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Abstract

Hot stamping, or die quenching (DQ), of 7000-series aluminum alloys is a metal forming process
in which a blank is heated (solutionized) and then quenched and formed in cold tooling. The
formed part is then subjected to an artificial aging treatment to reach a targeted final strength
(temper). The work presented herein addresses several aspects of the die quenching process
chain for two 7000-series aluminum sheet alloys, AA7075 and a developmental alloy referred to
as AA7xxx. The thesis addresses: (i) identification of forming process and artificial aging
parameters needed to achieve high strength structural properties within an automotive die
quenching paradigm; (ii) characterization of high temperature constitutive and heat transfer
properties required to accurately simulate the die quenching process; and (iii) development of a
model of the work hardening response of die quenched AA7075 as a function of the extent of

artificial aging.

The effect of the solutionizing duration, the transfer time between the furnace and die, and the in-
die quench rate on the subsequent aging response were examined for both alloys. Experiments
revealed that both alloys require a solutionizing time of 8 min at 470 °C. For AA7075, a transfer
time of up to 6 s (furnace to die) was deemed to be acceptable since this time duration does not
appear to result in premature precipitation. For AA7xxXx, a transfer time of up to 15 s is
acceptable. AA7075 required a minimum quench rate of 56 °C/s, whereas AA7xxX requires only
27 °Cls. Variations in aging treatments following die quenching were also considered in order to
obtain desirable yield and ultimate tensile strength properties while accounting for the paint bake
cycle (PBC) and its effect on artificial aging response. It was determined that AA7075 could

achieve strength properties similar to those a T6 temper if it was aged for 8h at 121 °C followed



by a PBC (30 min at 177 °C). AA7xxx could achieve T6-like properties if aged for 3h at 100 °C

followed by a PBC and T76-like properties if aged for 4h at 100 °C, followed by a PBC.

A detailed characterization of the constitutive behaviour and heat transfer characteristics of these
alloys under DQ conditions was performed. Of particular note, this characterization was
performed at elevated temperatures while the material was in a solutionized condition. The
acquired properties consisted of: (i) the temperature and strain rate dependent stress-strain
properties; (ii) the yield surface, and (iii) the heat transfer coefficient (HTC) of both alloys. The
stress-strain properties were obtained by subjecting tensile specimens to a temperature-time
cycle resembling the DQ process. A novel technique was devised in which the cross-sectional
area of the tensile specimens were measured using stereoscopic digital image correlation (DIC)
technique. A Barlat Y1d2000 yield surface was calibrated using anisotropic properties obtained
from shear and tensile tests. The HTC was obtained as a function of contact pressure by
performing a series of instrumented quenching experiments in which the temperatures of the
blank and die were measured as a function of time. These temperature-time curves were

processed using Fourier’s law and Newton’s cooling law to calculate HTC.

The acquired elevated temperature constitutive properties and heat transfer coefficients were
input to a finite element model of die quenched deep drawn cups. The load-displacement and
earring profile results from the experiments were shown to match well with the predicted results

from the model.

The final step in the DQ process chain was also considered in terms of the final or in-service
mechanical properties of die quenched and artificially aged components. A micro-mechanics

based model was developed to predict the stress-strain response and work hardening rate of

Vi



AAT7075 as a function of the aging treatment applied. The micromechanics model accounts for
precipitate-dislocation interaction during deformation following aging and was validated for a
range of multi-step aging treatments. Tensile tests were performed considering tempers ranging
from as-quenched up to the peak aged condition, and the model was shown to accurately predict

flow stress over the entire range of aging treatments considered.
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1. Introduction

The 7000-series aluminum alloys are heat treatable and contain Zinc as their primary alloying
element. These alloys are used extensively in the aerospace sector; however, more recently, the
automotive industry has shown increased interest in these alloys for structural applications due to
their high strength and excellent light weighting potential. An important challenge in utilizing

7000-series alloys is that they tend to exhibit poor formability at room temperature [1,2].

One approach that can significantly increase the formability of these alloys is hot stamping
through a what is referred to as a hot forming or a die quenching (DQ) process. In the DQ
process, an aluminum blank is solutionized in a furnace and subsequently quenched and formed
in a chilled die set [3,4]. The solutionizing process dissolves the precipitates present in the alloy
into the broader Al matrix. The dissolution of precipitates greatly reduces the strength of the
alloy at the elevated temperature, but also increases its ductility, thereby increasing formability
[2,5]. A characteristic of the DQ process is that the blank undergoes a rapid quench during the
forming operation. This rapid quench results in achieving a supersaturated solid solution (SSS)

state of the alloy. The as-formed part can then be artificially aged to achieve high strength.

This thesis focuses on three main challenges or focus areas associated with the DQ process:

1. The determination of necessary process parameters for a successful DQ forming and
guenching operation.
2. Determination of the material properties and heat transfer coefficients that are necessary

to accurately simulate the DQ process.



3. Development of a model to predict the stress-strain properties of die quenched, as-formed
components after the application of an artificial aging treatment used to achieve targeted

final properties.

This thesis is written in a manuscript-style format, which comprises this synopsis and four
journal papers, incorporated as Appendices A-D. This synopsis provides a high-level summary
of the thesis outcomes and the integration of the overall results, while the appendices provide

more detailed results on each sub-topic.

The remainder of this synopsis will cover the following. Chapter 2 presents a review of the
scientific literature relevant to this research (a more detailed literature review is found in each of
the individual journal papers in the appendices). Chapter 3 presents the overall research
objectives and scope of this work. Chapter 4 provides a synopsis of the results (with more
detailed discussion included in Appendices A-D). Chapter 5 provides a discussion of the results
and conclusions stemming from this research, while recommendations for future work are given

in Chapter 6.



2. Literature Review

2.1. Material Processing Parameters for Die Quenching of 7000-Series Alloys
7000-series aluminum alloys are characterized by the presence of Zinc as their primary alloying
element. In general, these alloys have higher strengths then 6000- and 5000-series alloys. A
strengthening heat treatment process for aluminum alloys generally starts with a solutionizing
phase. For AA7075, the solutionizing temperature is typically around 470 °C [6]. At this
temperature, the atoms present in the precipitates dissolve into the Al matrix, and thus the
material enters a single phase or solutionized state. The solutionized alloy is then quenched in
water, where it enters a supersaturated solid solution (SSS) state [7], and then aged to a desired
temper. This entire process is usually performed by the aluminum producer. However, in the DQ
process, the first two steps of the process, namely the solutionizing and rapid quenching steps,

are combined with a metal forming operation.

One issue that arises from combining the heat treatment and metal forming operations is the
minimum time required to achieve a solutionized state in the to-be-formed blank, i.e., the total
soak time. Most studies in the literature use a total soak time ranging from 30 minutes to 4 hours
[8-12]. From a metal forming production efficiency perspective, however, soak times of 30
minutes to 4 hours are too long. Rokni et al. [5] used a soak time of 7 minutes in their

experiments. However, they did not provide a rationale for selecting this number in their study.

Another issue that arises from adapting the heat treatment procedure into the DQ process is that
of quench rate. Caron et al. [13] showed that the heat transfer coefficient (HTC) of a blank tends
to be significantly higher when quenched in water, as opposed to while being formed in steel

dies. Therefore, the cooling rate during a DQ process will be lower than a cooling rate during a



water quench. The lower quench rate during die quenching is of particular concern in the case of
AAT075 due to what is referred to as high “quench sensitivity”. A high quench sensitivity
indicates that the cooling rate during quenching has a significant effect on the properties of the
alloy after quenching. Deschamps et al. [14] showed that lower quench rates result in a lower
volume fraction of Guinier-Preston (GP) zones in the as-quenched material, which in turn results
in fewer nucleation sites for n’ particles to form during subsequent natural aging. Furthermore,
the precipitates formed during quenching are located around grain boundaries that will likely

increase the chances of stress corrosion cracking in the material [1,15-19].

Robinson et al. [12] and Liu et al. [20] showed that the chromium present in AA7075 results in
large incoherent dispersoids that act as nucleation sites for precipitation hardening during
artificial aging. Liu et al. [21] similarly showed that the presence of zirconium and AlsZr
particles decreases the quench sensitivity of AA7085 alloy. During a rapid quench, there is not
enough time for precipitates to form around the dispersoids and so more precipitates remain in
solution. During a slow quench, more time is available for precipitation to occur at these
nucleation sites, resulting in lower dissolved solute availability for subsequent age hardening
thermal treatment. Liu et al. [22] solutionized AA7055, then quenched it in cold water, boiling
water and air. Their tensile results showed a drop of up to 20% in yield and UTS between
samples quenched in cold water and those quenched in air. Other studies that have reached

similar conclusions on quench rate sensitivity can be found in [23-27].

In DQ operations, the “transfer time” refers to the time elapsed between the moment that the
blank is removed from the oven to the time at which forming and die quenching commences.
During this time, the blank is subjected to air cooling. Liu et al. [20] showed that the critical

temperature (i.e., the temperature below which precipitation begins) is 415 °C for AA7075 and
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367 °C for AA7085. Other sources have also reported that the critical temperature for AA7075 is
in the 410-420 °C range [28,29]. During the DQ process, should the blank temperature dip below
these temperatures during the transfer cycle, it would have detrimental effects on the age

hardenability of the formed part. Note that the critical temperatures cited in all these studies were

obtained based on very slow heat up and cooling times (i.e., almost isothermal conditions).

The transfer in the DQ process, however, is not an isothermal event. You et al. [25] showed that
a transfer time of up to 20s does not significantly alter the strength and age hardenability of

AAT055.

2.2. Constitutive Properties of 7000-Series Alloys

2.2.1. Elevated Temperature Properties

At elevated temperatures, 7000-series aluminum alloys tend to become softer and more sensitive
to strain rate than at room temperature. Rajamuthamilselvan and Ramanathan [4] performed
tensile tests on AA7075 at temperatures ranging from 350 °C to 500 °C, using strain rates
ranging from 0.001 s to 1.0 s™%. Rokni et al. [5] did similar testing ranging from 450 °C to 580
°C, for the following strain rates: 0.004 s, 0.04 st and 0.4 s*. Lee et al. [30] obtained stress-
strain properties in the range 25 °C to 300 °C. Results from all three studies are shown in Figure
1; however, none of these studies employed any kind of a quenching mechanism. In other words,
all of the three aforementioned studies simply heated the AA7075 to the stated temperature, such

that the material was not quenched as would be the case during die quenching.
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Figure 1. Stress-strain curves for AA7075 at elevated temperatures, obtained from (a)
Rajamuthamilselvan and Ramanathan [4], (b) Rokni et al. [5] and (c) Lee et al. [30]

Chen et al. [31] performed elevated temperature tensile testing on AA7085, the results of which
are shown in Figure 2. Their method involved solutionizing the material and then water
quenching it. The quenching was then followed by heating the material and then deforming it at
that elevated temperature. Wang et al. [32] tested AA7075 in which they did incorporate a
guenching apparatus. However, their study made no use of digital image correlation (DIC)
techniques for accurate measurement of local strains during testing. To-date, there is no study in
which the constitutive properties and local strains of a 7000-series alloy have been measured

under conditions representative of die quenching.
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Figure 2. Stress-strain curves for AA7085 at elevated temperatures, obtained from Chen et al.
[31] for (a) 300 °C, (b), 350 °C, (c) 400 °C and (d) 450 °C.

2.2.2. Strain Rate Dependent Constitutive Properties

AAT075 in its T6 temper is not particularly sensitive to strain rate at room temperature [33].

Most aluminum alloys, in general, tend not to exhibit a high strain rate sensitivity at room

temperature [34-37]. They do, however, exhibit significant rate sensitivity at elevated

temperatures [38], as a result of the thermal activation caused by higher temperatures [39,40].

Several studies, which were discussed in the previous section, have examined the elevated

temperature strain rate sensitivity of AA7075 [4,5,30] and AA7085 [31].



Several approaches have been employed to capture the effect of strain rate and temperature
sensitivity on the work hardening rate of aluminum alloys. One such model is the Johnson-Cook
model used by Smerd et al. [34] to model AA5182 and AA6111 at elevated temperatures:

. T — Troom m
0= (A+ Be")(1 + Clné) (1 — (—) )

Tmelt - Troom

Eqg.1

where A, B, C, m and n are parameters to be determined. Another model is the extended Voce

model used by Rahmaan et al. [41]:

c=A+ (B+ Ce)(1— exp(—Deg))
Eq. 2

where A, B, C and D are parameters (different from those in Eq. 1) to be determined using

experimental data, and are a function of temperature, T, and strain rate, &.

2.2.3. Anisotropy

Most aluminum alloys tend to exhibit anisotropy in their mechanical behaviour. The anisotropy
of various aluminum alloys has been documented extensively in the literature [1,33,42-45]. Two
types of anisotropy commonly considered are anisotropy in the yield stress versus anisotropy in
strain ratios (i.e., the ratio between the sheet thickness and width, also known as the r-value).
AAT7075 tends not to exhibit significant anisotropy in its measured stress levels or hardening
response; however, there is significant anisotropy in terms of the measured r-values [1,2,45]. The
same statement is true for AA7085 [46] and AA7050 [47]. Figure 3 shows the anisotropic

properties of AA7075.
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Figure 3. Anisotropic properties of AA7075, as a function of natural aging times [45].

To properly capture the anisotropic behavior, for the purpose of numerical simulation of the DQ
process, an appropriate yield surface is required. The commonly used von Mises surface is
isotropic and not sufficient to capture the directional anisotropy of these alloys. In their review
paper, Toros et al. [48] wrote extensively about the different yield surfaces that have been used
to model the constitutive response of various aluminum alloys. Ozturk et al. [42] used a Hill-90
[49] and a Barlat-89 [50] yield surface to capture the anisotropy of an AA6061-O sheet. More
recently, Barlat et al. [51] proposed a plane stress yield function, which they devised specifically
for aluminum sheets. The function relies on eight input parameters a; — ag in addition to the a
exponent. Rahmaan et al. [52] calibrated a Barlat Y1d2000 function for the room temperature
behaviour of AA7075-T6 and AA7xxx-T76, which are shown in Figure 4. Other yield functions

are also shown in the figure.
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Figure 4. Various yield functions functions for AA7075-T6 and AA7xxx-T76 calibrated by
Rahmaan et al. [52].

Tajally and Emadoddin [1] examined the anisotropy of AA7075 for temperatures ranging from
250-450 °C. They did not observe a significant change in anisotropy with respect to temperature.
Several other studies have also concluded that aluminum alloys generally do not exhibit
temperature-dependent anisotropy. Examples of such studies include Khan and Baig [53] for
AA5182, Abedrabbo et al. [54] for AA3003, Abedrabbo et al. [44] for AA5182 and AA5754 and

Li and Ghosh [38] for AA5182, AA5754 and AAG111.

2.3. Heat Transfer Coefficient (HTC)

A key material property required to simulate DQ operations is the operative heat transfer
coefficient (HTC) between the blank and die, since this parameter controls the rate of heat
extraction (cooling rate) during quenching. Malinowski et al. [55] devised a technique to
characterize the heat transfer coefficient (HTC) in a metal forming procedure, as a function of
die temperature and pressure. Their technique consisted of an inverse finite element (FE)
approach, whereby experimentally obtained temperature-time profiles were inversely fit to an
appropriate HTC value. A similar approach was used by Tanner and Robinson [56]. Merklein et
al. [57] used a similar experimental technique to determine HTC as a function of die temperature

and pressure. Their results for the HTC of Usibor® 1500 A-S steel are shown in Figure 5.
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Between a die pressure of 10 MPa and 30 MPa, the HTC was found to double in magnitude.
Other recent HTC studies were conducted by Caron et al. [13,58], who offered further
improvements in HTC characterization by considering the effect of signal delay in the

thermocouples used to measure die temperatures.
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Figure 5. HTC as a function of die pressure and temperature, obtained from Merklein et al. [57].

For 7000-series aluminum alloys, there are fewer studies on HTC than for steel. Liu et al. [59]
used an experimental technique, combined with FE models, to determine the HTC for AA7075.
Tanner and Robinson [56] studied the HTC of AA7010 using experimental and analytical

techniques.

2.4. Artificial Aging

In the realm of artificial aging, a longer aging time leads to greater strength in the material, until
the peak aged (T6) condition is reached. After this point, the material begins to lose its strength,
i.e., overage, due to coarsening of precipitates and the potential change in the dislocation-
precipitate interactions from shearing to by-passing [10,11,60]. According to Mahathaninwong et
al. [11], peak aging for AA7075 starting in a quenched SSS state, at 185 °C occurs at

approximately 2.5 hours. A similar result was obtained by Sevim et al. [61] for AA7075. Jabra et
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al. [62] found that AA7085 overages quicker than AA7075, when both alloys are quenched and

subsequently aged at 120 °C.

2.5. Models of Precipitate-Dislocation Interaction

2.5.1. Precipitation Hardening Models

A number of studies have sought to model the precipitation hardening of 7000-series alloys, and
thereby predict the yield strength of the material after an aging treatment. Deschamps and
Brechet [63] developed a model, based on Wagner and Kampmann [64] and the principles of
precipitate nucleation, growth and coarsening. In addition, they proposed that yield strength is
modelled considering the strength contributions of shearable and non-shearable precipitates, as
well as the size distributions of those obstacles to dislocation movement. Another model was
developed by Poole et al. [65], based on the modelling approach developed by Shercliff and

Ashby [66] to predict the yield strength of AA7475 subjected to two-step aging treatments.

Esmaeili et al. [67—70] did extensive work examining the precipitation hardening behaviour of
AA6111. They developed three models: (1) phase transformations during natural aging plus
artificial aging, (2) phase transformations during a pre-aging followed by further artificial aging
and (3) a model capable of predicting yield strength of the aforementioned aging treatments.
Although these models were developed for 6000-series alloys, the underlying theory of

precipitation Kinetics can be applied to 7000-series alloys as well.

2.5.2. Models of Precipitate-Dislocation Interaction (Work Hardening Rate)
Deschamps et al. [14] investigated the stress-strain and work hardening response of AA6111 and
a 7000-series alloy that were subject to different aging conditions. They found the work

hardening rate (WHR) of the as-quenched AA6111 in its supersaturated state is very high, and it
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further increases with natural aging for six months. The WHR of the Al-Zn-Mg alloy, naturally
aged for three days, was also reported to be high, while the WHR for both alloys reduced with
artificial aging. In general, work hardening rate is reduced as the extent of artificial aging is

increased [71,72].

Cheng et al. [73] proposed the following equation to account for the interaction between
precipitation hardening and dislocation accumulation (plastic work) based on their work on

AA6111 and AA7030:

1/n
_ n n
Oflow = Oss + (Gppt + Udis)

Eq. 3
where g, represents the yield strength of the material in its SSSS. a,,,,; and g are the strength
contributions due to precipitation hardening (aging) and dislocation accumulation (work
hardening), respectively, and exponent n describes their interaction. Fazeli et al. [74] used Eqg. 3
to devise a model capable of predicting the flow stress of an Al-Mg-Sc alloy. Their model was
able to accurately capture the plastic stress-strain response of the Al-Mg-Sc alloy subjected to
different aging treatments. Generally, o, in Eq. 3 can be obtained experimentally through a
single tensile test, while a,,,, and o,;; need to be calculated using additional experimental data
and/or theoretical/empirical formulations. To determine o, Fazeli et al. [74] proposed

integrating the work hardening rate caused by the increase in dislocation density, as follows:

Udis) n Kppt L
O Odis R

Bais = 00 (1 -
Eq. 4
where 6, is the work hardening rate caused by increase in dislocation density, 6, is the total

WHR at the yield point, and K,,,; and o, are fitting parameters to be determined from
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experimental data. R is the average precipitate radius and f is the volume fraction of precipitates.
Both of these parameters need to be determined through experimental analysis. When combined,
the three terms in Eq. 3 provide a useful framework for determining the flow stress behaviour of

an aluminum alloy based on its aging treatment.

2.6. Summary of the Relevant Literature

Several studies have examined the parameters (from a materials processing point of view)
required to solutionize and quench 7000-series alloys and subsequently age them. Most of the
current literature pertaining to process parameters does not put emphasis on the requirements of a

metal forming operation such as die quenching.

There are two shortcomings within the current literature from a constitutive characterization
perspective: (1) the quenching cycle in the DQ process is not replicated (i.e. the material is not
tested in a solutionized condition) and (2) the post-necking behaviour is not properly analyzed.
Another shortcoming in literature is that HTC data is not available for 7000-series alloys, other
than studies by Liu et al. [59] and Tanner and Robinson [56] which are based on inverse

modelling.

In regards to modelling post-die quenching properties (i.e., after an aging treatment), no model
exists that is capable of predicting the stress-strain response of a 7000-series alloy after a variety
of aging treatments. Esmaeili et al. [67—70] have developed models that can predict the yield
strength of 6000-series alloys and may be applicable to 7000-series alloys [75]. The precipitate-
dislocation models proposed by Cheng et al. [73] and Fazeli et al. [74] for the prediction of

WHR may be appropriate for use with the 7000-series alloys in the current study.
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3. Objectives and Scope

3.1. Research Objectives

The overall aim of the research presented herein is to determine optimal die quenching and aging
process parameters and to develop predictive models of the die quenching process and
subsequent mechanical properties suitable to support development of automotive structural
components. Two alloys are studied: AA7075 because of its widespread usage in the published
literature and a developmental 7000-series alloy (referred to as AA7xxx) because of its lower
sensitivity to quench rate (owing to its higher zirconium content compared to AA7075 [21]). The

chemical compositions for each alloy are shown in Table 1.

Table 1. Chemical composition for AA7075 (measured) and AA7xxx alloy (nominal) [76].

Elements AAT7075 AATXXX
Aluminum 90.07% 87.6-90.4%
zZinc 6.35 7.0-8.0
Magnesium 1.92 1.2-1.8
Copper 1.46 1.3-2.0
Zirconium Negligible 0.08-0.15
Iron 0.10 0.08
Chromium 0.10 0.04
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Figure 6 shows a schematic of the DQ process chain spanning material supply through as-die
quenched (in-service) final properties. In order to address the gaps in current knowledge
identified in the literature review, a series of five research objectives were defined for this thesis,
as listed in the following. The positioning of the research objectives within the process chain is

also indicated in Figure 6.

Objective 1: Characterize the effect of DQ processing parameters (solutionizing time, transfer
time and quench rate) on subsequent aging response;

Objective 2: Characterize the effect of multi-step aging treatments, that include the effect of the
automotive paint bake cycle (PBC) (177 °C for 30 minutes), on final mechanical properties,
targeting T6 and T76 tempers;

Objective 3: Develop and validate a constitutive model that can predict the stress-strain and
anisotropic response of both alloys during the DQ process;

Objective 4: Calculate the HTC of both alloys during die quenching as a function of contact
pressure;

Objective 5: Experimentally analyze the stress-strain behaviour and develop a model, based on
the theories governing precipitate-dislocation interactions, to predict the WHR for single and
multi-step aging treatments.

3.2. Scope of Work

To address objective 1, a parametric study was undertaken comprising a series of die quenching
experiments in which the solutionizing time, transfer time and quench rate were varied. The
effect that each parameter had on the age hardenability of the quenched material was assessed
using hardness and/or tensile tests. For objective 2, a similar experimental programme was
undertaken in which as-die quenched material was subjected to various artificial aging treatments
that included an automotive paint bake cycle as a final aging step. A set of artificial aging
treatments was identified that resulted in final properties similar to a conventional T6 or T76
temper. Note that a T76 (slightly over-aged) temper is often desirable to impact improved
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resistance to stress corrosion cracking [61]. Section 4.1 summarizes the results of these aspects

of the work, while the research article in Appendix A provides a more in-depth discussion.

To devise a constitutive model for the DQ process (Objective 3), tensile and shear experiments
were conducted at various temperatures and strain rates. A custom quenching apparatus was built
to apply the temperature-time cycle of a DQ process onto the test specimens. The stress-strain
curves were obtained using a novel technique, called the area reduction method (ARM), that
approximates the cross-sectional area of the diffuse neck in the tensile specimen using
stereoscopic digital image correlation (DIC). The anisotropy of the two alloys was also
characterized and a Barlat Y1d2000 surface [51,77] was calibrated. Finally, the constitutive
model was then applied to model a die quenching deep draw operation and the predicted results
were compared with experiment. A summary of these results is provided in Section 4.2 and the

research article in Appendix B provides greater detail.

A key boundary condition required to accurately model the DQ process is the operative heat
transfer coefficient under DQ conditions (Objective 4). To obtain the HTC, a series of
instrumented flat die quenching experiments were performed and the HTC was determined as a
function of contact pressure. The methodology to calculate HTC as a function of contact pressure
is summarized in Section 4.3 and a detailed presentation of the experiments is discussed in the

paper in Appendix C.

The final properties of AA7075 after die quenching and artificially aging were addressed by
Objective 5. Of particular interest was the manner in which the two primary strengthening
mechanisms, precipitation hardening and work hardening. To this end, a micro-mechanics based

model was devised to predict the work hardening rate (WHR) and flow stress of AA7075 after an
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artificial aging treatment is applied. Section 4.4 and Appendix D provide a description of this

model and the supporting experiments.
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4, Results and Discussion

A summary of the results obtained from this research is given in this chapter of the thesis
synopsis. Appendices A-D provide more in-depth discussion of the methodology and the results.
Each appendix consists of a journal article that has either been peer-reviewed and published or

submitted to a relevant journal in the research field. The four appendices are:

Appendix A Omer K, Abolhasani A, Kim S, Nikdejad T, Butcher C, Wells M, Esmaeili S,
Worswick M. Process parameters for hot stamping of AA7075 and D-7xxx to
achieve high performance aged products. Journal of Materials Processing
Technology 2018;257:170-9. doi:10.1016/j.jmatprotec.2018.02.039.

Appendix B Omer K, Butcher C, Esmaeili S, Worswick M. Characterization and application of
a constitutive model for two 7000-series aluminum alloys subjected to hot forming.
International Journal of Mechanical Sciences 2020;165.
doi:https://doi.org/10.1016/j.ijmecsci.2019.105218.

Appendix C Omer K, Butcher C, Worswick M. Characterization of heat transfer coefficient for
non-isothermal elevated temperature forming of metal alloys. International Journal
of Material Forming 2019. doi:10.1007/s12289-019-01478-3.

Appendix D Omer, K., Abolhasani, A., Esmaeili, S., Worswick, M., A Microstructure-Based
Model to Predict the Stress-Strain Behaviour of AA7075 Following Various Aging
Treatments. Manuscript in preparation for journal submission.

4.1. Effect of DQ Process Parameters and Aging Treatments

As discussed in Section 2.1, the solutionizing time, quench rate and transfer time during die
guenching can have a significant effect on the subsequent age hardenability of the quenched
material. To assess the effects of these three process parameters, an experimental programme
was devised, which is outlined below. Custom artificial aging treatments were also investigated.
Note that Appendix A provides greater detail concerning the methodology and results of this

aspect of the research.
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4.1.1. Methodology

The experiments were performed using a convection furnace and a pair of flat dies mounted in a
hydraulic press. The dies are shown in Figure 7a. The blank measured 125 x 125 mm with a
cutout at its centre. A thermocouple was attached inside the cutout, as shown in Figure 7b. To
investigate the first processing parameter, i.e., the solutionizing time, blanks were placed in the
furnace for 2.5, 5, 8, 15 or 30 min in total. The blanks were subsequently quenched in the flat
dies at an average quench rate of 56 °C/s. Hardness measurements were taken 24h and 3 weeks
after the quench, in order to track the amount of natural aging over time, and therefore, judge the

age hardenability of the quenched samples.

For the second processing parameter, two transfer times were investigated: 6s and 15s. Tensile
specimens were solutionized and quenched at a rate of 56 °C/s and tensile tests were performed

within 10 minutes of quenching and after six days of natural aging.

(a) (b)  Top View
Travel of 125 mm
flat punch
Flat Dies é
Blank N
o
L]
Thermocouple
<> location
$19.35 mm

Figure 7. (a) Flat dies used to quench the aluminum blanks. Details of the die geometry can be
found in Caron et al. [13]. The dies were made out of tool steel [76], and (b) a schematic of the
blank and the thermocouple location (for experiments where a thermocouple was used).

The third processing parameter, i.e., quench rate, was investigated by heating the blank for 8

min, transferring it to the die (within 6s), and quenching at 27, 34, 40, 56 or 128 °C/s. The quench

rate was controlled by varying the die pressure since HTC is a direct function of contact pressure
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(see Section 4.3). Hardness measurements were conducted 15 min, 24h and three weeks after the

quenching process.

For aging treatments on AA7075, a standard “T6 treatment” (121 °C for 24h) was adopted as a
baseline. Experiments were also performed considering a two-step aging treatment in which
specimens were aged at the T6 temperature of 121 °C for 4, 8 and 12h, followed by a paint bake
cycle (PBC) comprising 177 °C for 30 min. These modified aging treatments are referred to as
“interrupted T6-paint bake” or T6IPB and the goal in considering these treatments was to reduce
the T6 aging period by considering the effect of the PBC. Tensile tests were performed on each
interrupted treatment to compare its performance against the T6 temper. For AA7xxX, standard
T6 and slightly over-aged T76 treatments and a corresponding “interrupted” schedule

incorporating the PBC were considered, as outlined in detail in Appendix A.

4.1.2. Results

A total solutionizing time of 8 min was found to be sufficient for both AA7075 AA7xxx. The
total time of 8 min corresponds to a soak time of 90s at the solutionizing temperature of 470 °C.
It should be noted that the AA7075 material in this work was received in a T6 temper and the
AATxxx material in a T76 temper. Other starting tempers may, in fact, require a longer or shorter

time for proper solutionizing.

The effect of transfer time on subsequent aging response can be seen in Figure 8 which shows
engineering stress-strain curves obtained from the tensile tests on samples that were subjected to
6 and 15s transfer times. Also plotted in Figure 8 are the UTS, yield strength and total elongation
as a function of transfer time. The longer transfer time did not have a strong effect on the work

hardening response for either alloy. AA7075, however, did exhibit a decrease in elongation when
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a transfer time of 15s was used (compared to 6s) whereas the elongation of the developmental

AATxxx did not change for these two transfer times.
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Figure 8. Engineering stress-strain curves for different transfer times, and also the yield strength,
UTS and total elongation as a function of transfer time. The material was solutionized, quenched
at 56 °C/s and then tensile tested [76].

Figure 9 serves to examine the effect of quench rate and shows Vickers hardness as a function of
quench rate. The hardness measurements show that the natural aging of as-quenched AA7075 is
strongly linked to quench rate. The AA7075 specimens quenched at or above 40 °C/s, exhibited
a hardness of 145-150 HV after quenching and three weeks of natural aging. For the lower
quench rates (27 and 34 °C/s), the AA7075 samples exhibited a lower hardness which is
indicative of a lower precipitation hardening response. Interestingly, the AA7075 samples
quenched at 27 and 34 °C/s exhibited higher hardness levels immediately after quenching
compared to samples quenched at higher rates. The higher hardness after immediately after

guenching is attributed to premature precipitation at grain boundaries [78] during the DQ process
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which results in the lower subsequent natural aging response and lower elongation. The AA7XXx
alloys were insensitive to quench rate for the range of experimental conditions, demonstrating an

attractive, lower quench sensitivity compared to AA7075.
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Figure 9. Hardness measurements of quenched materials at different cooling rates [76].

The effect of multi-step aging on the stress-strain response of AA7075 is shown in Figure 10,
along with the as-received T6 temper response. From the data, it is evident that a 4h first step age
at 121 °C followed by a PBC results in an under-aged condition, whereas the 8h first step age
produces a strength that matches the as-received T6 condition. Interestingly, the 12h first step
age results in an over-aged condition after PBC, as reflected in the loss in strength. Based on
these results, the 8h first step aging at 121 °C, followed by PBC, was adopted as the
recommended process for automotive DQ processing of AA7075 and was designated the T61PB

temper for the purposes of this thesis.
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Figure 10. Measured stress-strain curves of AA7075 subjected to heat treatment at 121 °C for
4h, 8h and 12h, followed by a PBC. The stress-strain curve for a conventional T6 heat treatment
is also shown for reference [76]. All tensile tests were conducted using a strain rate of 0.001 s,

Figure 11 shows the stress-strain properties of the aging treatments investigated for the AA7xxx
temper. For AA7xxx, two tempers were explored: T6 (24h at 121 °C [79]) and T76 (5h at 120 °C
followed by 15h at 163 °C [80]). Hardness measurements were conducted on samples aged at
various temperatures (100, 120, 135, 150 or 163 °C) and aging times (ranging from 0.5 to 24h)
followed by a PBC. The hardness measurements revealed that properties resembling a T6 temper
could be achieved if AA7xxx was aged at 3h at 120 °C, followed by a PBC (dubbed the T6IPB
temper). The hardness measurements also demonstrated that an aging treatment of 4h at 100 °C
followed by a PBC results in properties similar to a T76 temper (dubbed the T761PB temper).
Figure 11 shows the stress-strain properties of AA7xxx-T6 alongside AA7xxx-T6IPB and the

AATxxx-T76 temper alongside the AA7xxx-T76IPB temper.
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Figure 11. Stress-strain curves obtained from tensile tests for (a), (¢) AA7xxx-T6 and -T6IPB,
and (b), (d) several aging routes incorporating a PBC that yield in a hardness value similar to
AATxxx-T76. For reference, the T76 properties are also shown. Note that (c) and (d) are
magnified views of (a) and (b), respectively [76]. All tensile tests were conducted using a strain
rate of 0.001 s%.

The die quench processing and artificial aging parameters, determined from the experiments, that
are required to achieve either T6 or T76 final properties for die quenched AA7075 and AA7XXX
are shown in Table 2. In general, AA7xxx exhibited less quench rate sensitivity than AA7075
and also a higher tolerance to longer transfer time than AA7075. For both alloys, a total soak
time of 90 s was found to be sufficient. Including the 6.5 min heat up time required in the

furnace, a total solutionizing time of 8 min was determined.
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Table 2. Processing parameters for the DQ of AA7075 and AA7xxx and subsequent aging
treatments that can leverage the PBC. Note that T76 properties were not considered for AA7075.

Parameter AA7075- AATXXX-T6IPB | AATXxx-T761PB
T6IPB

Solutionizing Time 8 min 8 min 8 min

Solutionizing Temperature 470 °C 470 °C 470 °C

Minimum Quench Rate 56 °C/s 27 °Cls 27 °Cls

First Stage Artificial Aging | 8h 3h 4h

Time

First Stage Artificial Aging 121 °C 120 °C 100 °C

Temperature

Paint Bake Cycle 177 °C for 30 177 °C for 30 177 °C for 30 min
min min

4.2. A Constitutive Model to Simulate DQ Forming Processes

A key requirement to develop a constitutive model to simulate the DQ process is to characterize
flow stress as a function of strain, strain rate and temperature while the material is in a fully
solutionized condition at elevated temperature. This section presents results using a custom
experimental device built to perform tensile testing immediately after rapidly cooling of tensile
specimens from the solutionizing temperature (470 °C for 7000-series alloys) to the target test
temperature. In addition, a novel post-processing technique, referred to as the Area Reduction
Method” (ARM), was developed which accounts for the minimum cross section when
determining the current true stress. Knowledge of the current true stress is important since, at
elevated temperatures, these alloys satisfy the Considére criterion at very low strain levels and
the majority of the deformation occurs under diffuse necking conditions. This section also
presents a validation study in which the constitutive model was used to simulate a series of DQ

deep draw experiments also developed as part of this research. A summary of these results is
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presented herein and the reader is referred to Appendix B of this thesis for a more in-depth

discussion of the constitutive model development and application.

4.2.1. Experimental Methodology
The tensile tests in this work were performed on a MTS Criterion 64 servo-electric tensile frame
with hydraulic grips and an MTS 651 furnace, as shown in Figure 12. Tests were performed at

25, 115, 200, 300, 400 or 470 °C at three strain rates: 0.01, 0.1 and 0.5 s,

l Air flow l

Tensile
specimen

MTS 651 furnace
",

Hydraulic Grips

Nozzle 1

Quenching
Nozzles

Nozzle 2

Nozzle 3

Hydraulic Grips

Figure 12. Experimental setup of the elevated temperature tensile tests. The quenching
apparatus, consisting of three individual nozzles is also shown.

The tensile samples were placed in the furnace at 470 °C and held for eight minutes, which
replicated the solutionizing stage of the DQ process. For test temperatures below 470 °C and
above room temperature, the specimens were quenched after solutionizing using three air jets.
The air jets (shown in Figure 12) directed cold air onto the tensile specimen from an Exair vortex
chiller. Once the specimens cooled to the target test temperature, the tensile test was initiated.
Section 3.1 in Appendix B contains more information on this setup, however, several typical
temperature histories are presented in Figure 13 from which it can be seen that a high quench
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rate and relatively constant test temperature was achieved. A minimum quench rate of 55 °C/s
was achieved and a thermal gradient of no more than 7 °C was observed in the gauge region of
the tensile specimen. A painted speckle pattern was applied to all tensile samples to support in
situ digital image correlation (DIC) measurements of strain prior to solutionizing using
Zynolyte® Hi-Temp paint. The DIC setup consisted of two Nikon AF Micro 180 mm lens, each
of which was attached to a Point Grey GRAS-50S5M-C camera; further details concerning the

DIC setup is provided in Section 2.1 of Appendix B.

The stress-strain behaviour was calculated for all target test temperatures and strain rates along
the rolling direction (RD). In addition, the r-values were also characterized in three directions:
rolling (RD), transverse (TD) and 45° (DD) at two temperatures: 25 and 470 °C. Finally, shear
tests were performed for the purposes of yield surface calibration at 25 and 470 °C at 0.01 s.

The shear testing is discussed in Sections 2.4 and 5.2 of Appendix B.
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Figure 13. Temperature-time histories in some tensile specimens. (a) shows the thermocouple
locations on the tensile frame and (b-e) shows the temperature-time history in samples tested at
400, 300, 200 and 115 °C, respectively. All of these curves are from tensile tests performed at a
strain rate of 0.01 s,

4.2.1.1. Area Reduction Method
To obtain true stress-strain curves, the ARM was used, in which experimental surface strain and
displacement data is extracted from the DIC system during the tensile test. The data is extracted

using a line slice across the cross-section of the diffuse necking zone. The surface geometry is
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then utilized to approximate the area of the section as depicted in Figure 14. Further detail on the
ARM is provided in Section 2.2 of Appendix B. Section 3.3 in Appendix B serves to confirm the
accuracy of this method, demonstrating good agreement between cross-sectional areas calculated

using the ARM and those measured under an optical microscope after testing.
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Figure 14. A reconstructed cross-section profile of an AA7075 sample using the ARM.

4.2.2. Results

4.2.2.1 Tensile Response

The true-stress strain curves obtained using the ARM are shown in Figure 15 for AA7075 and in
Figure 16 for AA7xxx. Both figures also show a constitutive fit following the modified VVoce
model:

6 = A+ (B +CVeP)(1 —exp(~DeP))
Eqg. 5

where A, B, C and D are phenomenological parameters dependent on temperature and strain rate.
o is effective stress and &P is effective plastic strain. In general, the agreement between model
and experiment is quite good. The values of the constitutive parameters in Eq. 5 are reported in

Table 3.
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Figure 15. True stress-strain curves for solutionized AA7075 obtained using the ARM are
shown as solid lines. The fit curves from the modified VVoce model are also shown.
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Figure 16. True stress-strain curves for solutionized AA7xxx obtained using the ARM are
shown as solid lines. The fit curves from the modified VVoce model are also shown.
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Table 3. Parameters from the modified VVoce equation for both alloys characterized where T is in

Celsius.
Parameter AAT075 AATxxx
A (MPa) 154.1 — 235.2T, + 487.2T? 141.1 — 69.1T, + 26.5T}
— 381.7T} — 66.7T2
B (MPa) 164362 —961¢ + 186 + 152762 —903¢ + 157 +
(83.8In€ +3.2)T, + (76.3In€ — 58.8)T, +
(—404.8¢ + 209.2)T? (—42.8Iné + 74.2)T?
C (MPa) 251.3 — 142.5T, — 113.5T? 206.8 — 396.0T, + 199.3T?
D (mm/mm) 17.6 + 43.2T, 20.5 + 25.07,
4.2.2.2  Yield Surface Calibration

Table 4 shows the calculated r-values and standard deviation for both alloys at 25 °C and 470 °C,
while Table 5 shows the corresponding stress ratios (ratios of yield strength in the TD and DD
directions to yield strength along RD direction). The corresponding shear stress ratios (ratio of
yield stress in shear to tensile yield strength along RD direction) are shown in Table 6. The r-
values did not change significantly between the two values of temperature and neither did the
stress ratios. Therefore, it was assumed that the yield surface shape (normalized with respect to

RD vyield stress) was invariant with respect to temperature.

Table 4. Calculated r-values and standard deviation for AA7075 and AA7xxx in the three
directions tested.

AAT7075 RD DD TD
25 °C (W-temper) | 0.67 £ 0.03 0.93 £0.06 1.07 £0.05
470 °C 0.71 £0.07 0.90+0.12 1.15+£0.11
AATXxx RD DD TD
25 °C (W-temper) | 0.65 + 0.04 1.41+0.09 1.83 £0.21
470 °C 0.69 £ 0.06 1.60 £0.16 1.75+0.27

Table 5. Calculated stress ratios for AA7075 and AA7xxx at 25 °C (W temper) and 470 °C

AA7075 RD/TD RD/DD
25 °C (W-temper) | 1.003 0.975

470 °C 1.023 0.975

AATXXX RD/TD RD/DD
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25 °C (W-temper)
470 °C

1.004
1.011

0.988
0.968

Table 6. Calculated shear ratios, and their standard deviations, for AA7075 and AA7xxx for the
two temperatures and two directions tested. Note that the directions in this table refer to the
principal direction of the stress.

AA7075 RD Specific DD Specific
Plastic Work Plastic Work
(MPa) (MPa)
25 °C (W-temper) | 0.578 £0.010 | 28.32 0.575+0.012 27.55
470 °C 0.579+0.005 | 1.26 0.575+0.008 1.23
AATXxXx RD DD
25 °C (W-temper) | 0.586 +0.006 | 29.03 0.584 £0.009 | 28.64
470 °C 0.595+0.012 | 1.33 0.596 £0.011 1.31

The measured stress ratios and r-values at room temperature were used to fit the coefficients of
the Barlat Y1d2000 [51] yield surface. The resulting yield loci are shown in Figure 17 for both
alloys and the Barlat Y1d2000 coefficients are provided in Table 16 of Appendix B. The yield

surface calibration assumed isotropic stress-strain behaviour and strain path changes were not

considered.
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Figure 17. Normalized shapes of the yield surfaces for AA7075 and AA7XXX.
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4.2.3. Model Validation - Application to DQ Deep Draw Operation
To assess the constitutive fits and the calibrated yield surfaces, FE models were developed of a
series of DQ deep drawing experiments performed on a hydraulic press. The experiments were

modelled using the LS-DYNA [81,82] commercial finite element code.

The deep draw procedure began by placing the blank in a convection furnace for 8 minutes at
470 °C. After 8 minutes, the blank was transferred manually into the press where it was placed
on the die surface. The transfer time took 5s. The blank rested on lifter springs for another 5s
prior to application of the binder load of 20 KN. The ramp up time for the binder load was 0.5s.
Therefore, a total of 10.5s elapsed before the deep draw operation began. The punch velocity
used was 10 mm/s. Two circular blank sizes were tested: 177.8 mm and 203.2 mm diameter.

Five repeats were conducted for each alloy and blank size.

To measure the earring profiles, each formed cup was placed on an Epson Perfection V30
scanner. A circle of constant radius was drawn around the profile of the drawn cup on the
scanned image, as shown in Figure 18. The distance from the circumference of the circle to the
edge of the cup was measured using Matlab. The Matlab program used to analyze the cups was

developed by Noder [83].
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180°

Distance from
circle perimeter

Figure 18. A schematic of how the earring profile was measured on the drawn cups. The cup
shown in this image was drawn using a 203.2 mm AA7075 blank cup drawn to a depth of 55
mm.

The FE model used the modified VVoce temperature- and strain rate-dependent stress-strain
curves shown in Figure 15 and Figure 16. The Barlat Y1d2000 yield surface coefficients from
Table 16 in Appendix B were used for each of the two respective alloys. To model the heat
transfer between the blank and tooling, the HTC values from Table 7 (see Section 4.3, below)
were input as a function of contact pressure (Section 4.3 and Appendix C discuss how the HTC

values were obtained).

The measured and predicted (from both constitutive fits shown in Figure 15 and Figure 16)
force-displacement curves are shown in Figure 19a for AA7075 and Figure 19b for AA7XXxX.
The AA7075 blanks displayed a higher force than their AA7xxx counterparts. The predicted
curves matched well with the measured curves for all four cases in Figure 19. The 177.8 mm
blanks experienced a lower force than the 203.2 mm blanks, as expected. The predicted force-
displacement curves were noisier than the experimental curves, although they still followed the
general profile of the experimental curves. The noise in the predicted curve may be due to the
implementation of the user-defined material subroutine used for these simulations.
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Figure 19. Measured and predicted F-D curves for (a) AA7075 and (b) AA7XXX.

The earring profiles of each of the four types of cups formed are shown in Figure 20, along with
the standard deviations. The profiles predicted by the FE simulations are also shown. The
experimental earring profiles were found to be symmetric, to within the measurement standard
deviations, which were 0.3 mm or less. The model under-predicted the extent of earring in the
transverse direction of the AA7xxx cups. The under-prediction is likely a result of the anisotropy
in this alloy, wherein the r-values were reported to be as high as 1.8 in Table 4. To better capture
the earring in the TD of AA7xxx, a more advanced yield surface formulation, such as Y1d2004

[84], is needed.
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—— AA7075 -203.2 mm
— AATxxx — 177.8 mm
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Figure 20. Earring profiles of the deep drawn cups. The rolling (RD) and transverse (TD)
directions are indicated.
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4.3. Heat Transfer Coefficient (HTC)

A crucial aspect in accurately modelling the DQ process is the HTC between the blank and the
tooling. Appendix C contains an in-depth discussion of the HTC calculation, while following
subsections provide an overview. It should be noted that Appendix C contains HTC values for

several alloys and not just the two 7000-series alloys that were the focus of the current thesis.

4.3.1. Experimental Setup

The HTC experiments were conducted using 125 mm x 125 mm blanks with a milled cut-out
measuring 19.4 mm in width and 100 mm in length (as shown in Figure 7b). A type k
thermocouple was attached to the inside edge of the cut-out, using high temperature tape. The
thermocouple was connected to an Omega OMB-DAQ-55 data acquisition system. A second

thermocouple was attached to the surface of the die, as shown in Figure 21.

Top View

(lrj+1) Die

Point of Blank
interest y
(1,3) I

. . X
_l,
(2 1) Thermocouple
. location

’ -1 . .
(1,J-1) (i+1,3)

Figure 21. Thermocouple location in the die and points of interest for Eq. 6.

The experimental procedure consisted of the following steps:

1. The AA7075 or AA7xxx blanks were placed into a convection furnace heated to 470 °C. The

thermocouple was attached to the blank prior to placement in the furnace.
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2. Once the blank reached 470 °C, it was transferred from the furnace into the pair of flat dies,
which are pictured in Figure 7a.

3. The blank was quenched in the dies at a desired contact pressure.

4.3.2. HTC Calculation

To determine the HTC, the following three steps were followed:

1. The experimentally obtained temperature-time curves were filtered to reduce noise.
2. The die temperature was corrected for its location.

3. The HTC was calculated using a least squares regression.

For step 1, a 5-point moving average filter was applied to the temperature-time curves obtained

for the blank and the die.

For step 2, the measured die temperature needed to be corrected since the location at which the
die thermocouple was placed was not in direct contact with the blank (shown in Figure 21b). The

correction was done using the steady state equation for conduction:
0 (kaT) N d <k6T> B
ax\ ox) ody\ ay) i

where k is thermal conductivity of the die, T is the die temperature, g;,, is the heat flux into the

EqQ. 6

die and x and y represent position. If Eq. 6 is discretized using a central difference

approximation, and assuming that intervals in the x and y directions are equal (Ax = Ay), then

Ax?
T = Ti1; + Qin <T>

Eq. 7
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where the superscript n represents instance in time, the subscripts i and j represent locational
coordinates (as shown in Figure 21b) on the die and Ax is the space between two points of

interest. If the heat flux from the blank is equal to the heat flux into the die, Eq. 7 becomes

Ty =T+ C

Pblank Ablank At k

Mplank <T1?12111k - Tl?lank) <AX2>
Eq. 8

where C

poiani 1 the specific heat capacity of the blank, m is the mass of the blank, 4 is the cross-

sectional area of the blank that makes contact with the die surface and At is the time step. Using
Eq. 8, the measured die temperature (i.e., Tj}, ;) can be corrected to determine the die

temperature at the location of contact with the blank (i.e., 7).

The final step, step 3, utilized the corrected die temperature. The value of the HTC was

calculated using Newton’s cooling law:

_ha,
T =Tgie + (To - Tdie)e mep
Eq. 9

In Eq. 9, T is the measured temperature-time curve in the blank, T, is the initial temperature of

the blank. Discretizing Eq. 9 and applying a least squares regression to identify the HTC yields:

3 [0 (=) o i x

h
xt?

Eq. 10

4.3.3. Results
Table 7 shows the calculated values for HTC at different contact pressures for AA7075 and

AATxxx. Figure 22 plots the HTC of unlubricated AA7075 as a function of contact pressure,
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showing the strong dependence of HTC on contact pressure. For the pressures at which both
alloys were tested, the HTC of AA7075 did not differ significantly from AA7xxx. Therefore, it
was assumed that both alloys had the same HTC in the FE model for the deep draw simulations

in Section 4.2.3.

The effect of adding different lubricants, as well as the initial blank temperature at the start of
quenching, was also investigated for AA7075. The two lubricants, Fuchs ForgeEase AL278 and
a Polytetrafluoroethylene (PTFE) spray, slightly lowered the HTC, but not more than 4%. Both
of these lubricants were dry films (i.e., they were not liquid). It is possible that wet lubricants
may have a larger effect on HTC. A blank start temperature of 300 °C versus 470 °C also had

negligible impact on HTC.

Table 7. Calculated HTC values and their standard deviation in parentheses (W/m?K). Each
column represents HTC at a certain contact pressure, except the column titled “NC”, which
denotes natural convention.

Material 2MPa |5MPa | 10MPa | 20 MPa | 40 MPa | 60 MPa | 80 MPa | NC
AAT7075 (heated | 355 (5) | 501(8) | 620(10) | 750 (8) | 1010 1800 2809 20.5
to 300 °C; dry) (19) (49 (34)

AAT7075 (heated 498 (8) | 620 (10) | 750 (8) | 995 (23) | 1831

to 470 °C; dry) (39)

AAT7075 (heated 481 (13) 737 (21) 1770

to 300 °C; Fuchs (67)

ForgeEase

AL278

lubricant)

AAT7075 (heated 480 (15) 732 (21) 1783

to 300 °C; PTFE (70)

spray lubricant)

AATxxx (heated 500 (8) 767 (16) 2772

to 300 °C; dry) (55)
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Figure 22. HTC of AA7075 with no lubricant and a start temperature of 300 °C.

4.4. Precipitate-work hardening interaction model - Post-Forming

A final requirement needed to simulate the DQ process chain (Figure 6) is to predict the final
stress-strain behaviour after artificial aging following forming and die quenching. As discussed
in Section 2.5 of the Literature Review, considerable past work has been done to predict the
increase in yield strength during artificial aging; however, very little work has been done to
predict the work hardening response beyond initial yield, particularly for the current 7000-series
sheet alloys. To address this need, the current section outlines the development of a micro-
mechanics based model that can predict the stress-strain response of AA7075 based on the aging

treatment applied to it. Note that Appendix D provides more detail concerning this model.

4.4.1. Model Development
The work hardening model adopted in this work (referred henceforth as the precipitate-work

hardening interaction model) is an amalgamation of several existing models in literature. The
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governing equation of the model is due to Cheng et al. [73] and considers the interaction of four

strengthening contributions, given by

Y
)

0=0;+ o0, + (az?pt + ol
Eq. 11

where o is the flow stress of the material, o; is the intrinsic strength of a pure aluminum matrix (9
MPa [79]) and g represents the yield strength from the solid solution. Of particular interest is
the interaction of the precipitation hardening term, ,,,,¢, and the increase in strength caused by
the accumulation of dislocations (which is dependent on plastic strain), described by a,;,. Cheng

et al. [73] introduced a hardening exponent, n, to capture this interaction.

0, Can be calculated using

2/3
Ogs = 0035(1 - ler) /

Eq. 12

where gy, IS the yield strength of AA7075 in its supersaturated solid solution state (148 MPa, as
determined from the testing discussed in Appendix A), a can be assumed to be 1 and £, is the

relative volume fraction of precipitates [75].

The term ay,,,,, represents the contribution of precipitates to the yield strength of the aged alloy.

The strong obstacle assumption for precipitates, as defined by Esmaeili et al. [68], results in the

following formulation for oy,

1/2
Oppt = Cl/‘;*/

Eq. 13

where C; can be obtained from the yield strength of the peak-aged alloy.
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For n, Fazeli et al. [74] proposed

Rin —1
R
n = 1.5+ 0.5tanh T

Eq. 14
where R is the average precipitate radius after the aging treatment, R is the average precipitate

radius at which the shearable/non-shearable transition occurs and y is a calibration parameter

that governs the abruptness of the shearable/non-shearable transition.

a,pe Was determined from kinetic parameters for precipitation hardening reported by Abolhasani

et al. [85]. Details are in Sections 2 and 4 of Appendix D.

The final term in Eq. 11, a5, can be determined by taking a linear derivative with respect to the

work hardening rate (WHR) of the material:

Aogis = OAg,
Eqg. 15

6 refers to the instantaneous WHR of the material and ¢, refers to true plastic strain. 6 can be

calculated using

O.q;:
9 = 90 (1 _ dlS)
Os
Eq. 16

where 8, and g, are calibration parameters that need to be fit using experimental data [74]. 6, is
related to the initial hardening rate of the material and o is a scaling factor accounting for the

absence of precipitates.
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4.4.2. Model Parameters

Table 8 summarizes the parameters required in the precipitate-work hardening interaction model.

Table 8. Calibration and other parameters used for the stress-strain model for AA7075.

Parameter Value Source
o; from Eq. 11 9 MPa ASM Handbook
[79]
R, fromEqg.14 |4.6nm Danh et al. [86]
xinEqg. 14 0.2 Fazeli et al. [74]
0pss IN EQ. 12 148 Mpa Omer et al. [76]
ain Eqg. 12 1 Assumed, based on
Sepehrband and
Esmaeili [75]
C, inEq. 13 488 MPa Abolhasani et al.
[85]
6, in Eq. 16 3386 MPa Calibrated
o in Eq. 16 280 MPa Calibrated

4.4.3. Model Application

As an application of the precipitate-work hardening interaction model, the parameters in Table 8
were used to predict the stress-strain curves for several aging conditions for AA7075, which are
shown in Figure 23 alongside the stress-strain curves obtained from tensile tests. The hardening
response was predicted well by the model for the complete range of aging conditions considered.
Figure 24 shows the predicted WHR for each of the conditions in Figure 23. As expected, greater
amounts of aging (natural or artificial) reduced the WHR. For example, in the plot on the left in
Figure 24, the T6 temper, which is peak-aged for which f,. = 1, experienced the lowest
hardening rate. The T6 temper was followed by the 7-day naturally aged (NA) specimens, then

the 2-day naturally aged and finally, the 1-day naturally aged (essentially W temper) specimens.
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Figure 23. Stress-strain curves predicted using the stress-strain model.
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Figure 24. WHR curves predicted using the WHR model.
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5. Summary and Conclusions

5.1. Summary

The current work has served to advance our understanding of and ability to model key aspects of
the DQ process chain (Figure 6). The material and process data and models can enable design of
more optimal DQ processes and more accurate prediction of DQ component properties.

Specifically, the following original contributions are made:

1. The identification of the necessary parameters needed to die quench AA7075 and
AATXXX;

2. The discovery of aging treatments that incorporate the paint bake cycle after die
quenching in order to achieve properties similar to a T6 and/or T76 temper;

3. The constitutive characterization, through the novel area reduction method, of the two
alloys and their response when subjected to the temperature-time cycle of a DQ
operation;

4. The technique developed to calculate HTC, as well as verification of the validity of the
assumptions in that technique; and,

5. The amalgamation of several models in the literature into the precipitate-work hardening
interaction model that can predict the stress-strain response of AA7075 based on the

applied aging treatment (up to peak aging).

The studies of the die quenching process parameters have identified process windows required to
successfully die quench the two 7000-series alloys, AA7075 and the developmental AA7xXX.
The parameters provide insight to the sensitivities of the two alloys to transfer time and quench

rate during die quenching, and identify the potential use and limitations of these alloys within the
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DQ process. In this regard, the lower quench sensitivity of the developmental AA7xxx alloy is
very attractive, providing a much larger process window for furnace-to-die transfer and

tolerating lower in-die quench rates relative to AA7075.

Aging treatments were also identified that could replicate the mechanical properties of a T6
temper for AA7075 and a T6 and a T76 temper for AA7xxx, when PBC was also included as the
last step of the aging schedules. Including the PBC into the aging cycle is an important aspect for
automotive applications and offers the potential for increasing the efficiency of production

through considerably reduced aging times prior to PBC and thus thermal energy consumption.

The constitutive model developed for die quenching was shown, through deep draw experiments,
to accurately predict the load-displacement responses and earring profiles. The accuracy of the
predicted earring profiles indicates that the calibrated yield surface captured the anisotropic
properties of both alloys well. Likewise, the accuracy in the load-displacement predictions
indicates that the stress-strain curves derived from the area reduction method capture the work
hardening behaviour of both alloys during die quenching. This constitutive model can, therefore,

be used to model a die quenching process.

To model the properties of the part after die quenching, and after aging, the precipitate-work
hardening interaction model was developed. The model accounted for individual contributions to
strength caused by precipitates and dislocations, and their interaction as deformation level
increases. The model was calibrated for AA7075 and is applicable to under-aged and peak-aged
conditions of this alloy, as shown in the model application in Section 4.4.3. The precipitate-

dislocation model can be used in conjunction with the constitutive model for die quenching, so
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that the entire process chain can be modelled from its solutionizing step to its in-service step (as

pictured in Figure 6)

5.2.

Conclusions

Based on the results of this thesis, the following conclusions can be drawn:

The developmental alloy AA7xxx exhibited lower quench sensitivity and a higher tolerance
to transfer time than AA7075, making AA7xxx a more desirable alloy for die quenching.
There is, however, potential to die quench AA7075 as well, albeit with a tighter process
window.

The paint bake cycle can be leveraged to achieve mechanical properties close a T6 temper for
AAT7075 and AA7xxx and a T76 temper for AATXXX.

Tensile testing of both alloys in a solutionized condition revealed a work hardening rate
(WHR) close to zero at 470 °C and a positive WHR for lower temperatures. Lower
temperatures generally resulted in a higher WHR.

The temperature- and strain rate-dependent generalized VVoce model, calibrated in this work,
accurately captured the measured true stress-strain curves for solutionized AA7075 and
AATXXX.

The anisotropy of solutionized AA7075 and AA7xxx did not change significantly with
temperature. For this reason, only one set of yield surface coefficients is required for each
alloy.

The measured heat transfer coefficient (HTC) for the AA7075 and AA7xxx alloys, in contact

with a pair of steel dies, increased with contact pressure. The presence of lubricant on the
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blanks slightly lowered the HTC, but no more than 4%. The initial temperature at the start of
quenching (300 °C versus 470 °C) had a negligible effect on HTC.

The constitutive and HTC models, when applied to simulation the die quench deep draw
operations, accurately predicted the load-displacement and earring profiles.

The precipitate-work hardening interaction model developed in this work can accurately
predict the flow stress response of AA7075 subject to under-aged or peak-aged heat
treatments, based on the individual strength mechanisms caused by precipitation hardening,

dislocation strength and the relative volume fraction of precipitates present.
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6. Future Work

Three areas are identified as being important for future research concerning the die quenching
forming process. First, the effect of deformation during the DQ process on the subsequent age
hardenability was not considered. Similarly, the precipitate-work hardening interaction model
(from Section 4.4) did not directly include deformation effects during the quenching stage of the
DQ process. Deformation during quenching can increase dislocation density, which can lead to a

lower potential for age hardenability post-quenching.

Second, the precipitate-dislocation strength model is not applicable for overaged tempers since it
did not consider precipitate coarsening. Overaged tempers are expected to see application in
structural automotive parts, partially because 7000-series alloys tend to have better corrosion

resistance in overaged than underaged tempers [61].

Finally, while this thesis did account for strain rate dependency in the constitutive model for die
guenching, rate effects were not considered in the precipitate-work hardening interaction model.
Some work addressing room temperature strain rate sensitivity of these alloys in the T6 and T76
tempers has been performed by Rahmaan et al. [41], however, future work should introduce rate

effects in the precipitate-work hardening interaction model.
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