesium alloys have only
four independent slip systems, and the remaining deformation is accommodated by twinning

[12-14]. The different slip systems in HCP materials are illustrated in Figure 1.4. At elevated



temperatures, additional slip systems become active, providing sufficient independent systems
to fulfill the von Mises-Taylor criterion [12-14]. This explains the clear improvement of

ductility at elevated temperatures.
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Figure 1.4: Main deformation mechanisms in magnesium crystals active at room temperature

(a,b and ¢) and thermally activated (d and e) [15]

As few slip systems are available to accommodate deformation, the constitutive behaviour of
magnesium alloys is strongly dependent on the orientation of their grains, known as their
texture [16-18]. The texture evolution of magnesium depends on the deformation applied to the
material. Thus, rolled material will have a different texture from extruded or cast parts [16-18].
Rolled magnesium alloy sheets show a strong basal texture, which means that the c-axis of the
grains are mainly oriented parallel to the normal direction of the sheet, as illustrated in Figure

L.5.



e

Figure 1.5: Schematic of grain orientation in rolled magnesium alloy sheet

This preferred grain orientation in magnesium alloy sheets creates a strong asymmetry in the
constitutive behavior between in-plane tension and compression. Lou et al. [12] performed in-
plane cyclic loading on AZ31B sheet. Their results can be seen in Figure 1.6, where (a) is a
cyclic loading starting with compression, and (b) is a cyclic loading starting with tension. The
strong tension-compression asymmetry can clearly be seen in the figure. The tensile part shows
a "concave-down" curvature, whereas compression has a "concave-up" curvature. The shape of
the compressive part is due to the onset of twinning occurring. One can notice that the tension
behavior is different if it occurs after compression or not. Tension following compression

shows an "S-shape" in the flow curve that is caused by a detwining process [12]. There is also

an asymmetry in the yield strength with a lower value in compression than in tension.
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Figure 1.6: Cyclic loading on AZ31B sheet [12]
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In addition to the asymmetric tension-compression behavior, Figure 1.6 also shows a strong
anisotropy in the sheet plane; once again this is due to the preferred grain orientations induced

by the rolling process [12].

Therefore, the constitutive behavior of AZ31 can only be determined after a given forming

process which corresponds to a particular texture of the material.

1.2 High Strain Rate Material Behavior

Most materials exhibit a different constitutive behavior under various strain rate deformations.
The strain rate sensitivity has been studied for an important number of materials, not limited to
metals, such as ceramics [19], polymers [20], concrete [21], or muscle tissue [22], for example.
For most metals, the flow stress has been shown to be linearly dependent on the logarithm of
the strain rate, at least for certain ranges of strain rates. In fact, three ranges are generally
accepted with three different log-linear relationships defined by different mechanisms
governing the plastic flow [23]. These three regions can be seen in Figure 1.7 for En3B Steel

[24].
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Figure 1.7: Effective tensile stress as a function of strain rate for En3B Steel [24]



Region I is governed by long-range obstacles to dislocation motion [24,25]. In region II, the
deformation is controlled by thermally activated dislocation motion, while regions III is
believed to be governed by drag mechanisms and relativistic effects [23]. Follensbee and
Weertman [26] showed that dislocation drag effects are not rate controlling at strain rates
below 10%™; therefore thermally activated dislocation motion can be considered as the
governing mechanism over the range of strain rates considered in the current research (0.003s™

—1500s™).

1.2.1 Thermally Activated Dislocation Motion

During plastic deformations, dislocations moves through the lattice. They continuously
encounter obstacles that make their motion more difficult. These obstacles can be solute atoms,
vacancies, grain boundaries, precipitates, or even other dislocations [23]. Energy is needed to
overcome these obstacles, and it can be provided either by an increase in the applied stress or
by random thermal fluctuations. Figure 1.8 shows a schematic of the stress required to
overcome short-range obstacles as a function of temperature. As seen in the figure, thermal
energy only can be sufficient to overcome these shot-range obstacles. However, there are long-
range obstacles that only depend on the structure of the material and can not be overcome by
thermal energy. The flow stress can therefore be decomposed into thermal and athermal
components [23]:
o = o, (structure) + o (T, &, structure) (1.1)
Fomce |
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Figure 1.8: (a) Overcoming of barriers by thermal energy; (b) stress required to overcome

obstacle as a function of temperature [23]



Based on statistical considerations for dislocations to overcome obstacles, the average strain

rate can be described by an Arrhenius equation, presented in Equation (1.2) [23], where &, is a

material constant, £ is the Boltzmann constant, 7" is the absolute temperature and AG is the
amount of energy provided by thermal fluctuations to overcome the obstacle.

. AG
E=¢, exp(— k_T] (1.2)

This equation can be transformed to express AG as a function of the temperature and the strain
rate, as seen in Equation (1.3). This equation is very important since it shows that the short-
range energy barrier is reduced as the temperature increases, but is increased by increasing
strain rate. Therefore, increasing temperature tends to soften the material, whereas increasing
strain rate strengthens it.

AG = len(é—_oj (1.3)
&

Lindholm and Yeakley [27] expressed the thermal energy AG as a function of stress in a linear
relationship and deduced a constitutive model exclusively based on thermal activation
presented in Equation (1.4), where AGy is the activation energy at 0 K and V is the activation
volume. In most cases, o and V" are taken to be functions of strain only [27].

oc=0 +AG° +k—Tlné—° 1.4
Ty v g (1.4)

In this equation, there is a logarithmic dependence of the flow stress on the strain rate, which

agrees with what can be seen in regions I and II of Figure 1.7.

1.2.2 High Strain Rate Properties of Magnesium Alloys

Most of the previous work on magnesium alloys has been focused on quasi-static deformation
to understand the effect of temperature and texture on their mechanical response. However,
some dynamic experiments have been carried on magnesium alloys, mostly on extruded and

cast material, and predominantly in compression.

Dominant deformation mechanisms at different strain rates have been studied for magnesium

alloys. Ishikawa et al. [28,29] performed some compression tests on cast AZ31 and AZ91



materials; and showed that deformation is mainly driven by dislocation creep for strain rates
lower than 0.1s™', whereas at higher strain rates the dominant mechanisms are dislocation glide
and twinning, even at elevated temperatures. Tan ef al. [30] confirmed these results and
provided tensile experiments for strain rate up to 10s™. They conclude that tensile deformations

are mainly controlled by dislocation glides, and not also by twinning as for compression.

Tan et al. [30] also showed that twinning in compression is still present at high strain rate and
elevated temperatures, whereas quasi-static deformations at the same temperatures are mainly
governed by dislocation glide. This results in different shapes of the true stress-strain curves, as
seen in Figure 1.9. One can also notice in the figure that under quasi static conditions, there is a
clear change of behavior between 473 K and 523 K data, which is explained by the existence
of a critical number of twins that controls deformations during the S-shape region of the curve
[30].
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Figure 1.9: Compressive true stress-strain curves at different temperatures and at strain rates of

107s (a) and 10s™ (c) [30]

Liet al. [31] and Mukai et al. [32] investigated the effect of grain size on the dynamic behavior
of extruded magnesium alloys ZK60 and WE43, respectively. Mukai et al. [32] performed
tensile experiments, while Li et al. [31] performed compressive tests. In both cases, they
observed an improvement of the ductility at high strain rate as the average grain size is

reduced, as seen in Figure 1.10. Li ef al. [31] also showed that at high strain rate, the

10



compressive ductility improves as the strain rate increases, as illustrated in Figure 1.11. This

result is also confirmed by El-Magd and Abouridouane [33] for extruded AZ80.
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Figure 1.10: Effect of grain size on the ductility at high strain rate of WE43 magnesium alloy

[32]. (The present author added the legend on the right.)
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All of the previously cited work was done on cast and extruded materials, very few studies
have been made on rolled materials at high strain rate. Tucker et al. [34] performed
compressive experiments on 19.05 mm thick AZ31B-H24 plate in different directions and at
high strain rates. They showed that in addition to a strong anisotropy of the material, the strain
rate sensitivity is also anisotropic, as seen in Figure 1.12. They also reported that as the strain
rate increases, the strain to failure increases for compression tests in the normal direction,

whereas it slightly decreases for the rolling and transverse directions [34].

400 4
w
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[
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Figure 1.12: Compressive true stress-strain curves of AZ31B-H24 showing the anisotropic

effect on the strain rate dependence [34]

Ulacia et al. [35] investigated the dynamic behavior of AZ31B-O sheets and its microstructural
evolution. They performed low and high strain rate tests (10°s™ and 10’s™) in both tension and
compression and at different temperatures. Tensile tests were performed on a Imm thick
material, whereas compression samples were machined from 3mm thick material. They
showed that even at high temperature (up to 400°C), the material has a clear anisotropy, as well
as a strong tension-compression asymmetry, as seen in Figure 1.13; whereas at quasi-static
rates, tensile and compressive behaviors are similar for temperatures higher than 200°C [35].
They explained this behavior based on the activation of non-basal slip systems rather than

twinning when the temperature increases at quasi-static rates, whereas twinning remains as
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more easily activated than non-basal slip systems under elevated temperature at high strain rate

conditions [35].
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Figure 1.13: True stress-strain curves of AZ31B-O at 10°s" and different temperatures for in-

plane tension-compression in the RD (a) and in-plane tension in the RD and the
TD (b) [35]

1.3 The Split Hopkinson Bar

1.3.1 Creation of the Apparatus

In 1914, Hopkinson [36] developed an apparatus to study the pressure pulse produced by the
impact of a bullet or by a detonation. His apparatus consisted of a round bar, a small pellet and
a ballistic pendulum. A schematic of this apparatus is given in Figure 1.14. The explosive and
the pellet are placed at each end of the bar. The pellet is made of the same material and has the
same cross section as the bar, and is initially in contact with it. During the experiment, the
explosive (A) creates a compressive pulse that propagates along the bar (B). When the pulse
reaches the pellet (C), a portion of it enters the pellet, causing the pellet to fly away from the

bar and to trap a part of the momentum generated by the detonation. The momentum of the
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pellet was measured by a ballistic pendulum (D). Hopkinson used pellets of different sizes to

measure the pressure-time relationship of the compressive pulse generated by the detonation.

Figure 1.14: Apparatus developed by Hopkinson in 1914 [36]

In 1949, Kolsky [37] modified this experiment and introduced the split Hopkinson pressure bar
(SHB) apparatus, and used it to determine the dynamic behaviour of several materials
(polythene, rubber, PMMA, copper and lead) [37]. Kolsky initially design the SHB for
compressive experiments. It comprises two bars of similar material and cross section. The
material that is tested is placed between the two bars. Kolsky determined the stress-strain
response of the material by analysing the transmission of a compressive pulse through the
tested material. He used explosives to create a compressive pulse and measured the stress
waves in each bar using condensor microphone. By assuming that the bars remain elastic, he
could directly relate the stress waves to the displacement of the bars. Nowadays, the pulse is
created by a striker bar propelled by a gas gun; and the pulse propagation through the bars is

recorded by strain gauges.

The SHB comprises three bars with similar characteristics: a striker, an incident bar and a
transmitted bar. During a test, the striker impacts the end of the incident bar, creating a stress

pulse that propagates in the bar. When it reaches the specimen, a part of the pulse is transmitted
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to the transmitted bar through the specimen, and the remainder is reflected back into the
incident bar. The duration of the loading pulse is controlled by the length of the striker since
the end of the pulse corresponds to the reflection of the elastic wave in the striker reaching the
interface striker-incident bar. Therefore the distance that this wave travels is approximately
equal to two times the striker length. A schematic of a compressive SHB can be seen in Figure
1.15, as well as a diagram illustrating the pulse propagation in the different parts of the

apparatus.

specimen

(=)0 Local Snapshot of
Stress Pulse

Figure 1.15: Schematic of a CSHB and propagation of elastic waves in the bars

To fully understand the principle of the split Hopkinson bar, stress and strain waves
propagation in the bar must be understood, as well as their possible application to determine

the constitutive behaviour of the tested material.

1.3.2 Elastic Waves in a Cylindrical Bar:

The Hopkinson bar theory is based on elastic waves propagating in a cylindrical bar. The
striker hits the bar and creates a longitudinal wave in the incident bar [23]. A cylindrical bar is
a bounded medium, so boundary conditions will be taken into account, i.e. only the axial stress
is non-zero. The following analysis neglects any strains or inertia along the direction transverse
to the bar. Such assumptions of the split Hopkinson bar analysis are discussed later in Section

1.3.4. The following derivations are taken from the text book by Meyers [23].
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Figure 1.16: Propagation of wave in bar produced by impact of the striker (q) prior to impact

and (b) after impact [23].

Considering two sections AB and A’B’ at the front of the wave at time t, as seen in Figure
1.16, Newton’s second law applied to AA’BB’ can be seen in Equation (1.5), where A4 is the
cross section of the bar, p is its density, oy is the axial stress in the bar and u, is the particle

axial displacement.

oo o’u
—|Ao, —Ao. +—= | |=Apdhk—F 1.5
[ x ( 8xj } poa— 5 (1.5)
Equation (1.5) can then be reduced to:
oo o’u
X = x 1.6
ox P o’ (1.6)

Considering that the material of the bar is isotropic and only the axial stress is non-zero, the
axial stress can be expressed using the one-dimensional Hooke's law as:

. = Ee, = 5 (1.7)
ox

Using Equation (1.7), Equation (1.6) can be expressed in term of displacement as:

0%u 0%u
E 6xzx =p X (1.8)
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Equation (1.8) is a wave propagation equation for the displacement field in the case of

longitudinal waves in a cylindrical bar. This wave propagates at a velocity of:
C,=.— (1.9)

A similar wave propagation equation can be obtained for the axial strain in the bar by taking
the derivative of Equation (1.8) with respect to x:

E82 ou,\_ 0° (0u, - Eézgx_ o, 10
ol ax ) Part\on o o (1.10)

Using Hooke’s law, the wave propagation equation for the axial stress is easily obtained from
Equation (1.10):
o’c oo
E—== S 1.11
ot o (1D

This analysis shows that during a split Hopkinson bar test, both the axial strain and stress are

propagating in the bar at the same velocity C.

Furthermore, the particle velocity V), can be related to the amount of stress or strain due to the
conservation of momentum. When the striker hits the incident bar, it creates a change in
momentum:

Fdi=d(mV,)

o, Adt = pAdxV,

o, = pZV"

o, =pCV, (1.12)
Using Hooke’s law and the expression of the wave velocity Cy, the particles velocity can be

simply expressed as:

V,=Ceé, (1.13)

1.3.3 Application to the Hopkinson Bar Apparatus

Even if elastic waves only occur in the incident and transmitter bars during a split Hopkinson
bar experiment (the specimen does yield), elastic wave theory can be used to determine the

constitutive response of the specimen.
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In the following analysis, all material properties or dimensions related to the bars are noted
with the subscript 0, and no subscript is used for the sample properties, dimensions, stress and

strain values.

The interfaces between the sample and the bars are studied to determine the stress and strain of
the specimen. These interfaces can be seen in detail in Figure 1.17, where py is the, Ej is the
Young's modulus, and 4 is the cross-section of the bars, A4 is the cross section of the specimen,

and L is its initial gauge length.

Er Vl V2 Er
= g —
>
' A, L
Po>Egs 4y Po>Egs 4y

Figure 1.17: Interface velocities and forces during a split Hopkinson bar test

Based on Equation (1.13), the particle velocities at each interface are given by Equation (1.14),

where ¢, ez and er are respectively the incident, reflected and transmitted strain waves at the

end of the bars.
Vi=C,\g, —¢ E
{ 1 o( 1 R) where C, = Ly (1.14)
V,=Coér Po
. : . Og V-V,
The strain rate of the sample is defined by & = 5 =7 and can thus be related to the
elastic waves in the bars using Equation (1.14):
. C
£="(g, —g,—&;) (1.15)
L
At each interface, the forces applied to the specimen are respectively:
F =40, =E,A,(g, +&)
{ 1 0~0/7 0 0\*s R (116)
F, = A0y = E,Ay&;
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If the specimen is at equilibrium, those forces are equal: Fi=F,=F. A relation between the
different strain waves at the end of the bars can be deduced using Equation (1.16) and the
equilibrium assumption:

& =& +&, (1.17)
Using this relation in Equation (1.15) gives a simplified form of the sample strain rate:

2,
L

f=—"0g (1.18)

Finally, the equilibrium condition along the sample gives the expression of the uniform stress
in the specimen:

F 4
azngoj)gT (1.19)

Equations (1.18) and (1.19) express the strain rate and stress history of the sample as a function
of the strain history at the end of the bars. The strain of the sample is obtained by integration of

the strain rate.

To summarize the previous analysis, the specimen stress, strain and strain rate histories can be

calculating using the set of equations presented in Equation (1.20).

o) = E, 22 2,(1)

f) =2 \/EgR (t) (1.20)

LY p,

2 |E, ¢t
e(t)y=——_|—| &,(t)dt
() Lw/pojo NG

1.3.4 Assumptions and Limitations of the Hopkinson Bar Analysis

Throughout the previous analysis, several assumptions were made and must be validated to be
used for a split Hopkinson bar test. First, the specimen was assumed to be at equilibrium
during the experiment. However, wave propagation through the specimen must also be
considered since the load is applied to only one end of the specimen. Davies and Hunter [38]
estimated that m reverberations of the stress wave in the specimen are needed to reach a

uniform stress state. The "ring-up time" . before equilibrium was estimated by Equation (1.21)
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[38,39], where p; is the specimen density, L, is its gauge length, and do/de is the slope of the

true stress-strain curve of the material tested.

. _ el

e dj (1.21)
de

As this ring-up time is necessary prior to being able to analyze the experimental data, it
becomes very difficult to determine the elastic behavior of the specimen and its yield strength.
Several techniques have been used to reduce the ring-up time. One of them is to reduce the size
of the specimen, as its length is proportional to the ring-up time [23]. Another method is to
increase the rise time of the incident pulse. This is done by using a "pulse shaper", which

consists in placing a soft metal shim between the incident bar and the striker [23].

Another assumption made during the split Hopkinson bar analysis is that the waves were only
propagating in one direction. During an actual impact between the striker and the incident bar,
several types of waves, such as spherical or surface waves, are generated and propagate at
different velocities in every direction [23]. Pochhammer and Chree [40,41] calculated the
solution to elastic wave propagation in an infinitely long cylinder, and proved that the
longitudinal stress varies across the section of the bar. Davies [42] applied their solution to the
SHB and found that the stress across the section of the bar was uniform after 10 diameters
distance along the length of the bar [42]. Therefore, if the incident bar is long enough, the

stress wave can be considered as a 1D wave, as described in Section 1.3.2.

Furthermore, the analysis presented in Section 1.3.3 refers to incident, reflected and
transmitted strain waves at the bar-specimen interface. Due to the superposition of the incident
and reflected waves, it is impossible to measure them independently at this interface.
Therefore, strain gages are used at different locations on the bars to measure the strain
histories. The direct use of these strain histories implied that stress and strain waves propagate
without distortion along the bars. Davies [43] showed that the propagation velocity of an
elastic wave is a function of the ratio between the radius R of the bar and the wavelength 4 of
the wave. As the incident pulse can be expressed as a sum of several waves with different

wavelength using its Fourier series, the overall shape of the pulse will be distorted as it
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propagates in the bar. However, the propagation velocity is equal to the sound velocity in the
bar for R/2<<1 [43]. Salisbury [44] used a spectral analysis on AA6061-T6 bars and found that
no dispersion or attenuation correction was needed. The current research uses split Hopkinson
bars with characteristics similar to those used by Salisbury [44], therefore the same assumption

was made.

1.3.5 Tensile Split Hopkinson Bar

The previous SHB analysis was given for compressive tests, but the SHB principle can be
applied to different loading states, including compression, tension, torsion [23], and even
complex loading tests such as three-points bending [45]. The compressive split Hopkinson bar
(CSHB) is the most used configuration due to its setup simplicity. The second most used is the
tensile split Hopkinson bar (TSHB), but there are several challenges that are the subject of
constant improvement, such as the quality of the incident tensile pulse generation and the

gripping of the specimen [23].

There are two approaches to generate a tensile load: using a modified version of a CSHB to
generate tension in the specimen; or directly generating a tensile pulse in the incident bar. The
first method was investigated by Lindholm et al. [46], who used a CSHB apparatus with a hat-
shaped specimen to generate tension, as seen in Figure 1.18. One advantage of this
configuration is that it doesn't need external components to attach the specimen, such as
threads, screw or glue. Therefore, it avoids possible wave dispersion associated with

mechanical gripping of the specimen.

[ Specimen
\K} NN N N i NN RGN,
Incident Pressure Bar Transmitter
Pressure Bar
F/;i\ TR N
S Y.

Tension

Figure 1.18: TSHB setup used by Lindholm [46]
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A second method using a CSHB setup was proposed by Nicholas [47]. He used a cylindrical
specimen threaded into the ends of the bar. He included a tight-fit collar between the two bars
and over the specimen, as seen in Figure 1.19. The collar was made of a similar material to the
bars to avoid any reflections created by a difference in material impedance. When the
compressive pulse reaches the specimen region, ideally the whole pulse travels through the
collar and is transmitted to the other bar. When it reaches the end of the transmitted bar, the
pulse reflects entirely as a tensile wave. On the way back, the pulse loads only the specimen in
tension since the collar is not attached to the either of the bars. This method requires a very
precise assembly, and many reflections and interactions can occur and affect the experimental

data [47,48].

BAR NO l/ BAR NO. 27

4%}@

'SHOULDER- SPECIMENS|
I!All
Figure 1.19: TSHB setup used by Nicholas [47]

Due to their specimen geometries, those two configurations can't be applied to thin materials
such as metal sheets. Mouro [49] proposed a CSHB configuration to test metal sheet in tension.
Mouro [49] used a configuration similar to the one proposed by Lindholm [46], but adapted to

metal sheets. A view of his setup and the specimen used can be seen in Figure 1.20.

b)
Figure 1.20: Details of the TSHB setup (a) and the tensile specimen (b) used by Mouro [49]
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Haugou et al. [50] proposed another CSHB configuration to provide indirect tensile load on the
specimen. His method is similar to the one proposed by Nicholas [47] and used the reflection
of the pulse in the second (transmitter) bar to load the samples in tension. To reduce the
dispersion caused by this method and the important transition of geometry associated with the
collar (Figure 1.19), he fixed the specimen on the outside of the bar, as seen in Figure 1.21.

Four specimens are attached to the setup using an epoxy adhesive.

FEpoxy adhesive —

b)
Figure 1.21: (a) Schematic and (b) picture of the TSHB setup for sheet used by Haugou [50]

Another widely used approach is to directly generate a tensile pulse in the incident bar using a
hollow striker that travels over the incident bar and impact an end cap threaded at the end of
the bar. This method is more complex to set up, as the striker and the gas gun surround the

incident bar, as seen in Figure 1.22.

Transmitted Bar . Incident Bar Striker End Cap
l Strain Gauges 1
. o
Specimen /
Gas Gun

Figure 1.22: Schematic of a directly loaded TSHB
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Several techniques were used to fasten the specimen in the grips. LeBlanc and Lassila [51]
used a wedge-type grip, while Kang et al. [52] and Huh et al. [53] used slots machined at the
end of the bars and fastened the specimen using screw. A similar technique was used by Smerd
et al. [54], Bardelcik et al. [55], Thompson et al. [56] and Winkler et al. [57] to characterize
the high strain rate tensile properties of sheets of aluminum alloys, boron steel, dual phase
steels and high-strength steels, respectively. However, this last technique implied a set of bar
for each material thickness, as the specimen should perfectly fit in it to provide a good
clamping pressure. A picture of the gripping technique used by Huh et al. [53] can be seen in
Figure 1.23. In more recent techniques, such as the one used by Verleysen and Degrieck [58],

the specimen is glued in the slot to avoid any distortion created by the screws.

——— e

Figure 1.23: TSHB setup for metal sheets used by Huh [53]

Staab and Gilat [59], and Gilat ef al. [60] used a so-called "direct-tension split Hopkinson bar"
technique to create the loading pulse. For this technique, a clamp is used in the middle of the
incident bar. The end part of the bar is then loaded in tension, the energy being stored in the bar
by the clamp. When the clamp is released, a tensile wave propagates from the clamp position
in the two half of the bar; their magnitude is then equal to half of the initial energy stored. A
schematic of this configuration and the wave propagation of the different waves in the bar can
be seen in Figure 1.24. This technique presents many advantages, the striker is not needed
anymore, and thus, there is no distortion of the incident pulse induced by the impact or the lack

of geometry match between the striker and the incident bar, as seen in Figure 1.25 where the
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incident wave is almost perfectly square. Furthermore, the duration of the loading is controlled
by the position of clamp on the bar and not by the length of the striker. And finally, the

magnitude of the incident wave can be precisely controlled by the amount of stored load

applied initially.
TIME
DISTANCE
APPLIED
SPECIMEN CLAMP
/ h LoA>
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Figure 1.24: Schematic and wave propagation diagram of the direct-tension split Hopkinson

bar [59]
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Figure 1.25: Incident wave created by the direct-tension split Hopkinson bar technique [60]
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1.4 Constitutive Models

Numerical modeling is a very important tool in the analysis of many industrial processes and
impact events, such as vehicle crashworthiness. In order to improve the accuracy of numerical
simulations, good material models are essential to represent the material's constitutive
response. Two of the most commonly used models for high strain rate deformation are the
Johnson-Cook [3,4] and Zerilli-Armstrong models [6-8]. They are widely used because of their
simplicity, which is essential to save computational resources large-scale in simulations, such
as car crash simulations. These two models take into account the effect of strain rate and
temperature on the constitutive behavior of the material, and can be used over a wide range of
temperature and strain rate. Therefore they were adopted in the current research and are

presented in this section.

1.4.1 Johnson-Cook

The Johnson-Cook model was introduced by Johnson and Cook [3,4] in 1983. This is an
empirical model that accounts for the effect of strain, strain rate and temperature on the flow

stress. The mathematical formulation of this model can be seen in Equation (1.22).

a=(A+Bg;)(1+Clng*)(1—T*’”) (1.22)

In Equation (1.22), o is the true stress, ¢, is the effective plastic strain, £ is the plastic strain
rate, and T " is a form of homologous temperature, defined in Equation (1.23). 4, B, n, C and m
are material constants that should be determined experimentally. £° is a dimensionless strain
rate defined in Equation (1.24), where &, is a reference strain rate that allows a dimensionless
expression in the natural logarithm, and permits different time units in finite element

simulations without modifying the other material constants.

* T_T')e
r'=—-7" (1.23)
Tmelt_Tref
e &
&= (1.24)
€y

The Johnson-Cook model is based on a power-law hardening relationship in the term relating

true stress to effective plastic strain (the first term in Equation (1.22)) and the material
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parameters A, B and n. The power-law relationship is then scaled by the second and third terms
of the model to take into account the increase of flow stress as the strain rate increases, and its
decrease as the temperature increases. Material parameter C controls the logarithmic strain rate

sensitivity, and m describes the exponential thermal softening.

When Johnson and Cook evaluated their model [3,4], they predicted the deformed shape of
cylindrical samples after Taylor impact experiments, which consists of the impact of a
cylindrical sample against a hardened anvil. The end of the cylinder deforms plastically in a
mushroom shape. A very wide range of strain rate deformations is involved in this experiment,
therefore correctly predicting the mushrooming of the cylinder assess the quality of the model
over this very large range of strain rates. They considered three different materials: Armco
iron, 4340 steel and Oxygen-free high conductivity (OFHC) copper. Numerical predictions
were in very good agreement with the experiments for Armco iron and 4340 steel. However,
the OFHC copper simulations were not as good as the other two materials, even if the

prediction was still acceptable [3].

As presented in Section 1.2, the log-linear strain rate dependency considered in this model is
only reliable for strain rates lower than 10%s™. As seen in Figure 1.7, a dramatic increase in
strain rate sensitivity can occur for strain rates higher than 10*s”. To model this behavior,
many modified versions of the Johnson-Cook model have been formulated. Kang et al. [52]
modified the strain rate expression of the model to include a second order logarithmic strain
rate dependency. The constitutive model formulation is given in Equation (1.25). Kang et al.
[52]performed tensile experiments on different sheet steels at strain rates from 107s" to
5000s™ and found a closer correlation between experimental and numerical results using this

modified form of the Johnson-Cook model.

o=(4+Berfi+Cme +C e Thi-1") (1.25)

Another widely used expression for the strain rate dependency of materials was introduced by
Cowper and Symonds [5] to model the high strain rate behaviour of mild steel, and is presented

in Equation (1.26), where gy is the static true stress, and C and p are material constants.
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1
)
o =0, 1_{5} (1.26)

The modified Johnson-Cook model with the Cowper-Symonds formulation is given by
Equation (1.27). The Cowper-Symonds model considers a power-law for the strain rate
dependency to capture the increase in the strain rate sensitivity as the strain rate increases.
o=(4+Bs 1{%? (1—T*’”) (1.27)
Schwer [61] compared numerical simulations performed on A36 steel using the classical
Johnson-Cook model and its modified version with the Cowper-Symonds strain rate

dependency. A clear improvement in the results was seen using the Cowper-Symonds model,

particularly for strain rates higher than 10°s™ [61].

1.4.2 Zerilli-Armstrong

Zerilli and Armstrong [6-8] developed a physically-based constitutive model, considering
thermally activated dislocation motions in metals. Zerilli and Armstrong originally identified
that dislocation interactions are different in BCC and FCC metals; thus, they developed two
different formulations depending on the crystal structure of the metal [6-8]. Their model takes
into account the strain, strain rate, temperature and grain size effects in an additive form. The
general formulation of the model is defined by Equation (1.28), where Gathermal and Gihermal are
respectively the thermally independent and dependent terms; and / is the average grain size of
the material.

oc=0

L+ O o T ELT? (1.28)

atherma therma
Zerilli and Armstrong [6-8] concluded that overcoming Peierls-Nabarro barriers, associated
with dislocation motions, was the principal thermal activation mechanism for BCC metals,
whereas dislocation interactions, and thus density, was the controlling mechanism for FCC

metals [6-8,62].
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They proposed thus two formulations for their model, given by Equation (1.29) for BCC
metals, and Equation (1.30) for FCC metals.

BCC: oc=0,+C exp(-C,T+C,TIng)+Cye" +kl™? (1.29)

FCC: oc=0,+Ce"exp(-C;T+C,Tné)+kl™? (1.30)

In these models, og, C;, Cs, C;, C4 Cs, n, k and [ are material constants that should be
determined experimentally. As seen in Equations (1.29) and (1.30), the Zerilli-Armstrong
model considers the work-hardening rate to be independent of temperature for BCC metals,

and that the yield stress is not affected by the temperature for FCC metals.

Zerilli and Armstrong [7] predicted the shape of cylindrical samples of OFHC copper and
Armco iron deformed by Taylor-impact experiments. They compared the predicted shapes with
the experimental data provided by Johnson and Cook [3,4] and obtained closer predictions,

especially for the OFHC copper, as seen in Figure 1.26.

CYLINDER iMPACT
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Figure 1.26: Numerical predictions and experimental shape of deformed cylinder of OFHC
copper after Taylor-Impact experiments [7]. The present author added the labels

and arrows
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In 1991, Goldthorpe [63] showed that BCC metals present a change in work-hardening rate,
mainly caused by adiabatic heating during large deformations at high strain rate. Goldthorpe
proposed then a modified version of the BCC Zerilli-Armstrong model, given by Equation
(1.31), where Cj is a material constant, and y(7) is the shear modulus at the temperature T. The
ratio of the shear modulus at the testing temperature and at room temperature is assumed to be

a function of temperature and can be modeled by a second order polynomial function [63].

§ : p u(T)

When Zerilli and Armstrong originally presented their model [7], they stated that the BCC
formulation was incomplete, since it doesn't account for deformation by twinning, which can
be important in BCC metals at high strain rate [7]. Therefore, they modified the Hall-Petch
term in their model by Equation (1.32) [64], where Nr is the average number of twins per
grain.

=0, +kI|(N, +1)7 -1 (1.32)

O

athermal

Holt et al. [65] used the Zerilli Armstrong model to predict the deformation of titanium during
Taylor-impact experiments. Even if titanium as a HCP crystallographic structure, it shows a
behavior close to BCC materials [65]. As twinning deformation is important in HCP metals,
they used the modification of the Hall-Petch term, seen in Equation (1.32), but they also
included a threshold stress value owin to account for twinning or not. They predicted the
deform shapes of titanium Taylor-impact cylindrical specimens and reported a significant

improvement in the predicted shape [65].

Zerilli and Armstrong [66] introduced then a constitutive relation for HCP metals, based on a
combination of their previous models for BCC and FCC materials. The HCP version of the

Zerilli-Armstrong model is given by Equation (1.33).
HCP: c=0,+kl’"’ +Bexp(—ﬂ0T+ﬂlTlné)+ Ag'"? exp(—a0T+a1T1né) (1.33)
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Once again, Zerilli and Armstrong [66] used predicted shape of Taylor-impact cylindrical
specimens to validate their models. They compared experimental and numerical results for

Ti-6Al1-4V titanium alloy and HY-100 steel; and got very good predictions for both alloys.

1.5 Current Research

Prior to the current research, high strain rate testing on magnesium alloys was mainly
performed on extruded and cast materials. Moreover, most of the studies on magnesium alloys
at high strain rates were performed in compression. Dynamic experiments on AZ31B-O
magnesium alloy sheet were only performed in tension at 1000s™ [35], and were used to
characterize the texture evolution of the sheet under various temperatures at high strain rates.
Therefore, one focus of the present research will be to fully characterize the constitutive
behavior of AZ31B-O sheet over a wide range of strain rates, from quasi-static to high strain

rates.

Furthermore, the dynamic behavior of AZ31B-H24 has only been investigated in compression
for plate material [34]. To the author's knowledge, no tensile characterization of this material
condition has been made under high strain rate conditions to date. Thus, another focus of the
present research will be to perform tensile experiments at high strain rates for AZ31B-H24

sheet.

The primary effort in this research, then, is to characterize AZ31B in the O and H24 tempers
over a very wide range of strain rates from 0.003 s to 1500 s™'. In addition, constitutive fits
using three commonly used high strain rate material models, the Johnson-Cook model, its
modified version with a Cowper-Symonds formulation, and the Zerilli-Armstrong model, are
undertaken. Finally, validation of the constitutive fits is performed by finite element

simulations of the actual experiments using these constitutive models.
The balance of this thesis is organized as follows. The experimental configurations and the data

analysis procedures used for the current research are described in Chapter 2 and Chapter 3,

respectively. Experimental results for the different materials are discussed in detail in
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Chapter 4, followed by the constitutive fit results presented in Chapter 5. Numerical
simulations of the tensile split Hopkinson bar experiments are given in Chapter 6. Finally,
Chapter 7 and 8 present conclusions from the current work and provide recommendations for

future work.
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2 EXPERIMENTAL METHODS

The strain rate sensitivity of AZ31B-H24 and AZ31B-O magnesium alloy sheets was studied
by performing quasi-static and high rate uniaxial tensile experiments. Three different
thicknesses were considered for the O-Temper condition and one available for the H24
condition was tested. Thermal softening was also studied by performing high strain rate

experiments at elevated temperature.

2.1 Materials and Experimental Conditions

Two different conditions of the AZ31B magnesium alloy were characterized as part of the
current research. AZ31B-H24 is a cold rolled and partially annealed material, and AZ31B-O is
a hot rolled and fully annealed material. The chemical composition of AZ31B magnesium

alloy can be seen in Table 2.1

Three different nominal sheet thicknesses were tested for the AZ31B-O material: 1 mm, 1.6
mm and 2.5 mm; while the H24 material was 1.6 mm in thickness. Tensile tests were
performed in both the rolling direction (RD) and the transverse direction (TD) of each

magnesium alloy sheet.

Table 2.1: Chemical composition of AZ31B magnesium alloy

Nominal Composition wt.%

Material
Al Zn Mn Ca Cu Fe Ni Si Mg

AZ31B  25-35 06-14 02-1.0 <004 <005 <0.005 <0.005 <0.05 Balance

To characterize the strain rate sensitivity of each material, uniaxial tensile experiments were
performed over a large range of strain rates, from 0.003s” to 1500s™. Elevated temperature
experiments at high strain rate, i.e. from 150°C to 300°C and at nominal strain rates from
500s" to 1500s™, were also performed to determine the thermal softening of the materials.
Elevated temperature experiments were only considered for the H24 and O material with a

thickness of 1.6mm.
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A complete test matrix can be seen in Table 2.2 for room temperature (RT) experiments and in
Table 2.3 for high temperature tests. At least three good tests were carried out at each condition
to ensure measurement repeatability. A total of 150 room temperature experiments and 60 high

temperature experiments were performed.

Table 2.2: Matrix of experiments performed at room temperature

MATERIAL NOMINAL STRAIN RATE (s
0.003 0.1 1 30 100 500 1000 1500
AZ31B-H24 RD| X X X X X X
1.6 mm TD X X X X X
AZ31B-O RD| X X X X X X
1 mm TD X X X X X X
AZ31B-O RD| X X X X X X X X
1.6 mm TD X X X X X X X X
AZ31B-O RD| X X X X X
2.5 mm TD X X X X X
Table 2.3: Matrix of experiments performed at high temperature
NOMINAL STRAIN RATE (1/s)
MATERIAL 500 1000 1500
150°C [ 250°C | 300°C | 150°C | 250°C | 300°C | 150°C | 250°C | 300°C
AZ31B-H24  RD X X X X
1.6 mm TD X X X X
AZ31B-0O RD X X X X X X
1.6 mm TD X X X X X X

2.2 Specimen Geometry

To avoid any geometrical effect from one test to another, the same sample geometry was used
for all of the different strain rate conditions. A schematic of the "miniature dog-bone"
specimen that was used can be seen in Figure 2.1. This geometry has been developed by Smerd
et al. [54] to perform high-rate tests on aluminum alloy AA5754. This geometry has a gauge
length of 12.5 mm which is small enough to ensure dynamic equilibrium during high-rate

experiments. Furthermore, at quasi-static rate (0.003s™), this geometry matches the behaviour
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obtained with ASTM samples up to the ultimate tensile strength (UTS) for various materials
such as aluminum [54,67] and advanced high strength steels [55-57,68]. This correspondence
was confirmed in the current work for magnesium alloys, as seen in Figure 2.2 for the two
magnesium alloys AZ31B-H24 and AZ31B-O. The data for the 25mm ASTM sample and the
current dog-bone samples agrees well up to the onset of necking (UTS) for both the O and H24

tempers.
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Figure 2.1: Specimen geometry (not to scale)
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Figure 2.2: Miniature dog-bone vs. ASTM specimen for AZ31B-H24 (a) and AZ31B-O (b) at

quasi-static strain rate

2.3 Low Rate Experiments

Low strain rate experiments were performed using a servo-hydraulic INSTRON 1331 tensile
testing device. The load cell used on this apparatus has a capacity of 25 kN. Specimen

displacement was measured using a £5 mm extensometer manufactured by INSTRON. The
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specimens were mounted in a pair of grips designed to match the thickness of the tested
material. The experimental set up can be seen in Figure 2.3. This assembly was mounted in the
INSTRON using vee-grips to align the specimen with respect to the loading axis of the
apparatus, which reduces the likelihood that bending loading will be applied to the specimen.

The cross-head velocity was set to 0.375 mm/s, 1.25 mm/s and 12.5 mm/s to obtain nominal

strain rates of 0.003s™, 0.1s™ and 1s™, respectively.

Figure 2.3:Quasi-static experimental setup

2.4 Intermediate Rate Experiments

2.4.1 Experimental Method

Intermediate strain rates were achieved using an IMATEK Instrumented Falling Weight
Impactor (IFWI). The apparatus and a schematic of the specimen region can be seen in Figure

2.4.
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Figure 2.4: IFWI apparatus and a schematic showing the specimen region

At the beginning of the experiment, the specimen is fastened between the upper and lower grip.
The upper grip is fixed and the lower grip hangs freely from the specimen. A striker falls from
a predetermined height and impacts the lower grip, which loads the specimen in tension. The
impact of the striker can create significant ringing in the force signal. RTV silicon pads are
placed on the lower grip to damp the impact and thus reduce the oscillations in the load signal,

as illustrated in Figure 2.5. However this also increases the rise time before achieving a

constant strain rate, as seen in Figure 2.6.
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Figure 2.6: Effect of damping pads on the displacement vs. time for AZ31B-H24

The load is measured using a KISTLER 9500A4 +30kN piezoelectric load cell at a sampling

rate of 200 kHz. The load cell is located directly above the upper grip.
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The lower grip is made of titanium alloy Ti-6Al-4V which is strong enough to withstand
repeated impacts without deforming plastically. The lower grip has a mass of 1.54 kg which
preloads the sample to 3.45 MPa for the 2.5 mm thick specimens to 8.63 MPa for the 1 mm
thick specimens due to the weight of the grip.

The elongation of the specimen is measured by an Enhanced Laser Velocity System (ELVS). A
schematic of the ELVS can be seen in Figure 2.4. The ELVS system is composed of a laser
that emits a diverging sheet of light. This sheet is then collimated by a plano-cylindrical lens to
make it parallel. A rectangular aperture ensures that the sheet has a fixed width of 25.4 mm.
The sheet is then refocused to a point by a convex lens and the intensity of the light is
measured by a high-speed PIN photodetector. The sheet of light is set so that it is partially
blocked by the lower grip at the beginning of the test. As the deformation occurs, the lower
grip moves downward and blocks more light, reducing then the intensity of light received by
the photodetector. The output voltage of the photodetector is then acquired and converted to
displacement after a calibration process. Over the range of the specimen deformation (< 3
mm), there is a linear relationship between the output voltage of the photodetector and the
displacement of the lower grip, as seen in the calibration curve in Figure 2.7. The ELVS has a

sampling rate of 200 kHz and a sensitivity of £0.01 mm.
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Figure 2.7: Calibration curve of the ELVS
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2.4.2 Temperature Rise

During each experiment, heat is generated from plastic work. The temperature rise in the
sample is then given by Equation (2.1). Typically 85% to 95% of the plastic work is converted
into heat [69-71]. An average value of 90% was used in the current research, which can be

expressed as = 0.9 in Equation (2.1).
AT = 5—1 o.d 2
pCJ. r4é, 2.1

Depending on the speed of the deformation, this heating is dissipated to the surrounding

apparatus through conduction or to the air through convection.

For the quasi-static experiments, the heat generated by the plastic deformations is quickly
dissipated and the deformation is considered to be isothermal. On the other hand, high strain
rate deformations are considered as adiabatic [69], i.e. none of the heat generated by the plastic
deformation has time to be dissipated by conduction or convection over the short duration of

the experiment.

During intermediate strain rate experiments, the heat generated by the plastic deformations is
only partially dissipated. The duration of an IFWI experiment is less than 10 ms, so only
dissipation by conduction was assumed. Considering a one-dimension model, the heat
distribution is given by Equation (2.2), where k is the thermal conductivity constant (equal to
76.9 Wm K™ for AZ31B at room temperature [72]), p is the density, C is the heat capacity,
and x represents the position along the gauge length; the grips being considered at x = 0 mm

and x = 12.5 mm.

2
T
Y} (2.2)
X

pCAT :ﬂjangp 112

To calculate the temperature distribution in the sample during the tests, the specimen gauge
length was discretized into 30 evenly distributed points. A finite difference solution from
Equation (2.2) was then solved. The grips are considered as large heat sink, so their
temperatures are assumed to be constant and equal to the room temperature (RT). This is

modeled by the boundary conditions presented in Equation (2.3).
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For each node j and time step 7, the transient temperature was calculated using Equation (2.4).

T
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— 27—;’+1,j + T;’+1,j—1 (ti+1 — tz) (24)
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1 il
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P &,
For calculation purposes, a power law was used to describe the flow stress and the strain rate
was considered to be constant during the test. These assumptions are described by

Equation (2.5), where 4, B and n are material constants.
o, =A+Bel, = A+ B(ét) (2.5)

The plastic work can then be approximated by Equation (2.6).

€itl t
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] )
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i i

Each curve was fitted independently using a nonlinear regression algorithm in the statistical
analysis software MYSTAT. An example of the fitting can be seen in Figure 2.8 where the
experimental flow stress for AZ31B-O at 30s™ in the rolling direction of the 1.6 mm thick
sheet was fitted.
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Figure 2.8: Power law fitting for AZ31B-O at 30s™ in the rolling direction.
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Figure 2.9 shows the temperature distribution calculated for deformation up the UTS,
respectively at strain rates of 30s” and 0.003s”. A clear temperature rise can be seen at 30s™';
whereas the isothermal state at 0.003s” is confirmed by the temperature distribution

calculation.
40
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Figure 2.9: Temperature distribution in the gauge length at 30s™ and 0.003s™.

Using the average temperature rise in the gauge length, the percentage .4 of plastic work that

contributes to the temperature rise can be calculated using Equation (2.7).

pCAT= ﬂquO'ngp 2.7)
Figure 2.10 shows the evolution of B as deformations occur for experiments at 100s™ and
30s!. At strain rate of 305'1, Beq varies from 0.822 to 0.837 with an average of 0.829; and at
100s™, Beq varies from 0.834 to 0.839 with an average of 0.836. Therefore, for constitutive

fitting purposes, a value of 0.83 was considered to estimate the temperature rise during all the

IFWI experiments.
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Figure 2.10: Beta Equivalent vs. Plastic Strain for deformations at 30s™ and 100s™

2.5 High Rate Experiments

2.5.1 Experimental Method

High strain rate experiments were performed using a Tensile Split Hopkinson Bar (TSHB). A
schematic of the apparatus is presented in Figure 2.11. As seen in the figure, the TSHB is
comprised of a striker tube, an incident bar and a transmitted bar. Upon impacting the end cap,
the striker creates an elastic tensile wave in the incident bar. As the incident wave reaches the
end of the bar, a portion is reflected, with the remainder being transmitted through the sample
into the transmitted bar [73]. The three strain-time histories of the elastic waves are recorded
with strain gauges on each bar. A complete description of the principle of the TSHB and the

stress-strain calculation can be seen in Section 1.3.
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Figure 2.11: Schematic of the TSHB

The incident bar, transmitted bar, end cap and striker are made of aluminum alloy 6061-T6. In
the gripping region, slots are machined at the end of each bar to hold the specimen. Steel
screws are then used to clamp the specimen and provide enough friction to prevent the

specimen from slipping during the test.

Strain histories on the incident and transmitted bars are recorded using foil strain gauges. Two
gauges were used on each bar. The gauges were placed on opposite sides of the bar to cancel
any bending stresses within the bar. For each strain measurement, a half Wheatstone bridge
configuration was used, as seen in Figure 2.12. Gauges and resistors of nominal resistance

equal to 120 Q and 1000 Q were used on the incident and the transmitted bars, respectively.

Figure 2.12: Half Wheatstone Bridge configuration
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The Wheatstone bridge is excited by a 10V DC input voltage. The output signal is amplified by
a VISHAY 2210B Signal Conditioning Amplifier with an amplifier gain Go = 300 and
frequency response of 120 kHz. Input and output voltages of the Wheatstone bridge are related
by Equation (2.8) [74].

R,R, —R\R,
(R, +R, R, +R,) "

E=G, (VI_VZ):GO (2.8)

For the two strain gauges R, and Rj, the strain can be related to the resistance by
Equation (2.9), where GF is the gauge factor, and Ry is the original resistance.

R=R,(1+GF ¢) (2.9)

As the two resistors and the two gauges have the same initial resistance Ry, Equation (2.8) can
be simplified into Equation (2.10), which leads to the relation between the strain and the
measured voltage presented in Equation (2.11).

GF ¢

E=G —°>V
"24GFe " (2.10)

2F
E =
GF(G,V, - E)

2.11)

Because of the tolerances on the resistors and the variations of the resistance of the strain
gauges with temperature and small deformations, a balancing circuit is required so that at zero

strain R,R, = R,R,. This allows the use of the previous calculations to determine the strain

histories of the bars. A detailed description of the balancing circuit can be found in the thesis

by Salisbury [44].

2.5.2 Elevated Temperature Experiments

High strain rate tests at elevated temperature were performed using a radiative furnace
mounted on the TSHB. As seen in Figure 2.13, the furnace comprises four 1000 W quartz
heating lamps. Inside the heating chamber, highly-polished aluminum plates are used to reflect
heat and light towards the specimen. Highly-polished aluminum tubes are also used to protect

the end of the Hopkinson bars and thus reduce their temperature rise.
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Figure 2.13: Radiative furnace

To estimate the time needed to heat the specimen at the right temperature, a thermocouple was
attached to the center of the specimen. The temperature history was then recorded by a data
acquisition module Omega OMB-DAQ-55. An additional K-type thermocouple was attached
to the transmitted bar to assess the temperature rise of the bar just outside the furnace. It was
found that the temperature of the bar was within 20°C of room temperature when the specimen

was heated to 250°C.

The time needed to heat the specimen depends on its material. For example, Figure 2.14 shows
the temperature history of 1.6 mm thick AZ31B-O and AZ31B-H24 specimens. It was found
that for the O-temper material, 150°C was reached in 22 seconds; and 250°C in 121 seconds,
whereas the H24 material reached 150°C in 8 seconds, 250°C in 57 seconds and 300°C in 123
seconds. The heating time difference between the two materials is due to their surface

finishing. The O-temper material presented a near polished surface, whereas the H24 condition
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has a blackened surface, which absorbs more radiative energy. The two different materials can
be seen in Figure 2.15.
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Figure 2.14: Temperature history of 1.6 mm thick AZ31B-O specimen

Figure 2.15: AZ31B-0O and AZ31B-H24 specimen

For each elevated temperature test, the striker was fired as soon as the correct heating time was
reached. Immediately before firing, the two Wheatstone bridges are balanced to compensate

any effect of the bar temperature on the strain gauges.
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3 PROCESSING OF EXPERIMENTAL DATA

Raw data was recorded from three different apparatus depending on the nominal strain rate
considered. Each experimental technique needs its own processing procedure to extract the
flow stress, i.e. true stress as a function of plastic strain, strain rate and temperature during each
test. All these testing conditions and results are needed for constitutive modelling and fitting

purposes. This section presents the procedure used to analyse the raw data for each apparatus.

3.1 Low Rates

Low strain rate experiments, from 0.003s™ to 1s™, were performed using a servo-hydraulic
INSTRON 1331 tensile testing device. The embedded software records the load and the
displacement from the extensometer. For a given specimen geometry, it automatically converts
load and displacement into engineering stress and engineering strain, then graphically

determines the apparent Young's modulus, the yield stress and the ultimate tensile strength.

From the measured engineering stress (de..,,) and engineering strain (ge,g), true stress and true

strain were calculated using Equation (1.22).

{gTrue = ln(l + geng) (3 1)

Crwe =0, 1+6,..)

eng eng
This equation is based on the assumption of volume constancy in the gauge length of the

sample and is valid up to the onset of necking.

The plastic strain was then determined by subtracting the elastic strain component from the
true strain using Equation (3.2), where E is the Young's modulus of the material.

£, =6r = (32)
For each test, the Young's modulus could not be measured accurately since strain gages were
not used to capture small strains. An "apparent modulus" was thus calculated and used in
Equation (3.2). For low strain rate, the apparent Young's modulus varies from 35 GPa to

43 GPa, which is very close to the value of 45 GPa commonly measured for AZ31 [72].
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The elastic part of the engineering stress-strain data is of little interest for the current research
since the deformation doesn't occur at a constant strain rate at the beginning of the

experiments, even at the lowest strain rate, as seen in Figure 3.1.
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Figure 3.1: Strain rate vs. engineering strain for quasi-static experiments

For constitutive fitting purposes, the measured flow stress must be used only for uniform
deformation occurring at constant strain rate. Those conditions reduce the range of strain over
which the flow stress should be calculated. Indeed after the ultimate tensile stress (UTS),
necking occurs so the deformation is no longer uniform. Furthermore, constant strain rate is not
instantly reached: there is a rise time at the beginning of each test. For quasi-static experiments,
the rise time is very short and occurs only during the elastic deformation of the specimen.
Thus, all the stress-strain data prior to the UTS can then be used for the low strain rate

experiments.

3.2 Intermediate Rates

Intermediate strain rate experiments (30s” and 100s™) were performed using an instrumented
falling weight impactor (IFWI) apparatus. The specimen load was measured by a load cell, and
the specimen elongation was measured by an enhanced laser velocity system (ELVS). The

measured raw data are the force and the output voltage of the ELVS.
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Using the specimen geometry, the engineering stress can easily be deduced from the force data

using Equation (3.3), where A4 is the initial cross-section of the tested sample.
Tong =~ (3.3)

There is a linear relationship between the output voltage of the ELVS and the specimen
elongation. To determine the linear coefficient that should be used, a calibration of the ELVS is
performed before each set of experiments. The calibration consists of progressively blocking
the ELVS sheet of light by a plate fixed to a calliper. This method provides an accuracy of
0.1 mm, which corresponds to a strain of 0.008 for the specimen geometry used in the current
research. A simple linear regression is then used to get the calibration coefficient. Figure 2.7
shows an example of the linear relationship between the output voltage of the ELVS and the

elongation.

Once the ELVS calibration is done, the engineering strain can be calculated using
Equation (3.4), where K is the calibration coefficient, Vg s is the measured ELVS voltage, V)
is the initial ELVS voltage, and L is the gauge length of the specimen.

K -Vess =)

& =
eng LO (3 4)

The same procedure as the one used for the low rate experiments is then used to calculate the

flow stress.

For intermediate rate experiments, there is a significant variability in the apparent Young's
modulus, from 15 GPa to 35 GPa. Fortunately this variation of Young's modulus has been
confirmed as a testing artifact by Thompson [68], and has no effect on the flow stress
calculation. This is shown for the current data in Figure 3.2, where three tests performed on the
same samples under identical conditions have different initial slopes in the engineering stress-
strain data, but have similar behavior once the elastic part has been removed to calculate the

flow stress.
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Figure 3.2: Engineering stress-strain curves (a) with different apparent Young's modulus and

their corresponding flow stress (b).

During the IFWI experiments, the striker impacts rubber pads that reduce the ringing on the
data; however this increases the time needed to reach a constant strain rate. Figure 3.3 shows
the strain history during IFWI tests at 30s™ and 100s™. The strain rate is considered as constant
after 4% and 6% elongation for the 30s™ and 100s™ experiments respectively, as seen in Figure

3.5.
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Figure 3.3: Engineering strain vs. time for experiments at 100/s and 30/s
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Figure 3.4: Strain rate vs. engineering strain for experiments at 100/s and 30/s

3.3 High Rates

High strain rate experiments (from 500s” to 1500s™) were performed using a tensile split
Hopkinson bar (TSHB) apparatus. The testing outputs are voltage histories of the two
Wheatstone bridges used to measure the strains on the incident and transmitted bars. A
software developed at the University of Waterloo by Salisbury [44] was used to convert the
strain histories of the bars into the stress and strain of the specimen. The software uses the
theory presented in Section 1.3.3, as well as some computational algorithms that are fully

described in the thesis by Salisbury [44].

Once again, the flow stress was calculated using the apparent Young's modulus of the
engineering stress-strain curve. As for the intermediate strain rate experiments, constant strain
rate is not achieved instantly. The rise time is imposed by the geometry and the material used
for the striker and the bars [23] and is independent of the nominal strain rate of the test, as seen

in Figure 3.5. The rise time was found to be 45us, which corresponds to a strain value of
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respectively 1.4%, 2.2% and 3.7% for experiments at nominal strain rate of 500s™, 1000s™ and
1500s™. Thus the usual range of data for constitutive fitting purposes was limited by the rise

time of each test (to ensure constant strain rate) and the onset of necking (UTS).
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Figure 3.5: Strain rate vs. time for tests at nominal strain rates of 500 s, 1000 s™ and 1500 5™
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4 EXPERIMENTAL RESULTS

In this chapter, the experimental results for the different materials and thicknesses are
discussed. The effects of strain rate, temperature, orientation of the tensile direction and
thickness on the constitutive behaviour of AZ31B are presented for the H24 condition,
followed by the O-temper results. The first part of this chapter also presents the actual strain

rate measured for each testing condition.

4.1 Nominal and Actual Strain Rate

For each experiment, the strain rate was measured based on the time history of the strain in the
gauge length. Therefore, there can be a difference between the nominal strain rate and the

actual one.

For the quasi-static experiments, the strain rate was imposed by the cross-head velocity, and
the strain was measured by an extensometer to avoid measuring any elastic deformation

outside of the gauge length of the specimen.

During the intermediate rate tests, the strain rate is controlled by the initial drop height of the
impactor. This height can be approximated using the simple formula presented in
Equation (1.22), where L, is the gauge length of the specimen, and g is the standard
gravitational acceleration. However, the silicon pads used to damp the impact reduces the
strain rate obtained. A higher initial height, given in Table 4.1, was then set to compensate
from the damping of the impact. There is thus a small difference between the nominal and
actual strain rate during each test.

Ly

2g

4.1)

For high strain rate experiments, the strain rate is imposed by the striker velocity, which is
controlled by the pressure in the gas gun. The different pressures used for the current research
are given in Table 4.1. These pressures overestimate the nominal strain rate, but the order of

magnitude of the actual strain rate remains very close to the nominal one.
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The average measured strain rates and their corresponding nominal strain rates are presented in

Table 4.1.

Table 4.1: Nominal and average measured strain rates

Nominal strain rate ~ Average measured strain rate  Testing parameter
[1/s] [1/s]
Instron
0.003 0.0025
0.1 0.08
1 0.8
Drop Tower Initial Height
30 30 0.01m
100 120 0.1m
200 185 0.25m
Hopkinson Bar Gas gun pressure
500 580 6.2 psi
1000 1175 17 psi
1500 1665 32.2 psi

For clarity in presenting the results, only the nominal strain rate will be used to refer to the
testing conditions. One should thus refer to Table 4.1 to know what the actual testing condition
was. Of course, all the various constitutive calculations and curve fits were performed using

the actual strain rate for each experiment.

4.2 AZ31B-H24

The strain rate effect on the constitutive behavior of AZ31B-H24 can be seen in Figure 4.1 and
Figure 4.2, where the flow curves at different strain rates are plotted for the rolling direction
(RD) and the transverse direction (TD), respectively. A comparison betwee