
 

 

Constitutive and Fracture Characterization 

of High Strength Aluminum Alloys at Low 

and Elevated Strain Rates 

 

 

 

by 

 

 

M. Taamjeed Rahmaan 

 

 

 

A thesis 

presented to the University of Waterloo 

in fulfillment of the 

thesis requirement for the degree of 

Doctor of Philosophy 

in 

Mechanical and Mechatronics Engineering 

 

 

 

Waterloo, Ontario, Canada, 2022 

 

 

©M. Taamjeed Rahmaan 2022 

 



ii 

EXAMINING COMMITTEE MEMBERSHIP 

The following served on the Examining Committee for this thesis. The decision of the Examining 

Committee is by majority vote. 

 

 

Supervisors    Michael J. Worswick, Ph.D. 

Professor, University of Waterloo 

 

Cliff Butcher, Ph.D. 

Assistant Professor, University of Waterloo 

 

 

External Examiner   Yannis P. Korkolis, Ph.D. 

     Associate Professor, The Ohio State University 

 

 

Internal Examiner   Kyle J. Daun, Ph.D. 

     Professor, University of Waterloo 

 

 

Internal Examiner   John Montesano, Ph. D. 

     Associate Professor, University of Waterloo 

 

 

Internal-External Examiner  Scott Walbridge, Ph.D. 

     Professor, University of Waterloo 

 

 

 

 



iii 

AUTHOR’S DECLARATION 

This thesis consists of material all of which I authored or co-authored: see Statement of Contributions 

included in the thesis. This is a true copy of the thesis, including any required final revisions, as 

accepted by my examiners. I understand that my thesis may be made electronically available to the 

public. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

STATEMENT OF CONTRIBUTIONS 

The following co-authors have contributed to the current work: 

 

Professor Michael J. Worswick and Professor Cliff Butcher supervised this Ph.D. thesis. 

 

Professor Cliff Butcher developed the original user material subroutine (UMAT), which was modified 

in this work. 

 

Professor Kyle Daun advised on the development of the methodology to capture temperature rise on 

the specimen surface at elevated strain rate testing. 

 

Dr. Armin Abedini assisted in the yield function calibrations. 

 

Dr. Ping Zhou assisted in preparing the high strain rate specimens and performing elevated strain rate 

fracture tests. 

 

Samuel Kim provided the component-scale crash test data and assisted in the crash simulation 

development. 

 

Sante DiCecco provided the Nakazima dome test data for the AA6013-T6 and AA7075-T6. 

 

The balance of the research is my own work. 

 

 

 

 

 

 

 



v 

ABSTRACT 

The present research investigates the constitutive and fracture behavior of three high strength 

automotive aluminum sheet alloys, AA6013-T6, AA7075-T6, and AA7xxx-T6 under quasi-static and 

elevated strain rate conditions. The constitutive characterization included room temperature uniaxial 

tensile tests along seven orientations (0°, 15°, 30°, 45°, 60°, 75°, and 90°) with respect to the rolling 

direction along with shear and through-thickness compression. The three alloys exhibited significant 

plastic anisotropy in terms of the measured r–values, while relatively low anisotropy of the stress 

response. As part of this research, a novel methodology was developed to experimentally characterize 

the isotropic hardening response to large strains using tensile and shear specimens. Elevated strain 

rate tensile and shear tests were performed at strain rates spanning 0.001 to 500 s
-1

 with mild positive 

rate sensitivity observed in each material. The influence of strain rate on the in-plane plastic 

anisotropy, in terms of the flow stress ratios and r–values, was low. High speed infrared imaging was 

used to measure temperature rise of up to 40 ºC during the elevated rate tests to aid in the modelling 

of thermal softening on fracture. A phenomenological strain rate and temperature dependent Hockett–

Sherby (HS-SRT) constitutive model was developed and shown to accurately capture the hardening 

behavior. The evaluation of multiple yield functions was performed to select an appropriate one. The 

Barlat YLD2004 yield function with an associated flow rule was calibrated and accurately captured 

the anisotropic plasticity response for the range of loading conditions. Quasi-static fracture 

characterization tests were performed under stress states ranging from shear to equal-biaxial tension 

for the three alloys. It was observed that all three alloys exhibited appreciable dependency on the 

stress state, while the ductility found to be lowest in the plane strain stress state. The AA6013-T6 

alloy displayed the greater ductility among all three alloys tested, while ductility was lowest for 

AA7075-T6. A generalized Drucker-Prager (GDP) stress state dependent fracture model is proposed 

that overcomes limitations associated with the Hosford-Coulomb (HC) fracture model (the GDP 

model admits different fracture limits in uniaxial versus biaxial tension whereas the HC model does 

not). The calibrated fracture loci using the generalized Drucker-Prager (GDP) fracture function 

exhibited good agreement with the experimental data. The force–displacement and absorbed energy 

of a structural hat channel section in a three-point bend test was accurately predicted in the 

simulations conducted using the experimentally-derived fracture loci regularized with the biaxial 

dome test. The effect of strain rate on the fracture strain was characterized for one of the alloys, 

AA7075-T6, using micro-shear, hole tension, notch tension, and groove tension specimens, at strain 

rates ranging from 0.01 to 500 s
-1

. The effect of strain rate on fracture was mild. The ductility for the 

shear, hole tension, and notch specimens decreased by 5% between strain rates of 0.01 and 10 s
-1

, but 
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recovered by 4% for shear specimens and 3% for hole tension and notch tension specimens. A 

minimal strain rate effect on the fracture strain was observed for the groove tension specimen. Since 

hole tension, notch tension, and groove tension specimens exhibited through-thickness necking prior 

to fracture, the fracture strains at the mid-plane of the samples were obtained using hybrid 

experimental–numerical finite element (FE) modelling. The GDP fracture model was modified to 

incorporate strain rate sensitivity and was calibrated to the high strain rate fracture tests. FE 

simulations incorporating the proposed strain rate dependent generalized Drucker-Prager (GDP) 

fracture model accurately captured the experimental data over the studied range of strain, strain rates, 

and stress states for the AA7075-T6 sheet alloy.  
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CHAPTER 1: INTRODUCTION 

The overall weight of passenger vehicles is increasing with the integration of modern safety and 

comfort features such as collision safety, self-driving technology, pedestrian protection, infotainment 

systems and demands for larger interior space. This trend runs at odds with the need to reduced vehicle 

weight which is identified as one of the most effective means to meet current legislations to increase fuel 

efficiency and reduce vehicle emissions. It has been reported that for every one hundred kilograms of 

vehicle weight reduction, there is a corresponding decrease in fuel consumption by 1 km/L with a 

commensurate reduction of 9 grams of CO2 emissions per kilometer (Heuss et al., 2012; Sakurai, 2008). 

Traditionally, advanced lightweight, high strength metal alloys are used within automotive structures and 

body panels to achieve vehicle weight reduction, while maintaining crash performance and strength. High 

strength aluminum alloys (such as 6000- and 7000-series aluminum alloys) can provide a higher level of 

specific strength as compared to conventional high strength steels (US Department of Energy, 2015). A 

number of vehicle manufacturers have successfully used aluminum alloys in different parts of their 

commercial vehicles. Examples of the use of aluminum alloys in vehicles are shown in Figure 1. In order 

to further increase the application of high strength aluminum alloys within the automotive industry, 

proper understanding of material response under different loading and strain rate conditions is required. 

 

Figure 1: Example of aluminum alloy parts used in a vehicle (Everychina.com, 2021). 
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During a typical automobile crash event, the rates of strain within structural sheet alloy components are 

typically on the order of 10
2
 s

-1
, while hinge points and folds locally experience strain rates as high as 10

3
 

s
-1

 (Salisbury et al., 2006). Most metals exhibit an increase in flow stress (strength) at elevated strain 

rates. Furthermore, at larger strains and strain rates, thermal softening induced by deformation heating 

plays an important role in the constitutive and fracture characteristics of materials (Erice et al., 2018; 

Rittel et al., 2017; Roth and Mohr, 2014). Therefore, it is important to understand the low (10
-3

 – 10
0
 s

-1
), 

intermediate (10
1
 – 10

2
 s

-1
), and high (10

3
 s

-1
) strain rate behavior of aluminum sheet metals in order to 

develop accurate constitutive models for the simulation of metal forming processes and in-service 

dynamic loading such as during vehicle crash. In addition, models predicting the onset of fracture at these 

rates of strain are also required to avoid catastrophic failure of automotive structures during crash events. 

The fracture strain of a material is typically characterized in terms of the limit strain as a function of stress 

state, which can be expressed using the combination of the stress triaxiality and Lode parameter. There 

exist several experimental procedures and specimen geometries to obtain the fracture strains at different 

stress states but these are primarily limited to quasi-static (low) strain rate conditions. 

The present research serves to characterize the constitutive response and fracture behavior of high 

strength aluminum alloys at strain rates ranging from low (0.001 s
-1

) to high (1,000 s
-1

) conditions. Three 

aluminum sheet alloys are considered, AA6013-T6, AA7075-T6, and a developmental 7000-series alloy, 

herein referred to as AA7xxx-T76. The targeted application for this research is the development of 

material models suitable for application in vehicle crash simulations. 

This thesis is written using a manuscript format, comprising this synopsis which captures the major 

results and conclusions and recommendations from this research, along with four peer reviewed journal 

publications (three published and one under review) that serve to further detail the research methodology 

and results. The balance of this synopsis is structured in several sections. Chapter 2 serves to present a 

review of the literature pertinent to this research. Relevant experimental methodology is presented in 

Chapter 3, followed by an overview of the results in Chapter 4. A summary and conclusions stemming 

from this research are presented in Chapters 5 and 6, respectively, while Chapter 7 comprises the 

recommended future work. Further detail pertaining to the experimental methodology, results, and 

modelling approach is provided in Appendices A-D. Each appendix is a peer reviewed article, either 

published or submitted for publication: 

 

Appendix A T. Rahmaan, A. Abedini, C. Butcher, N. Pathak, M.J. Worswick, Investigation into the 

shear stress, localization and fracture behaviour of DP600 and AA5182-O sheet metal 
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alloys under elevated strain rates, International Journal of Impact Engineering, 108: 303-

321, 2017. 

 

Appendix B T. Rahmaan, J. Noder, A. Abedini, P. Zhou, C. Butcher, M.J. Worswick, Anisotropic 

plasticity characterization of 6000 and 7000 series aluminum sheet metal alloys at various 

strain rates, International Journal of Impact Engineering, 135: 103390, 2020. 

 

Appendix C T. Rahmaan, C. Butcher, S. Kim, M.J. Worswick, Characterization and prediction of 

fracture in 6000- and 7000-series aluminum alloy sheet under various stress states, Thin-

Walled Structures, 173: 108958, 2022. 

 

Appendix D T. Rahmaan, C. Butcher, K. Daun, M.J. Worswick, High strain rate fracture 

characterization of AA7075-T6 sheet alloy under various stress states, Submitted to the 

International Journal of Impact Engineering, 2022. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 HIGH STRENGTH ALUMINUM ALLOYS 

Since pure aluminum is soft in nature, commercial aluminum alloys are produced by adding selected 

metallic elements. The strength of aluminum alloys depends principally upon composition and thermo-

mechanical processing history. For example, the strength of the 7000-series aluminum alloys generally 

depends on the Zn/Mg ratio (Nishi et al., 2014). Mukhopadhyay (2009) showed that a sufficient amount 

of solid solubility is required for the principal alloying element, encouraging nucleation of precipitates in 

the constituent binary system or inducing the nucleation of new binary/ternary precipitates. Aluminum 

and other alloying elements form compounds with the minor alloying elements, such as Cr, Mn, and Zn, 

which inhibit grain growth and recrystallization. Four numerical digits are typically used as a notation to 

designate different aluminum alloys: the first digit indicates the alloy series along with the major alloying 

elements, the second digit signifies impurity limits and modifications, and the last two digits are used to 

differentiate the alloy within the same series. Various aluminum wrought alloy series together with their 

major alloying elements and common characteristics are shown in Table 1 (Kaufman, 2000). 

Table 1: Different aluminum alloys with their main alloying element(s) and basic behavioral and 

performance characteristics (Kaufman, 2000). 

Alloy Main alloying element (s) General behavioral and performance characteristics 

1xxx Mostly pure aluminum High ductility and formability, low strength, high 

corrosion resistance and electrical conductivity 

2xxx Copper [Cu] Relatively low ductility and high strength, heat 

treatable, less resistant to corrosion 

3xxx Manganese [Mn] Relatively high formability and ductility, medium 

strength, high resistance to corrosion 

4xxx Silicon [Si] Low to medium strength, less resistant to corrosion, 

some alloys are heat treatable 

5xxx Magnesium [Mg] High strength, exceptionally tough, excellent corrosion 

resistance 

6xxx Magnesium [Mg] and silicon [Si] Moderate ductility, very high strength, excellent 

corrosion resistance, heat treatable 

7xxx Zinc [Zn] Highest strengths of all aluminum alloys, less tough 

and susceptible to cracking, less resistant to corrosion, 

heat treatable 

 

7000–series aluminum alloys are alloyed with low temperature, low solid soluble alloying elements, 

such as zinc (Zn), magnesium (Mg) and copper (Cu). The solubility limit of these elements in the 
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aluminum matrix is limited at lower temperatures; thus, such alloys become suitable for heat treatment 

(Gwozdz and Kwapisz, 2008). The unique properties of 7000-series aluminum alloys are typically 

achieved by using a higher Zn content along with a lower content of copper and other alloying elements 

(Chakrabarty et al., 2004). The addition of Cu as one of the alloying elements in Al−Zn−Mg alloys 

(namely Al−Zn−Mg−Cu) further improves the mechanical strength by precipitation hardening (Wu et al., 

2014). Mg content in the composition plays an important role in achieving mechanical strength and 

corrosion resistance of Al-Zn-Mg-Cu series alloys by forming intermetallic compounds such as S 

(Al2CuMg), T (Al2Mg3Zn3), and η (MgZn2) phases (Wolverton, 2001). Some 7xxx–series aluminum 

alloys, such as AA7085, typically show better mechanical properties with higher Mg content in the 

composition than Cu, while superior mechanical properties can be achieved with a Cu/Mg ratio of 0.67 

(Wu et al., 2014). 

The major alloying elements for 6000–series aluminum alloys are Si and Mg, in addition to Cu, Mn, 

and Fe. A SEM micrograph image of un-deformed AA6013 is shown in Figure 2. Prillhofer et al. (2014) 

showed that the rolling texture is influenced by high Cu-content and the low Si/Mg ratio in AA6013. It 

was also found in studies by Prillhofer et al. (2014) and Laughlin et al. (1998) that a low Si/Mg ratio 

generates low elongation values, while relatively high Mn–content in AA6013 increases the initial 

strength of the material. 

 

Figure 2: SEM micrograph image of the un-deformed microstructure of AA6013 in T4 condition, 1,000x, black = 

Al-Mg-Si-Cu particles, white = Al-Fe-Si-Mn-Cu particles [16]. 

For the heat treatable aluminum alloys, strength can be increased through solution heat treatment 

followed by aging (natural or artificial) due to the formation of coherent and partially-coherent 

precipitates which are finely distributed within the material matrix (Ardell, 1985; Nembach, 1997). These 

precipitates act as obstacles to dislocation motion and increased energy is required to cause deformation; 

thus, the material gets stronger (Pinlung, 2015). A T-temper designation is used for the heat treated 

aluminum alloys, and a digit or digits followed by the T designate the specific thermal treatment. The T6 

temper indicates that the alloy has been solution heat treated and artificially aged to peak strength, while 
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T7-type temper indicates the alloy has been solution heat treated and aged in a furnace to an over-aged or 

stabilized condition beyond peak strength to increase the corrosion resistance. The digit following the T7 

indicates the extent of the treatment and the resultant level of corrosion resistance. For example, the T76 

indicates a sufficient aging condition to improve resistance to exfoliation corrosion over that of the T6-

type temper (Kaufman, 2000). 

2.2 HIGH STRAIN RATE MATERIAL BEHAVIOR 

The strain rate sensitivity of sheet metal alloys has been widely studied so as to characterize their 

constitutive response under different strain rate conditions (Dong et al., 2006; He et al., 2005; Li and 

Meng, 2003; Sligtenhorst et al., 2006). The flow stress of many metals, including aluminum alloys, is 

often taken to be a function of the logarithm of the strain rate for a certain range of strain rates (Campbell 

and Ferguson, 1970; Meyers, 1994). It is commonly acknowledged that strain rate-dependent response 

can be outlined into three strain rate regimes which are demarcated by different mechanisms prevailing 

the plastic flow. The three regimes of strain rate dependency are shown in Figure 3 for an En3B steel 

(Campbell and Ferguson, 1970). The behavior in region I is controlled by long-range internal stress fields 

associated with precipitate particles, grain boundaries and dislocations (Boyce and Dilmore, 2009; 

Campbell and Ferguson, 1970). Thermally activated dislocation motion generally governs deformation 

within region II, while the deformation in region III is controlled by drag mechanisms (Meyers, 1994). 

The transition to a dislocation drag mechanism from a thermal activation mechanism is often construed to 

be the reason behind the increased strain rate sensitivity for numerous metals at higher rates of strain 

(Smerd, 2005), on the order of 1x10
4
 s

-1
 (Weertman et al., 1973). For strain rates below 1x10

4
  s

-1
, the 

focus of the current research, Follansbee and Weertman (1982) have reported that dislocation draft effects 

are not rate-controlling. Therefore, the primary governing mechanism for the strain rate sensitivity over 

the range of strain rates considered in this work (0.001-1,000 s
-1

) can be attributed to thermally activated 

dislocation motion. 
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Figure 3: Effective yield stress as a function of strain rate for En3B Steel (Campbell and Ferguson, 1970). The 

vertical dashed lines and labels are added by the present author. 

Tests on different aluminum alloys at various levels of strain rate have been performed by a number of 

investigators (Chen et al., 2009; Oosterkamp et al., 1999; Rahmaan et al., 2016; Salisbury et al., 2006; 

Sasso et al., 2015; Smerd et al., 2005). Sasso et al. (2015) conducted compression and tensile tests on 

AA7075 alloy in T6 temper at strain rates ranging from the quasi-static condition up to 2,000 s
-1

, and 

reported a mild positive strain rate sensitivity for the flow stress. Similarly, mild positive strain rate 

sensitivity in tension was reported in (Chen et al., 2009; Jurczak, 2012; Reyes et al., 2006) based on 

investigations of several different types of 7000–series aluminum alloys. 

Smerd et al. (2005) and Hadianfard et al. (2008) tested the ductility of AA5754 and AA5182 at various 

strain rates in tension, and demonstrated a small increase in the elongation at fracture. Clausen et al. 

(2004) reported that the fracture strain in tension is rate independent in the dynamic strain aging region 

for AA5083-H116, while rate sensitivity increases considerably for elevated rates. Sasso et al. (2015) 

conducted compression and tensile tests on AA7075-T6 at strain rates ranging from the quasi-static 

condition up to 2 x10
3
 s

-1
, and reported that the fracture strain decreases with an increase in strain rate. 

Similar to previous authors, tension tests performed by Brar et al. (2009) on AA7075-T6 at strain rates of 

10
0
 and 10

3
 s

-1
 showed moderate strain rate sensitivity in the flow curves at room temperature conditions. 

However, Brar et al. (2009) disagreed with the conclusion presented by Sasso et al. (2015), and reported 

that the equivalent fracture strain at failure increases with an increase of strain rate in tension tests on 

smooth tensile specimens at high strain rates (1,700 s
-1

) and ambient temperature. Quasi-static and 

dynamic compression tests were carried out on cylindrical specimens of AA7075-T7351 by El-Magd and 

Abouridouane (2006) at strain rates ranging from 0.001 s
-1

 to 5000 s
-1

 and temperatures between 20 and 

500°C. The strain rate sensitivity of the flow curve under compression loading is reported to be mild, 

while an increase in strain to fracture with increasing rate of strain is presented. In tensile loading, an 
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opposite behavior was observed in which the strain rate sensitivity of the flow curve is found to be large, 

while the fracture strain decreased with an increase in strain rate. 

6000–series aluminum alloys usually display mild positive strain rate sensitivity in their flow stress and 

fracture strain (Børvik et al., 2005). Based on compression tests on the AA6082 alloy in tempers T6 and 

T79 at strain rates ranging from 0.1 to approximately 2,000 s
-1

, Oosterkamp et al. (1999) reported mild 

positive strain rate sensitivity in the flow stress. Similar rate sensitivity was reported by Chen et al. (2009) 

for extruded 6000–series aluminum alloys in tension loading for strain rates ranging from 10
-3

 to 10
3
 s

-1
. 

More recently, Xiao et al. (2016) performed hot plane strain compression tests on the AA6013 aluminum 

alloy at temperatures ranging from 613 to 773 K and strain rates ranging from 10
−3

 to 10 s
−1

, and reported 

a considerable increase in flow stress with increasing strain rate. 

At strain rates higher than 1 s
-1

, adiabatic heating begins to cause thermal softening (Cheng et al., 2014; 

Lee et al., 2007). The temperature is assumed to be constant (isothermal assumption) in the case of quasi-

static strain rates since the heat generated within the specimen is assumed to dissipate either through 

convection to air or through conduction to the test frame grips (Zhang et al., 2013). At higher strain rates, 

the increase in temperature within the specimen gauge area produces a gradient in the strength of the 

material which tends to concentrate the strain and leads to localized necking. The effect becomes more 

pronounced at elevated rates of strain because the flow stress is increased and the dissipation of heat is 

delayed (Pinlung, 2015; Thompson, 2006). Pérez-Castellanos et al. (2012) conducted dynamic 

compression tests on AA6082 sheet and reported a decrease in strain to localization with increasing strain 

rate. El-Magd and Abouridouane (2006) showed strong positive work hardening and positive strain rate 

sensitivity of the flow curve of AA7075 at lower strains (Figure 4); however, strong thermal softening 

was observed at larger strains for strain rates above 1,000 s
-1

 due to the adiabatic heat generation and 

temperature rise in the specimen. 
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Figure 4: Flow curves of AA7075 at different strain rates (El-Magd and Abouridouane, 2006). 

The maximum temperature rise, ΔT due to deformation heating from plastic work can be calculated 

using Eq. (2.1). 

 

   
 

    
      

  

 

 Eq. (2.1) 

 

where,    is the heat capacity of the material,   is the material density,  , the Taylor-Quinney coefficient, 

is the ratio of plastic work converted into heat, and the remainder is the integral of the flow stress versus 

effective plastic strain (plastic work). 

MacDougall (2000) showed the value of   to vary for different materials and found that   increases 

with plastic strain from approximately 0.5 to 0.9 for  AA2011 aluminum alloys. Studies performed on 

4340 steels and AA2024 by Mason et al. (1994) demonstrated that under tensile states, increases in strain 

rate can lead to increased values of   for strain rate sensitive materials. More recently, experimental work 

performed by Rittel et al. (2017) on AA5086 and AA2024 cylindrical specimens found a strong 

dependence of   on strain and strain rate, while the value of   can increase or decrease depending upon 

the loading mode. 

For predicting the plasticity and fracture response of Advanced High Strength Steel (AHSS) sheet 

under different loading conditions and strain rates, Roth et al. (2018; 2014) and Dunand et al. (2017) 

calculated the temperature rise at different strain rates within numerical models by varying the value of   

with strain rate through introducing a strain rate dependent factor   in Eq. (2.1) in a multiplicative form, 

as shown in Eq. (2.2): 
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 Eq. (2.2) 

 

in which the limiting cases     and     correspond to isothermal conditions and adiabatic 

conditions, respectively. The temperature increase for intermediate strain rates was approximated in an 

empirical manner through the parametric form 

 

  

 
 
 

 
 
                                                                                      

          
 
                 

          
 

                               

                                                                                     

  Eq. (2.3) 

 

with the parameters        and          defining the limits of the respective domains of isothermal and 

adiabatic conditions. Although this method of considering temperature rise at different strain rates 

provided good agreement with the experimental results, the determination of temperature evolution was 

purely based on mathematical analyses. Experimental data pertaining to temperature rise in sheet metal 

alloys due to deformation heating at high strain rates is limited in the literature. 

While the foregoing discussion confirms that a number of studies are available on the strain rate 

sensitivity characterization of aluminum alloys, the existing literature is not conclusive and warrants 

further investigation. Thus, the high strain rate characterization of high strength aluminum sheet alloys is 

a key focus of the current research. 

2.3 CONSTITUTIVE MODELS 

The description of the constitutive response of a sheet metal alloy is a critical aspect of finite element 

analysis (FEA). The flow stress of a specific material is often predicted utilizing constitutive models 

describing the material hardening response as a function of strain, strain rate, temperature and other state 

variables. Therefore, the accuracy of finite-element analysis hinges upon the constitutive model. 

Many constitutive models have been proposed in the literature with one of the most commonly used 

being that of Johnson and Cook or JC model (Johnson and Cook, 1983). The phenomenological JC model 

accounts for the effects of strain hardening, strain rate, and thermal softening in a multiplicative form. An 

evaluation of predictions using this model was conducted based on cylinder impact tests for several 

materials including AA2024-T351 and AA7039 aluminum alloys. The model is described as: 
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                    Eq. (2.4) 

 

in which, σ is the equivalent stress,    is the equivalent plastic strain,    is the plastic strain rate,            

is a dimensionless plastic strain rate with respect to a reference strain rate    , and T* is a form of 

homologous temperature, 

 

   
       

           
 Eq. (2.5) 

 

where,      ,  , and       are the room temperature, temperature condition of the specimen, and 

melting temperature of the material, respectively. The material constants, A, B, n, C, and  , are fit to the 

experimental data where the yield stress is described by  , the strain hardening is represented by   and  , 

C represents the effect of strain rate, and the effect of temperature rise is denoted by  . In order to 

account for the temperature effect in a test conducted below room temperature, Gray III et al. (1994) 

utilized the homologous temperature,   , given as: 

 

   
 

     
 Eq. (2.6) 

 

in which the temperature is specified in Kelvin. 

The JC model was fit to experimental data for a number of materials and test conditions by Gray III et 

al. (1994). Figure 5 shows the constitutive fits for AA7039. This work has demonstrated the limitation of 

the JC model with respect to describing the material response for a range of strain rates and temperatures, 

which is mainly due to the simplified power law assumption for the material hardening term in Eq. (2.4). 

In addition, the JC model is unable to capture the flow stress response of complex materials, such as 

OFHC copper and AA5083, for which the effect of strain rate and temperature on the material hardening 

is dependent on the strain (Gray III et al., 1994). 
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Figure 5: Johnson-Cook model fits to the experimental data of AA7039. The model parameters used in the model 

fitting are       MPa, ,       MPa,        ,         ,      , and           K (Gray III et 

al., 1994). 

A dislocation mechanics-based strain rate and temperature dependent constitutive model was proposed 

by Zerilli and Armstrong (ZA) (1987). The ZA model incorporated the strain hardening, strain rate, and 

thermal softening into the constitutive function based on thermal activation analysis. The constitutive 

response for different material structure types which define the rate-controlling mechanisms, such as face-

centered-cubic (FCC) and body-centered-cubic (BCC) structures, are captured using different forms of 

the ZA equations. In general, Liang and Khan (1999) demonstrated that the ZA models have limitations in 

predicting the hardening response of materials with strong strain rate sensitivity or other complex material 

behavior. In addition, the power-law type function in the ZA model is not well-suited to aluminum alloys, 

often exhibiting saturation in work hardening. 

Apart from the JC and ZA models, other phenomenological models such as Swift (1952), Ludwik 

(1909), Hollomon (1945), Gosh (1977), Voce (1948) and Hockett–Sherby (1975) are widely used. 

Combinations of models such as the Swift–Hockett–Sherby (Kaps et al., 1999) or Swift-Voce (Kessler 

and Gerlach, 2006) models provide further improved results. Although most of these models were 

developed utilizing phenomenological approaches, some parameters of the models are directly associated 

with physical properties of the materials. As an example, the material parameters of the Hockett–Sherby 

(1975) model are directly related to the yield stress and the strain hardening characteristics of the 

materials. 

Most of the aforementioned phenomenological models alone are neither strain rate sensitive nor 

temperature sensitive. Therefore, strain rate and temperature dependent terms are typically coupled to 

capture the changes in hardening response with respect to strain rate and temperature. Following the 

methods proposed by Camacho and Ortiz (1997) and by Børvik et al. (2001), Bardelcik et al. (2012a; 

2012b, 2010) coupled an exponential-type strain rate function with the Voce model in order to capture the 
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material strain rate sensitivity. Other strain rate sensitivity functions, such as combined logarithmic and 

exponential type functions can also be integrated with these hardening models. 

The majority of available hardening models differ mostly according to their range of validity, which 

varies with their complexity in terms of capturing strain, strain rate, and temperature effects, for example. 

Due to a lack of test data over a wide range of strain rate, only a limited number of constitutive fitting 

efforts have been performed for 7000- and 6000–series aluminum sheet alloys. Thus, one goal of the 

proposed research is to investigate appropriate constitutive models for low (0.001 s
-1

) to high (10
3
 s

-1
) 

rates of strain and propose a strain rate-sensitive term(s) to accurately predict the experimental data.  

Traditionally, the hardening response and fracture behaviour at elevated strain rates are characterized 

using uniaxial tensile tests (Abedini et al., 2015; Bardelcik et al., 2010). Such material hardening data is 

only valid for strains up to the onset of diffuse necking, as characterized by the Considère criterion 

(1885). According to the Considère criterion, diffuse necking in uniaxial tension begins when the rate of 

strain hardening is equivalent to the true stress. The measured true stress response beyond this point is no 

longer homogeneous uniaxial tension. The ductility of advanced high strength metal alloys is often 

reduced due to higher strength and lower hardening rate. As a result, the valid range of tensile data for 

constitutive characterization of a material decreases to uniform elongation strains on the order of 5-10% 

(Abedini et al., 2015; Bardelcik et al., 2010; Rahmaan et al., 2016; Smerd et al., 2005; Thompson, 2006). 

The strain levels at fracture are much larger than the level of strains at onset of diffuse necking. For 

example, the local fracture strain of ultra high strength boron steel under uniaxial tension at a strain rate 

of 0.001 s
-1

 is approximately 70%, while the material experiences diffuse necking at strains as low as 5% 

(ten Kortenaar, 2016). Papasidero et al. (2015) showed that the fracture of aluminum 2024-T351 in 

tubular specimens occurs at a higher strain to fracture for torsion (simple shear) than for uniaxial tension 

(Papasidero et al., 2015). Scales et al. (2016) recently reported considerably larger strains at failure than 

previously reported values for AA6061-T6 tubular specimens based on statistical grain-level 

measurements. The hardening response at large strains associated with fracture is typically obtained either 

through inverse finite-element (FE) techniques or by hardening law extrapolation (Rahmaan et al., 2016). 

However, a linear or simple power-law extrapolation is often not sufficient (Ling, 1996; Rahmaan et al., 

2016; Roth and Mohr, 2014). In an inverse modelling technique, a numerical model is developed with a 

set of initial input parameters, and the model results are compared with the experimental data until a set of 

input parameters provide model results matching with the desired experimental results. Therefore, inverse 

finite-element inverse modelling techniques become time-consuming and can produce non-unique 

solutions, especially for elevated strain rate conditions when strain rate and adiabatic softening must be 

taken into account. 
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As an alternative to inverse modelling of tensile tests, simple shear tests can be used to obtain large-

strain constitutive data since shear tests since a tensile instability cannot occur. In addition, proportional 

deformation of simple shear specimens can be achieved until fracture and utilized in the calibration of 

stress-state dependent fracture loci. 

2.4 PLASTIC ANISOTROPY 

Anisotropy, or directional variation of mechanical properties, exists in automotive sheet metal alloys as 

a consequence of the rolling process (Banabic, 2000). The anisotropic response of a sheet metal alloy 

plays critical role during metal forming processes because of its influence on the formability along 

different sheet orientations. Anisotropy is also considered in crashworthiness simulations of aluminum 

materials such as 6xxx-series extrusions. A manifestation of the rolled crystallographic texture in sheet 

alloys appears as a difference in mechanical properties, such as in yield stress, along different sheet 

orientations with respective to the sheet rolling direction. Furthermore, the ratio of width-to-thickness 

strain during uniaxial tensile tests, referred to as the r–value or Lankford coefficient, is altered by the 

rolling process which affects the thinning behavior during forming operations. The average r-value is 

defined as 

  
      
 

          
  Eq. (2.7) 

 

in which       
 

 is the true plastic width strain and           
 

 is the true plastic thickness strain. For an 

isotropic sheet alloy, the r–value is always unity. 

The anisotropic response of AA7075 aluminum sheet was characterized by Tajally and Emadoddin 

(2011) based on uniaxial tensile tests at room temperature after annealing cold worked samples at 

different temperatures (270–450˚C). The maximum strengths were observed in the 90° direction and the 

elongation along the 45° direction was greater than those in the other directions. The r–value along the 

rolling direction is reported to be between 0.49–0.77, while for the 90˚ and 45˚ directions it was reported 

to be 0.52–0.79 and 0.79–1.02, respectively. The r–value was found to be the highest along the diagonal 

(45˚) direction for any given annealing condition. 

In addition to obtaining the material stress-strain response over a range of strain rates, it is also 

necessary to identify the dependency of anisotropy (r–value) of automotive sheet metals on strain rate to 

develop an accurate plasticity model. Currently, only a limited amount of experimental data is available 

characterizing the anisotropic response of 6000- and 7000-series aluminum alloys across a broad range of 

strain rates and different sheet orientations. Thus, the current research includes a series of tests to 
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characterize the anisotropic response of AA6013-T6, AA7075-T6, and AA7xxx-T76 sheet for a range of 

strain rate. 

2.5 YIELD CRITERIA 

Defining an accurate description of yielding behavior is important to model the anisotropic response of 

sheet metal alloys in FE simulations. The continuum yield behavior can be captured through two different 

approaches: physical-based models and phenomenological models. The crystal structure and 

crystallographic texture are the basis of physical-based models, in which the material is assumed to be a 

polycrystal. In physical-based approaches, it is assumed that a relatively large number of grains composes 

each point of the polycrystal at the continuum level in which dislocation glide occurs on certain slip 

systems (Barlat et al., 1997; Beaudoin et al., 1994; Becker, 1993). Physically-based models within FE 

codes have been used successfully to predict the anisotropic response of different metal alloys (Hua et al., 

2008; Inal et al., 2002; Plunkett et al., 2006; Van Liempta and Sietsmaa, 2016). However, the 

crystallographic textures and microstructural material parameters are typically the key input for these 

models, and measuring such material data is complex. In addition, the computing time needed to carry out 

physical-based FE simulations can be expensive, which limits the application of these approaches for 

industrial problems. 

In the phenomenological approach, the plastic yielding behavior is assumed to be defined by a yield 

surface in stress space that evolves with plastic deformation. The computational time required for 

phenomenological yield functions is considerably less than that for the physical-based crystal plasticity 

approach (Barlat et al., 1997). The implementation of phenomenological models into the FE code is less 

complex as well. Hence, the phenomenological approach to describe yielding has gained popularity for 

industrial applications and was adopted in the current research in an effort to ensure applicability to 

industrial applications. 

The isotropic maximum shear stress yield function proposed by Tresca (1864) is known to be the oldest 

phenomenological yield criterion; however, the von Mises (1913) quadratic yield function is the most 

widely used isotropic yield function. The graphical representations of the Tresca and von Mises  yield 

criteria are shown in Figure 6. , Hershey (1954) and Hosford (1972), as shown in Eq. (2.8), introduced a 

non-quadratic isotropic yield function utilizing an exponent,  , based on the results of polycrystal 

calculations to obtain better accuracy compared to the quadratic von Mises yield criterion. Further 

improvements to the original Hosford model were developed to increase the accuracy for shear and plane 

stress conditions, as well as to account for a six component stress state in isotropic materials (Barlat et al., 

1991; Barlat and Lian, 1989; Barlat and Richmond, 1987; Hosford, 1992). 



16 

 

Figure 6: Graphical representation of the Von Mises and Tresca yield criteria (Banabic, 2010). 

 

           
 

 
        

         
         

   

 

 
 Eq. (2.8) 

 

A phenomenological extension of von Mises to model anisotropic materials was proposed by Hill 

(1948), known as the Hill48 model, has been widely used in FE simulations due to its simple form but is 

seldom able to sufficiently describe anisotropy of aluminum (Mellor, 1981; Mellor and Parmar, 1978). 

A series of phenomenological anisotropic yield functions were proposed by Barlat et al. (Aretz and 

Barlat, 2013; Barlat et al., 2005, 2003, 1997, 1991; Barlat and Lian, 1989). Barlat and Lian (1989) 

proposed a generalized form of their original isotropic yield function based on the linear transformation of 

the stress tensor in order to predict the yield response of the materials exhibiting planar anisotropy. This 

so–called Barlat YLD89 model (Barlat and Lian, 1989) became the basis of future proposed models. The 

Barlat YLD89 provided a reasonable prediction of the yield locus for aluminum alloys but the model was 

not able to accurately predict the biaxial yield stress for aluminum alloys with pronounced anisotropy 

(Banabic, 2010). To improve accuracy relative to the Barlat YLD89 yield locus, further improvement was 

proposed in the next three consecutive yield functions: Barlat YLD91 (Barlat et al., 1991), Barlat YLD94 

and YLD96 (Barlat et al., 1997). The plane stress  Barlat YLD2000–2D (Barlat et al. 2003) model 

incorporates eight coefficients that are identified from uniaxial tension tests, shear tests, and biaxial 

tension tests (Banabic, 2010). 

A methodology similar to YLD2000–2D was followed by Aretz and Barlat (2004) and Barlat et al. 

(2005) to develop the Barlat YLD2004-18p yield criterion to account for 3–D stress states by considering 

all six components of the stress tensor. Two stress transformations are used and each transformation 

requires 9 coefficients, totaling 18 coefficients. The Barlat YLD2004 yield function has been successfully 

used in forming simulations of aluminum alloys despite being computationally expensive and involving a 

complex calibration process (Fourmeau et al., 2013, 2011; Grytten et al., 2008; Ha et al., 2019; Yoon et 

al., 2006). 
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As shown in the above literature review, a number of yield functions are available to predict the 

anisotropic plastic behavior of sheet metals. The challenge is to select the appropriate one (with the least 

parameters) while maintaining accuracy and performing the required tests and calibrations which is 

discussed further in Chapter 4 for the AA7075, AA7xxx-T76, and AA6013 alloys. 

2.6 DUCTILE FRACTURE 

The fracture of metals of materials can be divided into two categories: ductile and brittle. Only a small 

amount of plastic deformation caused by a sudden failure occurs during brittle fracture. Ductile failure,  

exhibits rough surfaces with gross plastic deformation (Hashemi, 2006). Accurate prediction of ductile 

fracture in sheet metal alloys is critical in order to understand the formability and crashworthiness of 

automotive and aerospace structural and body components. Mechanical models to predict ductile fracture 

can also be divided into two categories: micromechanical damage models and phenomenological models. 

2.6.1 MICROMECHANICAL MODELS OF FRACTURE 

Micromechanical damage models are physically based, and attempt to model the different stages of 

microscopic ductile fracture (as shown in Figure 7). At a microstructural level, ductile fracture is induced 

by the nucleation, growth, and coalescence of voids, followed by material softening and fracture. As 

shown in Figure 7a, material contains voids, as well as inclusions and second-phase particles which are 

the sites for nucleation of additional voids. Additional voids are then nucleated by particle cracking or 

debonding with plastic deformation (Figure 7b). The voids grow with further deformation (Figure 7c) 

leading to a rapid link-up to form microscopic cracks that propagate throughout the material causing 

failure (Figure 7d). The role and evolution of voids during plastic deformation has been studied by 

McClintock (1968) and Rice and Tracey (1969). These studies assumed failure initiates when a critical 

value of the void volume fraction is reached for each specific material, while neglecting the hardening 

effects, the coalescence process, and interaction between micro voids. 
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Figure 7: Different stages of microscopic ductile fracture, (a) initial state, (b) void nucleation, (c) void growth, and 

(d) void coalescence (Chen, 2004). 

The widely used micromechanical Gurson model (1977) is based on a porous-plastic yield function. 

Tvergaard and Needleman (1984) proposed the Gurson-Tvergaard-Needleman (GTN) model, to account 

for the void nucleation and coalescence. The GTN model struggles with fracture prediction in shear where 

there is no void growth which was remedied by Nahshon and Xue (2009) and Nielsen and Tvergaard 

(2010). The shear-modified GTN models can better predict fracture in shear-dominated stress states but 

the empirical modifications compromise the micromechanical foundation of the Gurson model (Dunand 

and Mohr, 2011; Ghahremaninezhad and Ravi-Chandar, 2013). The large number of parameters involved 

in the GTN models causes the calibration process to be difficult and less suitable for industrial 

applications (Bao, 2003). Alternative phenomenological models that are more computationally efficient 

and contain fewer parameters, such as the Modified Mohr Coulomb (MMC) model, can be used to obtain 

as good or better accuracy than recent forms of the Gurson model.  

2.6.2 PHENOMENOLOGICAL MODELS OF DUCTILE FRACTURE 

Ductile fracture is strongly influenced by the stress state. Before reviewing phenomenological models, 

it’s important to review the concepts in the characterization of loading conditions in terms of the stress 

invariants. The triaxiality and Lode (1926) angle parameter can be used to quantify all forms of isotropic 

loading conditions (stress state). The stress triaxiality ( ) is defined as the ratio of mean stress, or 

hydrostatic pressure, to the von Mises equivalent stress (Bhadauria et al., 2009), as shown in Eq. (2.9). 

  
    

  
 Eq. (2.9) 

 

in which    is the von Mises equivalent stress and      is the hydrostatic pressure. The Lode angle 

parameter ( ) is a function of the second and third invariant of the stress deviator, as shown in Eq. (2.10). 
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 Eq. (2.10) 

 

where    and    are the second and third invariants of the stress deviator, respectively. It is to be noted 

that the use of the dimensionless Lode angle parameter (  ), defined in Eq. (2.11), is more common in the 

literature. 

 

     
  

 
          Eq. (2.11) 

 

A relationship between triaxiality and Lode angle parameter is described by Bai and Wierzbicki (2008) 

for plane-stress conditions, as shown in Eq. (2.12). 

 

    
 

 
          

  

 
     

 

 
  Eq. (2.12) 

 

in which,    is the dimensionless Lode angle parameter and   is the stress triaxiality. In the principal stress 

space, the Lode parameter can be defined as: 

 

   
         

     
 
          

     
 Eq. (2.13) 

 

The values of stress triaxiality and Lode parameter corresponding to different characteristic loading 

conditions are shown in Table 2. 

Table 2: Values of stress triaxiality and Lode parameter for different plane stress loading conditions 

(Chen and Butcher, 2013). 

Loading condition Triaxiality ( ) Lode parameter (  ) 

Pure shear and Simple Shear 0 0 

Uniaxial tension 0.333 -1 

Plane strain tension 0.577 0 

Equal–biaxial tension 0.667 1 
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The fracture model proposed by Cockcroft and Latham (1968) proposed assumed that fracture occurs 

when the plastic work per unit volume reaches a critical threshold ,    , as 

 

    
  

  
        

  

 

 Eq. (2.14) 

 

where    is the equivalent stress,    is the equivalent strain,    is the equivalent fracture strain, and the 

effect of the highest tensile stress,   , is represented by a non-dimensional stress-concentration factor, 

     . Oh et al. (1979) later introduced the normalized maximum principal stress       as the weighting 

function to the Cockcroft and Latham (1968) model, and proposed a modified version: 

 
    

  
   

  

 

     Eq. (2.15) 

 

the Macaulay bracket,   , indicates that only the positive part of principal stress,   , is taken. The 

Cockcroft-Latham model requires calibration of only one fracture parameter,    , making it an attractive 

failure criterion for industrial applications. 

The Johnson and Cook fracture model (Johnson and Cook, 1985), as shown in Eq. (2.16), one of the 

most commonly adopted phenomenological fracture models, accounts for the effect of strain rate, stress 

triaxiality, and temperature on fracture strain. Fracture is predicted to occur when the damage parameter 

    in Eq. (2.17) reaches unity. Eq. (2.16) describes the equivalent strain to failure,   , under monotonic 

loading conditions. The first term in Eq. (2.16) articulates that the strain to fracture decreases as the 

triaxiality increases, while the second term accounts for the effect of strain rate and the third term captures 

the effect of temperature on failure strain. 

 

             
             

        
   Eq. (2.16) 

 

      
   

  
   Eq. (2.17) 

 

Note that    to    are material constants that are calibrated based on measured data,   is the stress 

triaxiality,     is a non-dimensional plastic strain rate term, and T* is a form of homologous temperature, 

as defined in Eq. (2.5). The exponential dependence of the Johnson-Cook with the triaxiality was later 

found to be problematic in that it does not capture the increase in the fracture strain in plane stress biaxial 

stretching. For sheet metals, this trend is inaccurate since the lowest failure strain typically corresponds to 
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plane strain loading conditions (Bai and Wierzbicki, 2015, 2008; Roth, 2015; Roth and Mohr, 2014). The 

limitation of the JC model is that it omits a dependence upon the Lode parameter.  

The Mohr–Coulomb (MC) yield criterion (Coulomb, 1776; Mohr, 1914) was developed to model the 

yield behavior of granular and brittle materials with tension-compression asymmetry. Ductile metals 

typically have minor tension-compression asymmetry in the yield behavior but have significant 

asymmetry in fracture. The fracture limits in compression and shear tend to far exceed the limits in 

tension. The MC criterion is formulated when the shear stress and normal stress reaches a critical value, 

according to 

 

                        Eq. (2.18) 

 

in which    and      are the maximum and the minimum principal stresses. The material constants    and 

  are referred to as friction and shear resistance coefficients, respectively. In the limiting case of     , 

the Mohr–Coulomb criterion reduces to a maximum shear stress criterion that assumes fracture will occur 

when the maximum shear stress reaches a critical value. Bai and Wierzbicki (2010) proposed using the 

MC yield criterion as a ductile fracture criterion. The so-called modified Mohr Coulomb (MMC) criterion 

was formed using power law hardening and recasting the MC criterion into the equivalent strain, 

triaxiality and Lode parameter 

         
 

  
    

  

    
           

   

 
       

    
 

 
    

   

 
       

 

 
    

   

 
    

 
 
 

 Eq. (2.19) 

 

in which, A and n are two power law coefficients,   ,   , and    are three fracture parameters. 

Bai and Wierzbicki (2008, 2015) assessed the capability of the Cockcroft-Latham (1968) and Johnson-

Cook (1985) fracture models for AA2024-T351 under different loading conditions. Since the fracture 

criteria for both of these models are not dependent on the Lode angle parameter (  ), the models 

reasonably capture the influence of stress triaxiality ( ) on fracture strain (  ) but were unable to predict 

the non-monotonic trend of fracture strains under different loading conditions, as shown in Figure 8(a and 

b). On the other hand, the MMC type fracture models, such as Bai and Wierzbicki (2008, 2010), consider 

the effect of both triaxiality and Lode parameter on the fracture strain; thus, the dependency of fracture 

strain as a function of loading condition is well captured, as shown in Figure 8c for the Bai and 

Wierzbicki (2010) fracture model. Lou et al. (2012, 2014) and Kubík et al. (2016) have also proposed 

phenomenological models to describe the fracture loci in terms of the triaxiality and Lode parameter.  
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Figure 8: Fracture loci of AA2024-T351 alloy calibrated by (a) Cockcroft-Latham (1968) (b) Johnson-Cook model 

(1985) and (c) Bai and Wierzbicki (2010) fracture models (Bai and Wierzbicki, 2015). 

From the localization analysis of a porous unit cell containing an initially spherical void in tensile and 

shear loading, Mohr and Marcadet (2015) proposed the Hosford–Coulomb (HC). The shear and normal 

stresses at the onset of void coalescence were fit to reasonable agreement with the MC model but a 

dependence upon the intermediate principal stress was observed. The HC model was arrived at by 

replacing the maximum shear stress (or Tresca equivalent stress) in the MC criterion of Eq. (2.18) with 

that of the Hosford form. The HC model is  

 

                            or           
 

         
 Eq. (2.20) 

 

here,    and      are the maximum and the minimum principal stresses, and    is the fracture stress. The 

invariant form of the Hosford-Coulomb function,          , is 

 

           
 

 
   

 
  

 
 
 
   

 
  

 
 
 
   

 
  

 
 
 
  

 

 

       
 
  

 
  Eq. (2.21) 

 

The functions      are Lode angle parameter dependent trigonometric functions related to the principal 

stresses to Haigh–Westergaard coordinate transformation and defined as: 

 

       
 

 
    

 

 
               

 

 
    

 

 
                

 

 
    

 

 
        Eq. (2.22) 

 

in which, the Hosford exponent,  , governs the deviatoric stress measure with the limiting cases of Tresca 

             and von Mises             ,   is related to the fracture stress in shear, and 

material constant   controls how the fracture response from shear to compression region behaves. The HC 
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model is formulated in stress space for direct coupling with the yield function and hardening behavior in 

contrast to the MMC model. An equivalent strain-based form for power law hardening can be obtained as 

in Mohr and Marcadet (2015) as expressed 

 

               
 
   

 

 
        

         
         

   

 
 
             

 
 
 

 Eq. (2.23) 

 

Roth and Mohr (2014) extended the HC formulation to incorporate the strain rate effect on fracture 

through the multiplier parameter,  , as shown in Eq. (2.24). A hybrid experimental-numerical approach 

was followed to evaluate the strain rate dependent Hosford-Coulomb model (Roth and Mohr, 2014). 

Although the strain rate dependent Hosford-Coulomb model provided good agreement with the available 

experimental data for several AHSS sheet alloys, it required an extensive amount of inverse modeling. 

 

           
  

   
     when        Eq. (2.24) 

 

A recently developed phenomenological stress-state-dependent damage model is called the Generalized 

Incremental Stress State dependent damage Model (GISSMO) (Haufe et al., 2010; Neukamm et al., 

2009). This model is implemented in the commercial finite element software LS-DYNA (Livermore 

Software, 2012) and has been used extensively by industry to predict fracture in vehicle crashworthiness 

simulation. For constant stress states, the damage rate can be integrated to get a relation of actual 

equivalent plastic strain and damage, as shown in the following Eq. (2.25): 

   
  

  
 

    

 Eq. (2.25) 

 

in which    and    are the instantaneous equivalent plastic strain during plastic deformation and 

equivalent plastic strain at failure, respectively, and      is a damage exponent. An incremental 

description of damage accumulation, including softening and failure, can also be defined by the GISSMO 

damage model. The model for an incremental formulation of damage accumulation is shown in Eq. 

(2.26), while Eq. (2.26) is integrated to determine the current damage value, as shown in Eq. (2.27). 

Failure occurs once the value of the current damage reaches unity. 
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    Eq. (2.26) 

 

    
    
  

 
   

 
    

 
    Eq. (2.27) 

in which,    is the incremental damage,      is a damage exponent used for introducing non-linearity, 

    is the incremental plastic strain, and    is the plastic strain at failure which is a function of Lode angle 

and stress triaxiality. The value of D is between 0 and 1. Unlike the JC fracture model, the GISSMO 

damage model has the capability to include the effect of both triaxiality and Lode parameter by defining 

   using any triaxiality and Lode parameter dependent fracture criterion. 

It is critical to perform tests for performing calibration of a fracture model considering different stress 

states (Kubík et al., 2018). There are many fracture characterization tests available in the literature 

ranging from simple shear using mini-shear (Peirs et al., 2012) or so-called “smiley” specimens (Roth and 

Mohr, 2015) to uniaxial tension tests utilizing hole expansion and hole tensile experimental procedures 

(Butcher et al., 2013; Dunand and Mohr, 2010; Pathak et al., 2017; Roth, 2015), as well as plane strain 

tension using tight-radius bend tests (Cheong et al., 2017; Roth and Mohr, 2016) or dome tests with 

notched specimens (ISO-12004-2, 2008). Tests for combined shear and tension have also been developed 

using butterfly-type specimens (Anderson et al., 2017; Dunand and Mohr, 2011; Mohr and Henn, 2007) 

and modified Arcan tests (Gruben et al., 2011). Nakazima dome tests are more common for equal-biaxial 

tests (ten Kortenaar, 2016), though notch tension tests (Erice et al., 2018) can also be performed to obtain 

fracture response under biaxial tension loading. The width of most of these test specimens is larger than 

the typical grip size of the elevated strain rate experimental equipment normally available for such work; 

therefore, the development of suitable specimen geometries for high strain rate fracture tests along with 

the development of proper experimental methods has been a part of the current research. 

2.7 SUMMARY AND CURRENT DEFICITS IN LITERATURE 

High strength aluminum alloy sheet has gained considerable interest in the automotive industry because 

of its low density and good specific properties. Numerical simulation is of key importance and it is 

necessary to accurately simulate these alloys prior to their introduction into vehicle structures. The 

accuracy of models for the simulation of aluminum alloys is dependent on the proper characterization of 

the material behavior. Thus, there exists a critical need to characterize and understand the response of 

high strength aluminum alloys under the elevated strain rate conditions associated with automotive crash 
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events. This need encompasses both constitutive response at elevated strain rate, including the effect of 

strain rate on flow stress and anisotropy, as well as the fracture behavior. 

Several studies  have reported a positive effect of strain rate on the constitutive response (strength) of 

6000- and 7000-series aluminum alloys (Brar et al., 2009; Chen et al., 2009; Jurczak, 2012; Sasso et al., 

2015; Xiao et al., 2016). The effect of plastic anisotropy on the constitutive behavior of the 6000- and 

7000-series has also been examined (Choi et al., 2021; Fourmeau et al., 2011; Ha et al., 2018; Prillhofer 

et al., 2014; Tian et al., 2017) but there is an evident need for further studies on this topic. Large plastic 

strains are often involved in sheet metal forming processes and techniques to extend measurements of 

work hardening beyond the onset of tensile necking instability are also needed. In the present research, 

shear tests will be utilized to examine work hardening at large strain levels, focusing on several high 

strength aluminum sheet alloys, AA6013-T6, AA7075-T6, and AA7xxx-T76. 

At high rates of strain, the thermal softening effect due to deformation heating becomes significant 

because the heat generated by the high level of flow stress cannot be dissipated immediately due to the 

higher rate of deformation (Odeshi et al., 2005; Pérez-Castellanos and Rusinek, 2012; Rusinek and 

Klepaczko, 2009; Vazquez-Fernandez et al., 2019). The increase in temperature within the specimen 

gauge area produces a gradient in the strength of the sheet alloy which tends to increase the local strain 

and leads to localized necking. The temperature rise due to deformation heating at high rates needs to be 

characterized in order to develop accurate constitutive models. Infrared thermography to directly measure 

the temperature rise has been used by Pérez-Castellanos and Rusinek (2012) for an AA6082 extrusion, 

Nie et al. (2020) for AA7075-T6 plates, and Vazquez‑Fernandez et al. (2019) for an austenitic stainless 

steel sheet alloy. Experimental data pertaining to the temperature rise in 7000-series aluminum sheet 

metal alloys due to deformation heating at high rates of strain has received only limited attention in the 

literature. 

A clear influence of stress triaxiality and Lode angle on the ductile fracture strain is shown by Jang et 

al. (2020) and Chandran et al. (2021) for DP980 and DP1000 sheet, respectively. Similarly, Thomesen et 

al. (2020) and Lou et al. (2013, 2018) have shown a strong influence of stress state on the fracture 

behavior of 6000-series aluminum alloys and 2000- and 7000-series aluminum alloys, respectively. 

Studies conducted by Fang et al. (2021), Rahman et al. (2016), Hadianfard et al. (2008), and Higashi et 

al. (1991) have demonstrated that the fracture strain under tensile states increases with the increasing 

strain rate for aluminum alloys whereas the ductility of steels can increase or decrease depending upon the 

alloy system (Roth and Mohr, 2014; Winkler et al., 2008). Roth et al. (Erice et al., 2018; Roth and Mohr, 

2014) and Mohr and Marcadet (2015) have reported the failure loci of steel alloys to shift upwards with 

strain rate for all stress triaxiality levels. It is important to note that the fracture behaviour of 6000- and 
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7000-series aluminum sheet alloys is largely unexplored for both low and high strain rate conditions 

which create the need for a systematic study of the fracture response of high strength aluminum alloys. 

Studies by Roth et al. (2014, 2015, 2018) have considered the strain rate effect on the fracture strain  of 

advanced high strength steels (DP590, DP980, TRIP780, CP980 and CP1180). In addition, a number of 

modelling approaches (Erice et al., 2018; Roth and Mohr, 2015, 2014) for predicting fracture strain at 

high rates of strain have been proposed that make considerable use of a hybrid experimental–numerical 

modelling approach. Ha et al. (2018) investigated the plasticity and ductile fracture of bake-hardened 

AA6013 aluminum sheet under quasi-static condition and concluded that the fracture strain determination 

through a hybrid experimental–numerical modelling approach is highly sensitive to the constitutive model 

adopted. A thorough experimental-numerical investigation is needed to understand insights to reduce 

vehicle weight while preserving safety, ultimately promoting a positive environmental impact for the 

automotive industry. 

From the consideration of the literature review and needs identified in this chapter, the specific research 

objectives are defined as follows: 

 Develop a novel experimental methodology to obtain the hardening response up to larger levels of 

strain using tensile and shear tests incorporating detailed digital image correlation (DIC)-based 

strain measurements. 

 Systematically investigate the constitutive response of the AA7075-T6, AA7xxx-T76, and 

AA6013-T6 sheet alloys from low (0.001 s
-1

) to high (10
3
 s

-1
) rates of strain and utilize the 

experimental data for the development of a strain rate-sensitive constitutive model suitable for 

vehicle crash CAE models. 

 Evaluate anisotropic yield functions based on a set of comprehensive experimental data for the 

three sheet alloys and propose appropriate yield criteria for FE simulation of high strength 

aluminum sheet alloys. 

 Develop a fracture model to accurately capture the fracture strains of all three sheet alloys for stress 

states ranging from shear to equi-biaxial tension. 

 Develop experimental methods to determine the temperature increase due to deformation heating 

within the specimen gauge region at elevated strain rates, and propose strain rate-sensitive 

constitutive and fracture models taking the adiabatic heat rise into account. 
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CHAPTER 3: EXPERIMENTAL METHODOLOGY 

This chapter provides an overview of the adopted experimental techniques, which included constitutive 

and fracture characterization of three aluminum alloys under both quasi-static and dynamic conditions. 

The materials selected for this research include AA6013 in T6 temper, an intermediate strength 6000-

series alloy, and two high strength alloys, AA7075 in T6 temper and a developmental 7000-series alloy, 

designated AA7xxx in T76 temper. Today, 7000-series alloys are used primarily in aerospace and armor 

applications; however, they have significant potential for application within light-weight automotive 

structural components. The developmental AA7xxx-T76 alloy has lower quench sensitivity, making it 

more appropriate for hot forming applications, as discussed by Omer et al. (2018). The as-received alloys 

have a nominal thickness of 2 mm, and Table 3 presents the typical chemical compositions of these 

alloys. 

Table 3: Typical chemical composition of AA7075, AA7xxx, and AA6013 aluminum alloys (wt%) (Jabra 

et al., 2006; Kafali and Ay, 2009). 

 
Zn Mg Cu Ti Mn Si Fe Zr Cr Al 

AA7075 6.35 1.92 1.46 0.03 0.02 0.05 0.1 - 0.1 bal. 

AA7xxx 7.0–8.0 1.2–1.8 1.3–2.0 0.06 0.04 0.06 0.08 0.08–0.15 0.04 bal. 

AA6013 0.04 0.92 0.86 0.02 0.34 0.7 0.28 <0.01 0.03 bal. 

 

3.1 QUASI-STATIC CONSTITUTIVE CHARACTERIZATION 

3.1.1 UNIAXIAL AND SHEAR TESTS 

Both uniaxial tensile and shear tests were performed as part of the constitutive characterization effort. 

This section of the synopsis provides an overview of the test techniques and specimen design, while 

further details of the methodologies can be found in Appendices A and B.  

The uniaxial tensile tests were performed on mini-dogbone specimens (Figure 9), developed to 

facilitate both low and high strain rate testing (Bardelcik et al., 2012; Smerd et al., 2005; Thompson, 

2006). The samples were fabricated and tested with the tensile axis at seven different orientations with 

respect to the sheet rolling direction (0°, 15°, 30°, 45°, 60°, 75°, and 90°). 
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Figure 9: Miniature dogbone specimen used for uniaxial tensile tests. 

Diffuse necking occurs at relatively low strain levels in the tensile tests, preventing the accurate 

measurement of the flow stress versus effective plastic strain response at larger strains. On the other hand, 

the material response can be obtained up to large plastic strains from shear tests without experiencing 

localized necking until fracture. The so-called “mini-shear” specimen geometry developed by Peirs et al. 

(2012, 2011a, 2011b), as shown in Figure 10, was used for the shear tests in the present work, along with 

DIC measurements to obtain the local shear strain. The advantage of this geometry is that a relatively 

uniform shear strain distribution can be achieved and the specimen does require through-thickness 

machining, making the fabrication relatively simple. Recently, Abedini et al. (2017, 2015) have compared 

the mini-shear specimen of Peirs et al. (2012, 2011a, 2011b) and butterfly-type shear specimen of Mohr 

and Henn (2007, 2004), and demonstrated that the mini-shear specimen can be used for both fracture and 

constitutive characterization. To account for the principal directions in the shear test being located at ±45° 

to the applied shear direction and the 11° eccentricity between the notches, the shear specimens were 

extracted at −56° to the rolling direction. 

 

Figure 10: Mini-shear specimen geometry (Peirs et al., 2012, 2011a, 2011b). The shear region, l = 3 mm, and the 

grip region is indicated with the shaded regions. Dimensions are in mm. 

A primary focus in this work was the development of a novel methodology to experimentally obtain the 

stress-strain behaviour to large levels of strain (without inverse modelling techniques) in which the shear 
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tests were utilized to extend the uniaxial test data. Although the current research was focused on high 

strength aluminum alloys, preliminary studies for the shear to equivalent stress-strain data conversion 

technique were undertaken using more ductile sheet alloys (AA5182-O and DP600), as described in 

Appendix A, and later implemented for the current 6000- and 7000-series aluminum alloys, as shown in 

Appendix B. In the current work, a process to convert the measured experimental shear data to tensile 

data was developed which avoids the need to select a yield criterion although it does assume isotropic 

hardening of the material. An equivalent plastic work methodology was adopted, as detailed in Appendix 

A. For a given plastic work, the ratio of stress under shear loading to the stress under uniaxial tensile 

loading along the sheet rolling direction              was determined. Once this ratio was determined 

(averaged) for the range of plastic work in the tensile test (up to diffuse necking), it was assumed to be 

constant and was then applied to convert the entire shear stress-strain curve to uniaxial data using Eq. 

(3.1) and Eq. (3.2) (Butcher and Abedini, 2017). 

 

     
 

  
  

   

      
  Eq. (3.1) 

 

   
 
   

      
   

         
      
  

  Eq. (3.2) 

 

The shear extrapolation results using this approach are presented in Section 4.1.2 of this synopsis, as well 

as in Appendices A and B. 

3.1.2 CHARACTERIZATION OF BIAXIAL YIELD CONDITIONS 

As an alternative to cruciform (Kuwabara et al., 1998) or hydraulic bulge (Young et al., 1981) tests to 

characterize biaxial yield response, the through-thickness compression test is a simple method to measure 

the work hardening behavior in the biaxial stretching state, as discussed by Steglich et al. (2014). 

Specimens built from adhesively-bonded layers of sheets (Figure 11) were used for through-thickness 

compression testing. The cubic specimens were fabricated by adhesively bonding six layers of sheet using 

J-B-Weld
®
 adhesive. Prior to applying adhesive, Acetone was used to carefully clean the sheet mating 

layers. Once the adhesive was cured for 24 hours, the specimen surfaces (both top and bottom) that 

contact the compression platens were polished to a mirror-finish.  
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Figure 11: Through-thickness compression specimen used to characterize the work hardening behavior in the biaxial 

stretching state. 

Teflon
®
 spray was applied on the specimen surfaces as a lubricant to reduce friction, and friction 

coefficients of 0.075, 0.061, and 0.077 were used for AA7075-T6, AA7xxx-T76, and AA6013-T6, 

respectively, based on data reported by Noder (2017). A correction process developed by Dieter et al. 

(2003) was applied to the compression test data to account for frictional effects when calculating the true 

flow stress,      , as shown in the following equation: 

 

                  
  

    
 
  

 Eq. (3.3) 

 

where,           is the measured stress data from the tests,   is the current height of the specimen in the 

compression direction,   is the area-equivalent diameter, and   is the interface friction coefficient, taken 

as 0.08, 0.06, and 0.08 for AA7075-T6, AA7xxx-T76, and AA6013-T6, respectively, (Noder, 2017). 

To determine the average equal-biaxial r–values of sheet alloys, 10 mm diameter single layer circular 

disks were compressed in the through-thickness direction. The change in diameter was used to obtain the 

in-plane strains and biaxial r–value. Barlat et al. (2003) and Tian et al. (2017) have demonstrated this 

method to work well to determine the equal-biaxial r–values for AA2090-T3 and AA6022-T4 sheet 

alloys, respectively. Teflon
®
 spray was used to lubricate the discs that were compressed between two 

hardened steel plates. The change in size of the disk specimens along the rolling and transverse sheet 

directions were measured by interrupting the compression test at different load levels. The logarithmic 

strains were calculated from the measured disc diameters, followed by the calculation of the average r–

value under an equal-biaxial loading condition, using Eq. (3.4): 

    
   
 

   
  Eq. (3.4) 
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3.2 HIGH STRAIN RATE CONSTITUTIVE CHARACTERIZATION 

Uniaxial tension tests with dog-bone specimens, as shown in Figure 9, along different sheet 

orientations were used for constitutive characterization of the materials at dynamic strain rates ranging 

from 10 to 1,000 s
-1

. The experimental data from the dynamic tensile tests provided the effected of strain 

rate on the flow stress, as well as on the plastic anisotropy. 

Peirs et al. (2012, 2011a, 2011b) showed that the mini-shear specimen can also be adapted to high rate 

tests. However, the grip size of the elevated strain rate testing apparatus available at the University of 

Waterloo was smaller than the 25 mm width of the mini-shear specimen. Therefore, a miniature version 

of the mini-shear specimen geometry of Peirs et al. (2012, 2011a, 2011b), referred to as the “micro-shear 

specimen”, was developed with a 16 mm width and utilized in the high rate tests. The geometry of the 

micro-shear specimen is shown in Figure 12. A thorough validation study was performed for the micro-

shear specimen as a part of this work, in this case using more ductile AA5182-O sheet metal alloys (see 

Appendix A for further details of the specimen design process). The test data obtained with the micro-

shear and mini-shear specimens demonstrated very good agreement under quasi-static conditions, as 

shown in Appendix A. 

 

Figure 12: Micro-shear specimen geometry. The shear region, l = 1.92 mm, and the grip area is indicated by the 

shaded regions. Dimensions are in mm. 

3.3 QUASI-STATIC FRACTURE CHARACTERIZATION 

Quasi-static tests were performed to characterize the fracture strain of the selected high strength 

aluminum alloys as a function of stress triaxiality and Lode angle parameter. The particular fracture tests 

were chosen to encompass four characteristic stress states, namely, shear, uniaxial tension, plane strain 

tension, and biaxial tension. 
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In the present study, the quasi-static shear fracture strains were measured from the simple shear tests 

using the mini-shear specimen, as shown in Figure 10. In simple shear tests, the principal strain 

components,    and   , were measured within the gauge area (length l in Figure 10), while the maximum 

shear strain (   
   ) was calculated using Eq. (3.5). These strain components are not dependant on the 

choice of yield function and are valid for plastic deformation until fracture, as discussed in Appendix A. 

         
         

     
  Eq. (3.5) 

To obtain uniaxial tensile failure strains, a conical hole expansion test using a conical punch was used. 

A constant proportional loading induced by a conical punch at the top edge of the expanding hole up until 

material fracture produces a consistent stress state that remains close to uniaxial tension (Stachowicz, 

2008). Therefore, this test has been commonly utilized to characterize material fracture response for 

uniaxial tensile loading cases (Pathak, 2015; ten Kortenaar, 2016). The specimen geometry for this test is 

shown in Figure 13. The specimen incorporates a 10 mm diameter reamed hole (to avoid the effect of a 

sheared edge) at the centre of a 127 mm x 127 mm (5” x 5”) blank. The punch side of the specimen was 

lubricated with a thin layer of petroleum jelly before placing on a MTS formability press to minimize the 

friction effect. Further detail regarding the preparation of the specimen for conical hole expansion tests is 

provided in Appendix C. The equivalent fracture strain was determined for the hole expansion test 

utilizing the initial diameter of the hole      and the measured outer diameter of the hole at the moment 

of crack initiation           , as shown in Eq. (3.6): 

 

         
        

  
  Eq. (3.6) 
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Figure 13: (a) Top view of un-deformed specimen geometry used for the hole expansion test. All dimensions are in 

mm. (b) a side view schematic of the deformed specimen indicating the outer diameter of the hole where fracture 

strain is measured. 

The plane strain notch tension test is one of the common methods for fracture characterization of sheet 

metal under plane strain tension loading condition. Due to the onset of diffuse necking, the stress state at 

fracture in the notch test is best described as plane strain tension under a triaxial (3D) stress state than 

plane stress. As an alternative to the traditionally used Nakazima plane strain dome tests (Nakazima et al., 

1968), Roth and Mohr (2016) employed a tight radius v-bend experiment based on the VDA238-100 

(2017) specifications for plane strain fracture characterization, and showed that for advanced high 

strength steels a constant stress state can be maintained throughout the entire loading history up to the 

fracture initiation. Cheong et al (2019; 2018) reported that the presence of through-thickness strain 

gradient in the v-bend specimen effectively suppresses necking. In the present work, v-bend tests were 

performed to identify the fracture strain in plane strain stress state. Figure 14 shows a schematic showing 

the details of the v-bend experimental setup. The v-bending tests were performed following the 

standardized procedure developed by Cheong et al. (2019; 2018) with the specimens consisted of 50 mm 

x 50 mm blanks and a punch with a 0.43 mm tip radius. The VDA method (Cheong, 2019; Cheong et al., 

2018) with 30N load drop criteria to obtain the fracture strain data from the v-bend tests. 
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Figure 14 : A schematic showing the experimental setup for the VDA238-100 bend test (Cheong et al., 2018). 

Equal-biaxial dome tests were performed on all three sheet alloys using the miniature punches 

developed by Cheong et al. (2019; 2018) with punch radii of 5, 10, and 25mm. With the classical 50.8 

mm punch radius used in Nakazima tests, the amount of bending is less severe and a tensile instability 

(necking) can arise prior to fracture which alters the stress state. Three smaller punch radii were 

considered to identify the punch size that suppressed necking due to the imposed biaxial bending and 

produced an approximate linear strain path of equal-biaxial stretching for the sheet alloys considered 

herein. The equal-biaxial samples were prepared with 203.2 mm x 203.3 mm blanks. In order to minimize 

the friction effect and maintain consistency in the experimental results, three layers of Teflon sheet along 

with petroleum jelly were applied between the specimen and the punch. In this work, the equal-biaxial 

fracture strains for material fracture characterization were selected from the test condition that provided 

the strain path nearest to the theoretical strain path and exhibited a fracture location reasonably close to 

the dome apex. 

 

 

Figure 15: Punches used for equal-biaxial dome tests. From left to right: 5 mm, 10 mm, 25 mm, and 50.8 mm in 

radius Cheong et al. (2019; 2018). 
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The work-conjugate equivalent strain for the plane strain and equal-biaxial tests in plane stress 

proportional loading can be calculated using Eq. (3.7): 

    
  
   

          Eq. (3.7) 

where the ratio of principal stresses,  , and the ratio of principal strains,  , are defined as: 

  
  

  
          and            

  

  
  Eq. (3.8) 

To obtain equivalent strain data for anisotropic yielding for the plane strain and equal-biaxial tests, a 

relatively simple methodology was developed using a closed form equation based on the Hosford yield 

criterion, as shown in Eq. (3.9). The Hosford yield criterion was selected due to its simple analytical form. 

The strain ratio is a function of the tensile r-values and yield exponent 

 

  
   

                 

                 
  Eq. (3.9) 

 

in which the exponent     for FCC materials. The derivation of Eq. (3.9) is provided in Appendix C. 

3.4 HIGH STRAIN RATE FRACTURE CHARACTERIZATION 

The high strain rate fracture characterization was limited to the AA7075-T6. The high rate shear tests 

utilized the micro-shear geometry, a scaled down version of the mini-shear required for the high rate 

apparatus, shown in Figure 12. Hole tension (HT), notch tension (NT), and groove tension (GT) specimen 

geometries, as shown in Figure 16, at strain rates ranging from 0.01 to 500 s
-1

 were also performed to 

obtain stress states between uniaxial tension to biaxial tension. All specimens were CNC machined with 

the rolling direction aligned with the axial loading direction. These new samples were adopted for the 

high rate tests since the quasi-static sample geometries could not be easily adapted for dynamic testing. 

Further description of the dynamic fracture tests is given in Appendix D. 
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Figure 16: Specimen geometries used for the tests ranging from low to high: (a) hole tension specimen, (c) notch 

tension specimen, (d) front view of the groove tension specimen and (d) the front view of the groove tension 

specimen. Grip area is shown with the shaded regions. Dimensions are in mm. 

3.5 APPARATUS, STRAIN AND TEMPERATURE MEASUREMENT 

The quasi-static uniaxial tensile and shear tests were performed using a servo-mechanical MTS 

criterion model 45 testing frame fitted with a 100 kN load cell. An Instron model 1331 servo-hydraulic 

testing machine was used to perform the through-thickness compression and disc compression tests. An 

MTS formability press consisting of a 106 mm inner diameter die with a profile radius of 6.35 mm and a 

106 mm inner diameter binder was used to perform the conical hole expansion tests, as well as the dome 

tests. The die set did not have a lockbead and a 640 kN clamping load was found to be sufficient to 

mitigate material draw-in. 

The intermediate strain rate (10 and 100 s
-1

) uniaxial tensile tests and the intermediate (10 s
-1

) and high 

strain rate (500 s
-1

) shear, hole tension, notch tension, and groove tension tests were performed using a 

Hydraulic Intermediate Strain Rate (HISR) apparatus developed at the University of Waterloo. A 

KISTLER piezoelectric load cell with a sampling rate of 250,000 samples/s was used to measure the load. 

A detailed description of the HISR apparatus can be found in the work presented by Bardelcik (2012).  

A tensile split Hopkinson bar (TSHB) apparatus was used to perform the uniaxial tensile tests at a 

strain rate of 1,000 s
-1

. For brevity, the apparatus is not described here in detail, but the testing 

arrangement and analysis of the data follows the classical Hopkinson bar technique (Gray III, 2000) that 

enables acquisition of the engineering stress-strain curves and strain rate history from each test. The 

reader is referred to the work presented by Smerd et al. (2005) and Salisbury (2001) for a detailed 

description of the apparatus and data reduction methods. 
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In situ digital image correlation (DIC) measurements were used to record strains up to the onset of 

failure. The DIC technique was employed to capture the strains on the surface of the specimens using the 

Vic-3D-7 software from Correlated Solutions Inc (“Vic-3d Software Manual,” 2021). The DIC data 

acquisition system was employed to simultaneously acquire the load cell signal and synchronize with the 

video images. The measured strains from the DIC software were then used to calculate the equivalent 

strains. Point Grey Research GRAS-50S5M-C cameras and Photron FASTCAM SA5 high speed cameras 

were used for the quasi-static and dynamic strain rate conditions, respectively. The DIC hardware and 

analysis parameters corresponding to each specimen and strain rate tests are shown in detail in 

Appendices A-D. 

The full-field logarithmic (true) strains were acquired and calculated using the incremental correlation 

option available in the Vic-3D software to account for severe local strains. A Virtual Strain Gauge (VSG), 

as defined in Eq. (3.10), value of 0.7 mm was used for all of the DIC analysis to maintain consistency 

among the reported strain values. Further detail concerning the DIC extraction process and data analysis 

methods for the fracture strains can be found in Appendices C and D. 

 

VSG (mm) = Image Scale (mm/px)   [(Step Size (px)   (Strain Filter – 1)) 

+ Subset Size (px)] 

Eq. (3.10) 

 

One of the critical aspects of the present work was to correctly account for the heat converted from the 

plastic work at dynamic strain rate levels. This task included the development of an experimental 

procedure to capture the temperature increase at large strains and strain rates due to plastic deformation 

using a high speed infrared camera. A mid-wavelength (λ = 3–5μm) Telops IRC-TS series high speed 

infrared radiation (IR) camera was used to measure the temperature changes on the specimen surface due 

to the plastic deformation in the dynamic strain rate tests. The camera parameters for each specimen and 

strain rate are given in Table 4. 
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Table 4: Summary of IR camera system parameters. 

Stain Rate (s
-1

) 10 500 

Tests SH HT NT GT SH HT NT GT 

Camera Manufacturer 

and Model 
Telops IRC TS-IR-2K 

IR Software name and 

Manufacturer 
HypIR, Telops 

Lens Manufacturer, 

Model, focal Length 
Telops bayonet mounted lens, f/2.3, 150 mm 

Painting Technique Black paint with Rust-Oleum Ultra Cover Flat Primer 

Frame Rate (fps) 5,000 8,400 6,000 40,000 38,000 28,000 

Image Size (px) 128 x 128 
64 x 

196 

128 x 

128 

128 x 

188 

64 x 

24 
64 x 28 

64 x 

52 

 

The surface of the specimen viewed by the IR camera was painted black with Rust-Oleum® Painter's 

Touch 340g Ultra Cover Flat Primer to achieve a surface closer to a blackbody. The temperature of the 

surrounding (     ) is taken as 23ºC herein, while the captured temperatures of the specimen (  ) using 

the Telops IRC-TS series high speed infrared radiation (IR) camera has been input to Eq. (3.11) to 

measure the actual temperatures of the specimen (   ) specimens during deformation. A detailed 

derivation of Eq. (3.11) is provided in Appendix D. A Bruker FT-IR spectrometer was used to measure 

the directional hemispherical reflectance of the unpainted AA7075-T6 sheet surface, as well as for the 

AA7075-T6 sheet painted in black. The emissivity (  ) and reflectivity ( ) are related by       . The 

average emissivity of AA7075-T6 specimen with black paint is found to be approximately 0.95, and 

approximately 0.05 for the unpainted surface, which is similar to what has been reported by Touloukian 

and DeWitt (1970) and Minkina and Dudzik (2009) for aluminum alloys. 

 

    
 

  
   

        
   

 
  

 Eq. (3.11) 
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CHAPTER 4: RESULTS 

4.1 CONSTITUTIVE CHARACTERIZATION 

This section presents the key results of the low and high rate constitutive characterization tests, 

including the shear extrapolation of the uniaxial tensile data and the biaxial yield (through-thickness 

compression) test results. Note that a more detailed narrative describing this data is presented in 

Appendices A and B. 

4.1.1 EFFECT OF STRAIN RATE ON CONSTITUTIVE BEHAVIOR 

The effect of strain rate on the flow stress versus effective plastic strain measured along the rolling 

direction of the AA7075-T6, AA7xxx-T76, and AA6013-T6 samples is shown in Figure 17(a-c). (Note 

that the presentation here focuses on flow stress data using true stress-strain data. The trend in the 

engineering stress-strain behavior was found to be similar for all sheet orientations at all of the strain 

rates, as shown in Appendix B.) All three materials exhibited a mild increase in strength with increasing 

rate of strain. The hardening response, or the shape of the flow stress curve, does not change significantly 

with strain rate and the yield strength scales upwards with the strain rate. The average true stress as a 

function of strain rate at 6% equivalent plastic strain is plotted for the three alloys in Figure 17d, with the 

error bars indicating the minimum and maximum measured data points from the population of three to 

five repeat tests. Slightly higher error bars are observed for the 1,000 s
-1

 strain rate condition due to minor 

oscillations within the stress signal as measured using the TSHB apparatus. The effect of strain rate on the 

true stress was similar for all other test orientations. 
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Figure 17: Averaged flow stress curves at room temperature and strain rates from 0.001 s
−1

 to 1,000 s
−1

 along rolling 

direction for (a) AA7075-T6 (b) AA7xxx-T76 and (c) AA6013-T6 sheet alloy and (d) variation of true stress with 

true strain rate at 6% effective plastic strains for all three sheet alloys along rolling direction (RD), diagonal 

direction (DD) or 45˚ to RD, and transverse direction (TD) or 90˚ to RD. 

The AA7075-T6 and AA7xxx-T76 sheet alloys demonstrated much higher strength as compared to the 

AA6013-T6 sheet material, while the peak aged AA7075-T6 exhibited the highest strength. The level of 

anisotropy evident in the flow stress data (Figure 17d) was low.  

Figure 18 summarizes the variation in r–value with orientation for each alloy. Although all three 

materials exhibited relatively low anisotropy in the flow stress, significant normal and planar anisotropy 

was observed. The r–value was largest in the TD for each alloy. The largest variation in r–value was 

observed for the AA7xxx-T76, ranging from 0.56 at 15˚ to 1.87 at 90 ˚. 
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Figure 18: Stress ratio and r–value along different sheet orientations (0˚ to 90˚ to the rolling direction) for (a) 

AA7075-T6, (b) AA7xxx-T76, and (c) AA6013-T6 at 0.001 s
-1

 strain rate. 

The measured flow stress and r–values at various strain rates were further investigated to understand 

the effect of strain rate on anisotropy. Figure 19(a) shows the true stress under uniaxial tension in each 

material direction normalized by the true stress in the sheet rolling direction (the data corresponds to that 

shown in Figure 17). The flow stress data were taken at an effective plastic strain of 0.06 for all three 

materials. As shown in Figure 19, a definite trend with respect to strain rate has not been observed, 

suggesting that the dependence of anisotropy on strain rate is not significant. As shown in Figure 19(b), 

the magnitude of the r-values and stress ratios at elevated strain rate remain close to the quasi-static result. 

Although the hardening behavior is dependent upon the strain rate, anisotropy in terms of the relative 

yield stresses and r-values can be assumed to be independent of the strain rate. Consequently, the 

anisotropic yield loci calibrations (presented in Section 4.2.2) were based on quasi-static data. 
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Figure 19: Variation of (a) in-plane anisotropy (stress ratios) and (b) r-value with strain rate for AA7075-T6, 

AA7xxx-T76, and AA6013-T6 sheet metal alloys. The r-value determination for the AA6013-T6 sheet alloy was 

limited to strain rates of 0.001 and 100 s
-1

. 

4.1.2 SHEAR EXTRAPOLATION OF STRESS-STRAIN CURVES 

A key advantage of shear tests is the potential to obtain constitutive data beyond the strain to necking 

experienced in uniaxial tensile tests. This difference is illustrated in Figure 20 which shows tensile and 

shear stress-strain data for AA7075-T6, AA7xxx-T76, and AA6013-T6. 

  

Figure 20: Comparison between tensile and shear experimental data showing much larger effective strain levels in 

shear testing than that achieved during uniaxial tensile testing for (a) AA7075-T6, (b) AA7xxx-T76, and (c) 

AA6013-T6 sheet alloy. 
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Using the data in Figure 21, the average shear stress ratios were found to be approximately 0.58 for 

AA7075-T6 and AA7xxx-T76 and 0.57 for AA6013-T6 in close accord with the value of 0.577 using a 

von Mises yield assumption. Utilizing these values in the shear to equivalent stress-strain conversion 

method, Eq. (3.1) and Eq. (3.2), the shear stress-strain data measured for the AA7075-T6, AA7xxx-T6, 

and AA6013-T6 was converted to equivalent stress-strain data. The shear conversion method is 

independent of yield function, as shown in Appendix A. Good agreement is seen between the shear-

derived effective stress-strain and uniaxial tensile responses up to the limit of the tensile data, as seen in 

Figure 21, for all three sheet alloys tested at a strain rate of 0.001 s
-1

. 

 

Figure 21: Comparison of the effective stress-effective plastic strain response derived from shear and uniaxial tensile 

tests at a strain rate of 0.001 s
-1

. 

Shear tests of the AA7075-T6 were also performed using the micro-shear specimens for strain rates 

ranging from 0.01 to 500 s
-1

. Figure 22 compares the uniaxial tensile data (up to UTS) with the converted 

shear data at comparable von Mises equivalent strain rates. The agreement between the hardening 

response from the shear and uniaxial tension tests is found to be reasonable for the AA7075-T6 sheet for 

most of the strain rates considered, with a somewhat lower agreement at the highest strain rate. Similar to 

the uniaxial tensile data (shown in Figure 17), the converted shear data exhibited mild positive strain rate 

sensitivity in the equivalent stress-strain response at the beginning of the plastic deformation, as seen in 

Figure 23. However, as the level of equivalent plastic strain increases beyond approximately 20%, the 

effect of strain rate on the hardening response of the material drops as the strain level increases. The 

reduced rate sensitivity is largely attributed to thermal softening effects as deformation becomes more 

adiabatic with increased rate of strain.  
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Figure 22: Effective stress-effective plastic strain response for the AA7075-T6 sheet alloy derived from tensile and 

shear tests at strain rates ranging from 0.01 to 500 s
-1

. 
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Figure 23: Effect of strain rate on the equivalent stress-equivalent plastic strain response derived from shear tests at 

strain rates ranging from 0.01 to 500 s
-1

. 

The temperature rise on the surface of the shear specimens was examined using infrared techniques (as 

described in Section 3.5) for strain rates of 10 and 500 s
-1

. The lowest strain rate of 0.01 s
-1

 was assumed 

to be isothermal. As shown in Figure 24 (right) for a 500 s
-1

 strain rate test, the temperature rise occurred 

at the centre of the shear gauge region. The total temperature rise was found to be much lower at 10 s
-1

 

(approximately 12˚C) compared to the test at 500 s
-1

 (approximately 40˚C), as shown in Figure 24 (left). 

The decrease in strength with increasing strain rate (shown in Figure 23) can be attributed to the increase 

of temperature due to the conversion of plastic deformation energy into heat and limited time for 

conduction at the higher rate, resulting in an induced softening. 

 

Figure 24: (Left) Temperature rise history of the AA7075-T6 shear specimens as a function of equivalent plastic 

strain at strain rates of 10 and 500 s
-1

 and (right) a contour plot of measured temperature rise within the gauge region 

of a shear specimen at a strain rate of 500 s
-1

. 

4.1.3 BIAXIAL CHARACTERIZATION RESULTS 

The experimental stress-strain data from the through-thickness compression tests for the three materials 

are shown in Figure 25. The effect of friction between the platens and specimen surfaces on the flow 
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stress response was found to be small (less than 2%). The biaxial stress ratios were determined by 

normalizing the through-thickness compression stress with the tensile stress in rolling sheet direction. 

Equal-biaxial stress ratios (ratio of biaxial to RD uniaxial yield stress) of 1.021, 1.019, and 1.000 were 

calculated for AA7075-T6, AA7xxx-T76, and AA6013-T6, respectively. The equal-biaxial stress ratios 

were measured at effective plastic strains of 4.5%, 6.5%, and 5% for the AA7075-T6, AA7xxx-T76, and 

AA6013-T6, respectively. The average biaxial r-values were 0.92 ±0.02, 0.71 ±0.08, and 0.60 ±0.03 for 

AA6013-T6, AA7075-T6, and AA7xxx-T76, respectively. 

 

Figure 25: Stress-strain response of AA7075-T6, AA7xxx-T76, and AA6013-T6 under equal-biaxial tension 

(through-thickness compression) loading, as detailed in Appendix B. 

4.2 CONSTITUTIVE MODEL DEVELOPMENT 

As presented in Section 4.1, the significant anisotropy and dependency of stress on the strain rate for 

the 6000- and 7000-series aluminum alloys highlights the need for the development of an accurate 

constitutive model. A phenomenological plasticity modelling approach is taken in the current work. 

Assessment of the predictive capabilities of the developed model was done by comparison of predictions 

with tests, both in terms of macroscopic load-displacement response as well as local stress/strain 

predictions. A summary of the plasticity model development and resulting accuracy of the model is 

presented in this section, while more detailed explanations can be found in Appendices B and D. 

4.2.1 HARDENING RESPONSE CALIBRATION 

Three variations of the Hockett-Sherby hardening model (Hockett and Sherby, 1975) were fit to the 

experimental data. The simplest approach utilized the original Hockett-Sherby model, given by Eq. (4.1), 

that was fit using the equivalent stress-effective plastic strain data obtained from uniaxial tensile tests, as 

well as converted from the quasi-static shear tests.  The next level of complexity entailed the development 

of a strain rate dependent Hockett-Sherby model that was fit to the high strain rate experimental data 

obtained from the uniaxial tensile tests. The most complex model comprised the development of a strain 
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rate and temperature dependent version of the Hockett-Sherby model that was fit to the equivalent stress-

effective plastic strain data from the high strain rate shear tests.  

4.2.1.1 BASELINE HOCKETT-SHERBY MODEL FIT 

The baseline Hockett-Sherby model is given by 

 

                           
  Eq. (4.1) 

 

where,    is the yield stress,    is the steady-state flow stress, and   and   are material constants. The 

material constants were fit to the equivalent stress-effective plastic strain data developed from the quasi-

static tension and shear tests (Figure 21) since these data encompass a larger range of strain than in the 

uniaxial tensile tests (Figure 17). A non-linear regression analysis was performed for the model fitting 

using the statistical analysis software MYSTAT. As shown in Figure 26, excellent agreement between the 

model and test data with the calibration parameters provided in Table 5. Figure 26 also shows the 

extrapolation using the Hockett-Sherby model, which exhibits a saturation-like behavior at large strain 

levels. 

 

Figure 26: Hockett-Sherby [59] constitutive model fit to the uniaxial converted shear data for AA7075-T6, AA7xxx-

T6, and AA6013-T6 sheet alloys along rolling direction at 0.001 s
-1

 strain rate. 

 

4.2.1.2 RATE-SENSITIVE HOCKETT-SHERBY MODEL 

A strain rate dependent term was coupled with the Hocket-Sherby hardening model. An exponential 

type strain rate term with a strain rate parameter A, as shown in Eq. (4.2), was fit to the experimental data. 
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Eq. (4.3) shows the Hockett-Sherby hardening function coupled with an exponential type strain rate term 

and is referred to as the extended Hockett-Sherby (EHS) model. 

 

              Eq. (4.2) 

 

                           Eq. (4.3) 

 

As shown in Figure 27, good agreement was observed between the uniaxial tensile test data and the 

extended Hockett-Sherby (EHS) hardening model fit for all three sheet alloys at the intermediate (10 and 

100 s
-1

) and high (1,000 s
-1

) strain rates. The measured and predicted true stress data at an effective plastic 

strain level of 6%, as shown in Figure 28, demonstrates a good agreement for the range of strain rate. The 

calibration parameters of the EHS model are shown in Table 5 for all three sheet alloys. 

 

Figure 27: Comparison between the flow stress curve obtained through uniaxial tensile tests and predictions using 

extended Hockett-Sherby function. 

 

Figure 28: Comparison between measured tensile strength at 6% plastic strain (points) and predictions using 

extended Hockett-Sherby function (lines). 
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Table 5: Constitutive model parameters of the extended Hockett–Sherby (EHS) for AA6013-T6, 

AA7075-T6, and developmental AA7xxx-T76 sheet alloys. Reference strain rate is taken as 1 s
-1

. 

Materials 

Hocket-Sherby hardening parameters Strain rate parameter 

      

(MPa) 

   

(MPa) 
      

AA7075-T6 524 666 4.2 3.01 0.007 0.98 

AA7xxx-T76 499 597 14.5 1.00 0.009 0.99 

AA6013-T6 363 462 13.0 0.74 0.009 0.99 

 

4.2.1.3 TEMPERATURE- AND RATE-SENSITIVE HOCKETT-SHERBY MODEL 

To account for thermal softening due to adiabatic heating at elevated strain rates the Hockett-Sherby 

(EHS) model was further extended. A Johnson and Cook (1983) type thermal softening term, as shown in 

Eq. (4.5), was coupled with the EHS model in a multiplicative form to form the so-called HS-SRT form 

                                     Eq. (4.4) 

 

            Eq. (4.5) 

 

where,   and   are the material constants, and    is a form of homologous temperature,  

 

   
     
     

 Eq. (4.6) 

 

in which    is the temperature of the specimen,    is the room temperature (taken as 23 ºC),    is the 

melting temperature of the material (taken as 630 ºC for the AA7075-T6 sheet). 

In the constitutive model calibration process, the temperature-equivalent plastic strain history obtained 

at the dynamic strain rate tests, as shown in Figure 24 (left), was used to describe the specimen 

temperature,   , shown in Eq. (4.6). As shown in Figure 29, HS-SRT model was fit to the experimental 

data with reasonable success for the 500 s
-1

 conditions. Good agreement was observed between the 

measured and predicted true stress-strain data for equivalent plastic strains up to fracture for the strain rate 

levels considered in the present study. Further details regarding the constitutive fitting of the HS-SRT 

model can be found in Appendix D. Table 6 shows the final calibration parameters of the HS-SRT model 

for the AA7075-T6 sheet alloy. 
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For comparison purposes, the predictions using the extended Hockett-Sherby model (Eq. (4.3) are also 

plotted in Figure 29.  The EHS model was able to accurately predict the flow response for the 10 s
-1

 strain 

rate condition almost until fracture. However, for the 500 s
-1

 strain condition the EHS model provides 

good correlation only up to an equivalent plastic strain of approximately 0.15. For equivalent plastic 

strain levels larger than 0.15, the EHS model was not able to capture the material response at the strain of 

500 s
-1

 since the temperature rise is higher and the EHS model does not capture thermal softening. 

 

Figure 29: Comparison between the experimental flow stress curves obtained from shear tests for AA7075-T6 sheet 

alloy and the extended Hockett-Sherby (EHS) and the strain rate and temperature dependent Hockett-Sherby (HS–

SRT) model fits at a strain rate of 10 and 500 s
-1

. 

 

Table 6: The strain rate and temperature dependent Hockett–Sherby (HS-SRT) constitutive model 

parameters for the AA7075-T6 sheet alloy along the rolling direction. 

Materials 
Hocket-Sherby hardening parameters 

Strain rate  

parameter 

Temperature  

parameters    

            n M 

AA7075-T6 524 666 4.2 3.01 0.007 2.3 1.6 0.98 

 

4.2.2 YIELD FUNCTION CALIBRATION 

The quasi-static constitutive test data in Section 4.1 was also used to calibrate and select an appropriate 

yield function. A number of yield criteria were considered: the Barlat YLD2000 criterion in its (i) non-

associated (NA) (Safaei et al., 2013) and (ii) associated (Barlat et al., 2003) forms along with the  (iii) the  

Barlat YLD2004 (Aretz and Barlat, 2004; Barlat et al., 2005) criterion under an associated flow rule only. 

Figure 30, Figure 31, and Figure 32 shows the results of the calibrated models in terms of yield loci, r–

values, and uniaxial stress ratios for the AA6013-T6, AA7075-T6, and AA7xxx-T76 sheet alloys, 
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respectively. In addition, the equal-biaxial tension to RD yield stress ratio and shear to RD yield stress 

ratio were also used for the yield surface calibrations to enable a more accurate characterization of the 

anisotropic yielding response of the materials. Reasonably good agreement was observed between the 

experimental data and the Barlat YLD2000 yield function prediction in the first quadrant of the yield loci, 

as shown in Figure 30-33. However, the model exhibited lower accuracy in prediction of r–values and 

tensile yield stresses at the orientations of 15°, 30°, 60°, and 75° from the RD, particularly for the 7000-

series alloys. Note that only the tensile data in the RD, DD, and TD directions were used to calibrate the 

associated YLD2000 model. The predicted data from the NA-YLD2000 and Barlat YLD2004 models for 

all materials were in good agreement with experimental shear, tensile, and equal-biaxial yield stress ratios 

and r–values at every 15° from the RD. Comparing the two models, it appeared that the Barlat YLD2004 

has marginally higher accuracy than the NA-YLD2000 model for the majority of the loading conditions. 

It should be kept in mind that the YLD2000 model contains only eight calibration coefficients, and is 

readily available within commercial FEA software such as LS-DYNA, which makes it a practical choice 

for crash simulations. On the other hand, the NA-YLD2000 and YLD2004 models contain 16 and 14 

coefficients, respectively, and currently require a user defined material model (UMAT) for FEA 

implementation. It is worth noting that the Barlat YLD2000 models are applicable only for 2D elements, 

while the Barlat YLD2004 model can be used only for 3D elements. Further details regarding the yield 

function calibration process and calibrated model parameters for different yield criteria are provided in 

Appendix B. 

 

Figure 30: Model predictions compared with the experimental data in terms of (a) yield locus, (b) r–values and 

tensile stress ratios using associated Barlat YLD2000, NA-YLD2000, and Barlat YLD2004 yield functions for 

AA7075-T6. 
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Figure 31: Model predictions compared with the experimental data in terms of (a) yield locus, (b) r–values and 

tensile stress ratios using associated Barlat YLD2000, NA-YLD2000, and Barlat YLD2004 yield functions for 

AA7xxx-T76. 

 

Figure 32: Model predictions compared with the experimental data in terms of (a) yield locus, (b) r–values and 

tensile stress ratios using associated Barlat YLD2000, NA-YLD2000, and Barlat YLD2004 yield functions for 

AA6013-T6. 

4.3 FRACTURE CHARACTERIZATION 

As presented in Sections 3.3 and 3.4, the characterization of the fracture response of the aluminum 

sheet alloys was done under both quasi-static and dynamic conditions for a range of stress states including 

shear, uniaxial tension, plane strain, and equal-biaxial loading. Quasi-static characterization was done for 

all three alloys, while the high strain rate fracture characterization work was limited to the AA7075-T6 

sheet. A summary of the fracture characterization work is presented in this section, with more detailed 

narrative presented in Appendices C and D. 
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4.3.1 QUASI-STATIC FRACTURE TESTS 

The experimental results from the quasi-static shear tests are shown in Figure 33. The shear fracture 

limit strains showed good repeatability for all three sheet alloys. The average maximum in-plane shear 

strain at fracture was found to be 72%, 31%, and 46% for AA6013-T6, AA7075-T6, and the 

developmental A7xxx-T76 sheet alloy, respectively. Utilizing Eq. (3.2), the average equivalent strain 

under shear loading condition was calculated to be 84%, 38% and 54% for the AA6013-T6, AA7075-T6, 

and A7xxx-T76, respectively. As discussed in Appendix B, the shear-to-tensile stress ratio was found to 

be 0.59, 0.58, and 0.58 for AA6013-T6, AA7075-T6, and developmental AA7xxx-T76 alloys, 

respectively, and these values were utilized in calculating the equivalent strain under shear loading. 

Among the three materials tested herein, the AA6013-T6 sheet has the highest fracture strains indicating 

the largest ductility, while the AA7075-T6 is found to be the least ductile material. The limit shear strains 

decrease with material strength, since the AA7075-T6 sheet demonstrated the highest strength compared 

to developmental AA7xxx-T76 and AA6013-T6 sheet materials, as can be seen in Figure 21. 

 

Figure 33: Maximum shear strains at fracture for the three sheet alloys under shear loading condition. 

The experimental results from the conical hole expansion tests were used to obtain fracture strains for 

uniaxial tensile loading. Eq. (3.6) was used to calculate the equivalent fracture strains from the conical 

hole expansion data. The location of the fracture was found to be approximately consistent for all repeat 

tests for each specimen. As shown in Figure 34, the hole expansion results were fairly repeatable with the 

average equivalent fracture strains of 72%, 40%, and 64% for the AA6013-T6, AA7075T6, and 

developmental AA7xxx-T76 sheet alloys, respectively. As expected, the AA6013-T6 sheet alloy 

exhibited the largest equivalent strain at fracture, while the AA7075-T6 sheet alloy displayed the lowest 

ductility under uniaxial tensile loading, similar to the shear loading case. 
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Figure 34: Equivalent Fracture strain of the three sheet alloys under uniaxial tensile loading condition. 

V-bend tests were performed to obtain fracture strains under plane strain loading conditions. The 

comparison between the theoretical and experimental strain paths shown in Figure 35 indicates that the v-

bend test induces a plane strain loading condition at the fracture location of the specimen up until fracture, 

since the minor true strain remains almost zero during the entire test period. The average major true 

strains at fracture were measured to be 0.43, 0.25, and 0.4 for the AA6013-T6, AA7075-T6, and 

developmental AA7xxx-T76 sheet alloys, respectively. Using Eq. (3.7), the average equivalent fracture 

strain for the v-bend tests was found to be 0.47, 0.28, and 0.43 for AA6013-T6, AA7075-T6, and 

AA7xxx-T76, respectively (also shown in Figure 36). Similar to shear and tensile tests, the strains at 

fracture were found to be highest for the AA6013-T6 sheet alloys among all three materials tested. 

 

Figure 35: Comparison of strain paths from v-bend tests against the theoretical strain path for plane strain stress 

state. 
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Figure 36: Major true strain at fracture for the three sheet alloys under plane strain loading condition. 

Fracture initiation in an equal-biaxial dome test ideally occurs at the dome apex; however, depending 

on the hardening response of the material, sheet thickness, and friction condition between punch and 

specimen surface, hemispherical punches can result in strain localization and fracture initiation away from 

the dome apex. Unlike the results presented by Cheong et al. (2019; 2018) for DP980 and AA5182 sheet 

alloys, the fracture locations identified in the present study were not at the dome apex for the tests 

performed with 5mm and 10 mm punches. Although the fracture occurred near the dome apex for the 25 

mm punch tests, the strain path did not correspond well to the theoretical strain path associated with 

equal-biaxial stretch, that is,      , as seen in Figure 37. The deviation of strain path away from the 

theoretical strain path for equal-biaxial stretching can be attributed to the nature of the strain localization 

that occurred in the specimen using different sizes of punches.  

Figure 38 shows the major and minor true strains extracted at dome apex and fracture location at the 

moment of fracture using different punch sizes. The equal-biaxial fracture strains selected in this work for 

inclusion in the fracture are indicated in Figure 38 using the red highlight around the bars for the selected 

punch size. The fracture strains were obtained from the fracture location of the 10 mm punch dome tests 

for the AA7xxx-T76 and AA6013-T6 sheet, since these tests resulted in strain paths closest to the 

theoretical biaxial strain path and the fracture location was very close to the dome apex. On the other 

hand, for the AA7075-T6 sheet, the 5 mm punch dome tests provided a strain path closest to the 

theoretical strain path with a fracture location near to the dome apex. The difference in the fracture 

response of the AA7075-T6 sheet, as compared to the AA6013-T6, and developmental AA7xxx-T76 

alloys, in terms of the punch size for the dome tests, can be attributed to the constitutive response of the 

AA7075-T6 material which exhibited a higher hardening rate compared to the AA6013-T6 and AA7xxx-

T76 alloys, as reported in Section 4.1. The equivalent strains at fracture for the equal-biaxial tests were 

calculated using Eq. (3.7) and found to be 0.44, 0.73, and 0.9 for the AA7075-T6, AA7xxx-T76, and 

AA6013-T6 sheet alloys, respectively. 
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Figure 37: Comparison of strain paths obtained at the fracture location for the (a) AA6013-T6, (b) AA7075-T6, and 

(c) AA7xxx-T76 sheet alloys using different punch sizes. 

 

Figure 38: Comparison of average major and minor true strains extracted at the fracture initiation using different 

sizes of punches for the AA7075-T6, developmental AA7xxx-T76, and AA6013-T6 sheet alloys. Strains marked 

with a red border were selected for the material fracture characterization. 
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4.3.2 HIGH STRAIN RATE FRACTURE TESTS 

Tests were conducted on the AA7075-T6 to better understand the effect of strain rate on the fracture 

response in stress states from simple shear to biaxial tension. Figure 39 compares the theoretical and 

measured strain paths for the shear tests at different strain rates, confirming that a simple shear state was 

maintained throughout the deformation until fracture. As shown in Figure 40, the equivalent strains at the 

onset of fracture were obtained with a reasonable level of variation for the shear tests performed at strain 

rates ranging from 0.01 to 500 s
-1

. The average equivalent fracture strain obtained from the shear tests 

decreased from approximately 0.38 to 0.34 (4% decrease) as the strain rate increased from 0.01 to 10 s
-1

, 

while the fracture strain increased by approximately 3% to 0.37 between strain rates of 10 and 500 s
-1

. 

 

Figure 39: Average experimental shear strain paths for AA7075-T6 at various strain rates, compared with 

the theoretical strain path to confirm a simple shear loading condition. Note that all of the curves are 

coincident. 

 

Figure 40: Effect of strain rate on fracture strain during shear tests for AA7075-T6 sheet. 
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As shown in Figure 41a, the hole tension (HT) specimen has a strong concentration of strain at the hole 

edge. The measured major and minor strains were used to calculate the equivalent strains using a work 

conjugate approach with the Barlat YLD2004 anisotropic yield function. The equivalent fracture strains 

for the hole tension tests in Figure 42a, were 0.32, 0.26, and 0.3 at strain rates of 0.01, 10, and 500 s
-1

, 

respectively. Due to through thickness thinning near the hole edge the strains at the specimen mid-plane 

would be higher than the strains measured on the surface. Strain localization was also observed across the 

minimum section of the notch and grooved tension specimens, as shown in Figure 41b and Figure 41c, 

respectively. Figure 42b and Figure 42c show the equivalent strains at fracture as a function of strain rate 

for the notch and groove tension specimens, respectively. The effect of strain rate on the measured surface 

strains was found to be minimal for both of these specimens. For the notch tension tests, the average 

equivalent strain of approximately 0.21 was measured on the surface of the samples. Similarly, average 

equivalent strain of approximately 0.18 was measured on the surface of the groove tension specimens. 

Unlike the shear specimen, the hole tension, notch tension, and groove tension specimens experience a 

localized thickness reduction before fracture. The strains extracted on the surface of these specimens at 

the onset of the fracture using the DIC method will be lower than the strains attained at the specimen mid-

plane. In addition, there will also be an increase in triaxiality at the specimen mid-plane as a consequence 

of localization. The determination of fracture strain and strain path at the mid-plane of the hole tension, 

notch tension, groove tension specimens therefore requires a hybrid experimental–numerical FE analysis 

utilizing an appropriate fracture model, as presented in Section 4.4 and Appendix D. 

 

Figure 41: DIC contour plots of major principal strains corresponding to representative (a) hole tension (HT), (b) 

notch tension (NT), and (c) groove tension (GT) specimens prior to fracture for the AA7075-T6 sheet alloy at a 

strain rate of 10 s
-1

. 
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Figure 42: Surface equivalent strain of AA7075-T6 sheet alloy at the onset of fracture as a function of strain rate for 

the (a) hole tension, (b) notch tension, and (c) groove tension specimens. 
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4.4 FRACTURE MODEL DEVELOPMENT 

The dependency of fracture strains on the stress triaxiality and Lode parameter, seen in the previous 

section, mandates the need for the development of an accurate fracture model. The experimental quasi-

static fracture strain data were used to develop a quasi-static fracture model for the AA7075-T6, AA7xxx-

T76, and AA6013-T6. A strain rate dependent fracture model was developed for the AA7075-T6. A 

summary of the fracture model development and resulting accuracy of the models is presented in this 

section, while more detailed explanations can be found in Appendices C and D. 

4.4.1 QUASI-STATIC FRACTURE MODEL DEVELOPMENT 

The quasi-static fracture experimental data from Section 4.3.1 was utilized for the calibration of 

fracture loci with an inherent plane stress assumption. As part of this research, a model incorporating an 

explicit stronger dependence of the intermediate principal stress using a Drucker-Prager fracture criterion 

was developed to better capture the fracture behavior in biaxial loading. Instead of selecting the Mohr-

Coulomb yield criterion, the  Drucker-Prager (1952) yield function was adopted is 

                   Eq. (4.7) 

in which   and   are material constants. To improve the flexibility of the DP model, the von Mises yield 

stress        is replaced by the non-quadratic Hosford equivalent stress            , as shown in Eq. (2.8), 

in a manner similar to how the HC model was derived from the Mohr-Coulomb criterion such that  

                        Eq. (4.8) 

To allow for the difference between the uniaxial and equal-biaxial fracture states, the weighting of the 

intermediate principal stress must be different. This can be accomplished by scaling    by a constant,  , 

instead of  , to form a four-parameter generalized Drucker-Prager (GDP) fracture criterion 

 

                          or             
 

            
 Eq. (4.9) 

 

in which,             , can be expressed as: 

              
 

 
        

         
         

   

 
 
            

         

Eq. (4.10) 

where   -   are defined in Eq. (2.22). 
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The fracture locus can be explicitly coupled to the anisotropic yield function and hardening model by 

performing its calibration in stress space using the magnitudes of the fracture stresses. However, an 

alternative is to adopt an equivalent strain form of the fracture locus and use the integrated anisotropic 

equivalent strain in its calibration. To obtain an equivalent strain-based form of the HC and GDP models, 

the same functional form of the stress-based representation is adopted as 

 

      
  

           
              and                     

  

            
 Eq. (4.11) 

 

The equivalent fracture strain data from the shear, hole expansion, v-bend, and equal-biaxial dome tests 

(presented in Section 4.3.1) were utilized for the calibration of the HC and GDP fracture model coupled 

with the Hockett-Sherby hardening law. The values of the parameters corresponding to the Hockett-

Sherby model were already known from the constitutive model fitting work, as shown in Table 5. The 

agreement between the experimental data and the HC and GDP model fits is shown in Figure 43. The 

predictions of the GDP model were similar to those of the HC model, except that the strain to fracture 

under equi-biaxial loading was higher for uniaxial tension using the GDP model, in closer accord with the 

measured data. The calibrated model parameters to accurately capture the fracture strains of the materials 

using the GDP model are shown in Table 7. It is noted that the Hosford-Coulomb (HC) model parameters 

are same as the GDP model parameters except that     for the HC model. Overall, the fracture loci 

generated for the materials studied in this work exhibited a good correlation between material strength 

and fracture strains, with the AA7075-T6 possessing the lowest ductility, while the AA6013-T6 sheet 

alloy was the most ductile. It is important to note that, although four experimental data points were used 

to calibrate four parameters of the GDP fracture model, an additional experiment independent of the 

model fitting (as shown in 4.4.1.1) has been performed to offer confidence in the fracture model 

calibrations. 
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Figure 43: Comparison of fracture loci calibrated using the HC and GDP fracture models with the experimental data 

for the (a) AA6013-T6, (b) AA7075-T6, (c) developmental AA7xxx-T76 sheet alloys under plane stress condition. 

Table 7: The generalized Drucker-Prager (GDP) fracture model parameters for the three sheet alloys. The 

Hosford-Coulomb (HC) model parameters are same as the GDP model parameters except     for the 

HC model. 

Materials          

AA6013-T6 1.60 0.42 0.99 -0.26 
AA7075-T6 0.63 0.50 0.63 -0.40 

AA7xxx-T76 0.88 0.53 0.36 -0.20 

 

4.4.1.1 EVALUATION OF THE QUASI-STATIC FRACTURE MODEL 

The calibrated quasi-static fracture criteria were evaluated by performing numerical simulations on 

three-point bending model of a structural channel section and comparing the model results with the 

experimental data reported by Kim (2018). The plasticity models for the simulation work were those 

developed for these materials utilizing the Hockett-Sherby hardening law and Barlat YLD2000 yield 

criterion, as presented in section 4.2. In order to generalize the GDP fracture loci for non-proportional 



63 

loading, the phenomenological Generalized Incremental Stress State dependent damage Model 

(GISSMO) (Haufe et al., 2010; Neukamm et al., 2009) was implemented. The GDP fracture locus was 

input in a point-wise fashion to the GISSMO algorithm within the LS-DYNA (Livermore Software, 2012) 

finite element software. The structural hat channel shown was fabricated by attaching a formed hat 

section to a baseplate using 5 kN Spaenaur 310-041 steel break stem rivets with a pitch of 25 mm. The hat 

section and baseplate of the beam were modeled using 2.5 mm x 2.5 mm fully integrated shell elements 

with seven integration points through the thickness. The supports and indentor were modeled using shell 

elements with a size of 5 mm x 5 mm and were assigned a rigid non-deformable material model. A 

*CONSTRAINED_RIVET constraint was used to model the rivets joining the baseplate and the hat 

section, which tied the two nodes together without failure (since rivet failure was not observed in the 

experiments). A penalty function contact definition and coefficient of friction of 0.037 was set between 

all the contacting surfaces to correspond to the Teflon film placed between the fixtures and test article in 

the actual experiments. The indentor was prescribed a downward motion of 0.508 mm/s, while no mass 

scaling was used in the simulation. Further details regarding the numerical model are provided in 

Appendix C. The predicted and measured three-point bending force-displacement curves are shown in 

Figure 44 for all three sheet alloys. The predicted peak force from the simulations were found to be within 

2% of the experimental peak force for the AA7075-T6 and AA6013-T6 sheet alloys, while less than 1% 

difference was found between the experimental and numerically predicted peak forces for the AA7xxx-

T76 sheet alloy. The load-displacement behavior predicted by the numerical models was close to the 

experimental data. The difference between the predicted and measured absorbed energy was within 5% 

for all three alloys, as shown in Figure 44. 

The pronounced drop in the measured load occurred at approximately 30.5 mm for the AA7075-T6 

sheet was due to fracture initiation. The fracture initiation prediction by the simulation models were at 

approximately 31.8 mm, indicating a good agreement between the test and model prediction. The extent 

of fracture observed in the test and predicted in the numerical model are similar for the AA7075-T6 

sample, as shown in Figure 45. The test specimen is shown at the end of the test, while the model is 

shown at the initiation of fracture (at an indentor displacement of 31.8 mm). For the AA7xxx-T76, the 

simulation predicted the onset of fracture late in the analysis at an indentor displacement of approximately 

46 mm, while fracture was not observed during the test. Fracture was not predicted for the AA6013-T6, 

nor was it observed in the test up to a displacement of 67 mm. 
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Figure 44: The predicted force-displacement and absorbed energy during quasi-static three-point bend tests 

compared with the experimental data for the (a) AA7075-T6, (b) AA7xxx-T76, and AA6013-T6 sheet alloy. 
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Figure 45: Visual comparison of the predicted and observed extent of fracture for the AA7075-T6 sheet alloy. 

4.4.2 HIGH RATE FRACTURE MODEL FOR AA7075-T6 

The hole tension and notched high rate fracture samples experience local thickness reduction and 

necking prior to fracture, making it necessary to determine the fracture strains and stress state at the 

specimen mid-plane through hybrid experimental–numerical FE analysis. For the shear specimens, the 

equivalent fracture strain data obtained from the high strain rate shear tests, as presented in Section 4.3.2, 

using the major and minor true stain directly extracted from the DIC data was used for the high strain rate 

model development. 

All of the high strain rate fracture tests were simulated to determine the stress and strain history at the 

specimen surface and mid-plane using LS-DYNA. A half-symmetry model was used for shear specimen 

and quarter-symmetry models were developed for the HT, NT, and GT specimens, with appropriate 

symmetry boundary constraints. The AA7075-T6 sheet was modelled using the HS-SRT hardening model 

(Eq. (4.4), coupled with the anisotropic YLD2004 yield criterion (Barlat et al., 2005), as calibrated in 

Section 4.2. These constitutive equations were implemented within a user defined material (UMAT) 

subroutine implemented within LS-DYNA. The temperature rise due to plastic work was calculated in the 

simulations based on the adoption of an effective Taylor-Quinney coefficient, which determines the 

fraction of plastic work converted to heat. As reported by Kapoor and Nemat-Nasser (1998) for the 

AA6061 at a strain rate of 3,000 s
-1

, an adiabatic stress-strain curve is accurately traced with 100% of the 

plastic work converted to heat. However, the Taylor-Quinney coefficient is also commonly found in the 

literature to be less than unity and values ranging from 30 to 100% have been reported for dynamic 

conditions (Hodowany et al., 2000; Knysh and Korkolis, 2015; Lu et al., 2018; Smith, 2019; Vazquez-

Fernandez et al., 2019; Zhang et al., 2018). In the current work, the Taylor-Quinney coefficient was taken 

as unity for the strain rate of 500 s
-1

, while an effective Taylor-Quinney coefficient of 0.3 was adopted for 

the 10 s
-1

 strain rate conditions. For the quasi-static strain rate experiments, conduction will be significant, 

leading to a limited temperature rise corresponding to essentially isothermal conditions; thus, the current 

0.01 s
-1

 experiments were treated as isothermal (no heat generation). The appropriateness of these values 

for the Taylor-Quinney coefficient is assessed through comparison of the measured and predicted 

temperature rise. Further details regarding the FEA model setup are provided in Appendix D. 
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Initial simulations were run without using a fracture criterion in order to focus on validation of the 

constitutive model for the range of strain rates and specimen geometries. The predicted force-

displacement curves are compared with the experimental data in Figure 46 (the fracture predictions in the 

figure are discussed below). The black solid dot lines in Figure 46 represent the experimentally measured 

force-displacement curves from 3-5 repeat tests. As shown in Figure 46(c,f,i,l), the reduction in hardening 

due to the thermal softening effect is well captured in the simulations at a strain rate of 500 s
-1

. Good 

agreement is observed between the model predictions and measured force-displacement curves (up to 

fracture) for all of the specimen geometries. 

 

Figure 46: Predicted force-displacement curves of the AA7075-T6 specimens for the complete range of specimens 

and strain rates compared with the experimental data. The specimen geometry and strain rates are indicated in each 

figure. The vertical dotted lines indicate the range of fracture strain in the tests. Also shown are FE simulation 

results utilizing the rate- and temperature-dependent HS-SRT hardening model coupled with the YLD2004 yield 

criterion. 
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The measured temperature rise in the 500 s
-1

 HT, NT, and GT tests are shown in Figure 47. The 

corresponding temperature rise in the shear tests was shown previously in Figure 24. The highest 

temperature rise of 40℃ was observed in the specimens exhibiting larger plastic strains prior to failure, 

namely the SH and HT specimens. These specimens also display a larger reduction in stress at large strain 

level under high rate loading (Figure 46), which is attributed to adiabatic heating. 

 

Figure 47: Contour plots of temperature increase due to plastic work in a representative (a) hole tension (HT), (b) 

notch tension (NT), and (c) groove tension (GT) tests near fracture for the AA7075-T6 sheet alloy at a strain rate of 

500 s
-1

. 

The predicted temperature increase for the corresponding samples and loading rates is shown in Figure 

48. The temperature rise at the mid-plane of the specimens was found to be approximately 55 ºC, 42 ºC, 

and 20 ºC for the hole tension, notch tension, and groove tension specimen, respectively. The model 

prediction of temperature rise for the 10 s
-1

 and 500 s
-1

 specimens were within the variation of the 

experiment data, as shown in Table 8. 
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Figure 48: Contour plots of the temperature rise of the AA7075-T6 sheet alloy at the onset of fracture for the (a) 

shear, (b) hole tension (HT), (c) notch tension (NT), and (d) groove tension (NT) simulations at a strain rate of 500 

s
-1

. 

Table 8: Measured heat rise from the tests compared with the corresponding predictions at the specimen 

surface from the models. 

Strain Rate 10 s
-1

 500 s
-1

 

 
Test Simulation Test Simulation 

SH 11±1 ºC 12 ºC 40±2 ºC 41 ºC 

HT 21±2 ºC 20 ºC 40±2 ºC 42 ºC 

NT 14±1 ºC 15 ºC 30±2 ºC 31 ºC 

GT 17±2 ºC 18 ºC 18±3 ºC 17 ºC 

 

To identify the strains at the onset of fracture for the hole tension, notch tension, and groove tension 

specimens, the strains were extracted from the element with the highest damage accumulation at the 

measured fracture displacement for that sample. Since the highest amount of strain is accumulated at the 

mid-plane of the hole tension, notch tension, and groove tension specimens, the element having the 

highest damage accumulation at the onset of fracture (designated the “critical element”) was also found to 

be at the mid-plane of the specimens. Figure 49 shows the strains extracted from the surface and at the 

mid-plane of the hole tension, notch tension, and groove tension specimens at a displacement 

corresponding to the onset of fracture. For all of the specimen geometries, the strains acquired on the 

surface provided good agreement with the predictions, as shown in Figure 49. For the hole tension 

specimen, the fracture strain at the mid-plane of the specimen decreased from 0.37 to 0.32 for the increase 

in strain rate from 0.01 to 10 s
-1

, while the fracture strain increased to 0.34 as the strain rate increased to 

500 s
-1

. A similar response is observed for the notch tension specimen for which the fracture strain at the 

mid-plane decreased from 0.36 to 0.31 between the strain rate of 0.01 and 10 s
-1

 and increased by 3% as 

the strain rate reached to 500 s
-1

. For the groove tension specimen, an average strain of approximately 

0.25 was found at the mid-plane of the specimen for all strain rates. Similar to the strain obtained on the 

surface of the groove specimen, the effect of strain rate was also found to be minimal for the fracture 

strains obtained at the mid-plane. 
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Figure 49: Comparison of the equivalent strain between tests and FE simulations at the onset of fracture as a 

function of strain rates for the (a) hole tension, (b) notch tension, and (c) groove tension specimen. 

Figure 50 shows the evolution of the equivalent plastic strain from the simulation models as a function 

of the stress triaxiality and the Lode angle parameter for the AA7075-T6 alloy for different specimen 

geometries at the strain rate of 0.01, 10, and 500 s
-1

. The effect of strain rate on the loading paths was 

marginal for all specimen geometries tested. The loading paths to fracture for the shear tests in the gauge 

region were found to be almost constant, corresponding to the shear stress states (shear: triaxiality ≈ 0, 

Lode angle parameter ≈ 0). Although a constant triaxiality of approximately 0.33 and a constant Lode 

parameter angle of approximately 0.9 is initially found at the mid-plane of the hole tension specimen, due 

to necking prior to fracture the traixiality and Lode angle parameter reach to 0.38 and 0.8, respectively. 

For the notch tension samples, the stress triaxiality and the Lode angle parameter increases constantly due 

to necking from an early stage of the plastic deformation. At the onset of fracture, the triaxiality and Lode 

angle parameters at the mid-plane of the notch tension specimen are found to be approximately 0.66 and -

0.6, respectively. For the groove tension specimen, the stress triaxiality increases from 0.4 to 

approximately 0.62 at the onset of fracture, while the Lode angle parameter decreases from 0.9 to 

approximately 0.23 prior to fracture. 
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Figure 50: Loading paths to the onset of fracture displaying the equivalent strain as a function of (a) stress triaxiality 

and (b) lode angle parameter for the strain rate of 0.01, 10, and 500 s
-1

. 

 

The generalized Drucker-Prager (GDP) fracture model, as shown in Eq. (4.9), alone did not consider 

strain rate sensitivity; therefore, in order to capture the fracture strains at different strain rates, the material 

constants  ,  , and   are defined in terms of a combined logarithmic and exponential type strain rate term: 

 

         
  

     
           Eq. (4.12) 

 

         
  

     
           Eq. (4.13) 

 

         
  

     
           Eq. (4.14) 

 

in which     ,     , and      are to be calibrated based on the experimental fracture strain data.       is a 

reference strain rate, taken as 1 s
-1

 in this work. All 12 fracture tests were included in the calibration of the 

10 parameters of the strain rate dependent GDP model. The fracture strains were obtained from the simple 

shear, hole tension, notch tension, and groove tension simulation models at onset of fracture and provided 

the fracture strain data close to shear, uniaxial tension, plane strain, and biaxial stress states, respectively. 

The 3D fracture surfaces for the AA7075-T6 sheet alloy at strain rates of 0.01, 10, and 500 s
-1

 are shown 

in Figure 51. The model was fit to the fracture strains with the model coefficients shown in Table 9. The 
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solid black lines in Figure 51 represent the plane stress fracture loci generated by the model for the 

different strain rate conditions. As shown in Figure 51, the strain rate dependent GDP model can be 

successfully fit to the experimental fracture strains (red data points) with the calibrated model coefficients 

shown in Table 9. 

 

 

Figure 51: Strain rate dependent generalized Drucker-Prager (GDP) fracture surfaces for the AA7075-T6 sheet alloy 

at a strain rate of (a) 0.01, (b) 10, and (c) 500 s
-1

. 

Table 9: The strain rate dependent generalized Drucker-Prager (GDP) fracture model parameters for the 

AA7075-T6 sheet alloy. 

                              

AA7075-T6 0.5 0.58 -0.02 0.03 0.79 0.04 -0.08 -0.52 0.05 -0.14 

 

The fracture model fit quality was evaluated by re-running the simulation models utilizing the strain 

rate GDP model parameters shown in Table 9. To compare the simulation results with the experimental 

data, the measured force-displacement curves are plotted along with the simulation results in Figure 46 at 

strain rates ranging from 0.01 to 500 s
-1

. Good agreement between the predicted and measured force-

displacement curves is observed for all of the specimen geometries. The effect of the strain rate on the 
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hardening response, as well as the stress state dependent constitutive behavior is adequately captured by 

the numerical simulations. Figure 52 shows the comparison between the measured displacements at 

fracture for SH, HT, NT, and GT tests with the predictions from the corresponding simulations. The error 

bars for the experimental data indicate the minimum and maximum measured data points from the 

population of three to five repeat tests. In general, the displacement at fracture is predicted to be close to 

the average measured values and falls within the range of variation of the measured results, providing 

first-level validation of the strain rate dependent GDP model. The reasonable agreement between the 

experimental data and simulation results is seen as a first-level validation with respect to the model’s 

ability to correctly predict the effect of strain rate on fracture initiation under different stress state 

conditions. More information regarding the fracture development and finite element analysis results can 

be found in Appendices C and D. 

 

Figure 52: Measured displacements at fracture from different tests compared with the corresponding simulation 

results for the strain rate of (a) 0.01, (b) 10, and (c) 500 s
-1

. 
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CHAPTER 5: SUMMARY AND OUTLOOK 

5.1. SUMMARY OF THE CONTRIBUTION 

Within the scope of this thesis, novel techniques and data characterizing the effect of strain rate and 

stress state on the plasticity and fracture response of 6000- and 7000-series aluminum alloys at room 

temperature have been presented. The experimental data showed mild positive strain rate sensitivity on 

the strength of the AA6013-T6, AA7075-T6, and developmental AA7xxx-T6 sheet alloys, based on the 

uniaxial tensile tests. Notable plastic anisotropy was observed for all three alloys in terms of r–values, 

indicating the need for incorporating an appropriate yield function calibration. However, none of the 

materials considered showed definitive trends with respect to the dependency of anisotropy on strain rate. 

The r–values and flow stress ratios did not exhibit significant strain rate sensitivity, which supported the 

use of strain rate insensitive yield calibrations for dynamic strain rate applications. The AA7075-T6 sheet 

alloy displayed the highest strength among the three materials tested, while the AA6013-T6 sheet 

exhibited the largest ductility for stress states ranging from shear to equal-biaxial. One key outcome of 

this research was the development of an experimental methodology to obtain the hardening behavior to 

large strain levels using a shear test that can be adopted for elevated strain rate testing. The shear test 

performed at elevated strain rates for the AA7075-T6 sheet alloy revealed a reduction in strength at larger 

strain levels. In addition, the high rate fracture tests showed the strain rate effect on the fracture strains of 

the AA7075-T6 sheet. Slightly negative rate sensitivity of fracture strain was observed for the AA7075-

T6 sheet between strain rates of 0.01 to 10 s
-1

, whereas mild positive rate sensitivity was observed for 

strain rates above 10 s
-1

. The high speed infrared imaging technique employed for the high strain rate tests 

revealed a substantial increase in temperature within the specimen gauge region for the 500 s
-1

 strain rate 

tests which are essentially adiabatic. The drop in hardening rate at elevated strain rate conditions was 

attributed to the increased temperature as the deformation becomes more adiabatic. 

A highlight of this work was the development of an appropriate material model capable of accurately 

predicting the constitutive and fracture response of the materials. For quasi-static strain rate conditions, 

the Hockett-Sherby hardening law, coupled with the Barlat YLD2000, NA-YLD2000, and Barlat 

YLD2004 yield functions, were evaluated numerically and provided reasonable accuracy to predict the 

plasticity response of all three sheet alloys. Furthermore, the generalized Drucker-Prager (GDP) fracture 

model, developed as a part of this work, provided good predictions of fracture initiation for all three 

alloys. 

A temperature dependent term was coupled with the strain rate sensitive Hockett-Sherby constitutive 

model, referred to herein as the HS-SRT model, and provided good predictions of the work hardening, 
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rate sensitivity, and thermal softening for the AA7075-T6 sheet alloy. The empirical HS-SRT constitutive 

model, coupled with Barlat YLD2004 yield function, captured the work hardening, rate sensitivity, and 

thermal softening rather well for the AA7075-T6 alloy at elevated strain rate. The strain rate dependent 

generalized Drucker-Prager (GDP) fracture model captured the equivalent fracture strains reasonably well 

for the AA7075-T6 sheet alloy under all of the stress state and strain conditions considered in the present 

work. 

The current work demonstrated the importance of a comprehensive experimental program under 

different stress state and strain rate conditions in developing accurate material models suitable for forming 

or crash simulations. The developed framework in the present study has strong potential to accurately 

characterize materials with strong rate sensitivity of fracture. 

5.2. CONCLUSIONS 

The following conclusions are drawn from this research: 

 The AA7075-T6 uniaxial tensile specimens exhibited the highest tensile strength, while the lowest 

tensile strength was measured for the AA6013-T6 specimens. All three alloys exhibited a mild 

positive strain sensitivity of flow stress based on the miniature dog-bone uniaxial tensile tests, with 

a 6% increase in flow stress for an increase in strain rate from 10
-3

 to 10
3
 s

-1
. 

 All three alloys showed strong in-plane and transverse plastic anisotropy in terms of the measured 

r–values, with the highest r–value in the TD (90˚ to rolling) sheet orientation. The lowest r–values 

were measured in the rolling sheet direction or 15˚ to rolling direction for AA7075-T6 and 

AA7xxx-T76. The effect of strain rate on anisotropy was shown to be low. 

 For quasi-static strain rate conditions, the AA7075-T6 sheet exhibited the lowest ductility, while 

the AA6013-T6 sheet was found to exhibit the highest ductility for all the stress states considered. 

 The shear conversion methodology, developed as part of this research, proved an effective 

technique for extension of uniaxial tensile data beyond diffuse necking in a tensile test without the 

need for inverse modelling. 

 The temperature rise in the shear specimens due to the plastic deformation was measured to be 

40˚C for the 500 s
-1

 tests, compared to 12˚C at 10 s
-1

. The increase in temperature on the surface of 

the hole tension, notch tension, and groove tension specimens was measured to be approximately 

40˚C, 30˚C, and 18˚C, respectively, at a strain of 500 s
-1

. This adiabatic temperature rise resulted in 

a loss in hardening due to thermal softening that was most evident in the high rate shear tests. 
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 The phenomenological temperature and strain rate-dependent Hockett–Sherby (HS-SRT) 

constitutive model accurately predicted the hardening response and strain rate sensitivity for sheet 

alloys considered in this study.  

 The developed hardening models coupled with the Barlat YLD2000 and Barlat YLD2004 yield 

functions provided accurate predictions of load-displacement response for the range of tests 

considered. 

 The elevated strain rate fracture tests on the AA7075-T6 involving the shear, hole tension, notch 

tension, and groove tension specimens, exhibited mild dependency of fracture strain on the strain 

rate, and indicated the need for a strain rate dependent fracture model. 

 The proposed fracture model, referred to herein as the generalized Drucker-Prager (GDP) criterion 

distinguishes between the fracture strains under uniaxial versus biaxial tension, overcoming a 

limitation of the Hosford-Coulomb (HC) fracture model, and accurately captures the fracture 

strains of all three alloys for stress states ranging from shear to equi-biaxial tension. 

 The strain rate dependent GDP fracture model, developed in the present study, successfully 

predicted the onset of fracture in the experiments on AA7075-T6 at strain rates ranging from 0.01 

to 500 s
-1

. 

5.3. FUTURE WORK 

The following recommendations are offered for future work to enhance the understanding of the 

behavior of high strength aluminum alloys and support the implementation of proposed constitutive and 

fracture models: 

 The influence of anisotropy on the fracture response of these materials was not evaluated. Fracture 

characterization tests along different sheet orientations of the materials should be considered.  

 The present work considered only proportional loading conditions. Constitutive and fracture 

characterization, as well as the modeling of the behavior of high strength aluminum alloys under 

non-proportional conditions should be considered in future work.  

 The current study mostly concentrated on plasticity and fracture behavior of the high strength 

aluminum alloys from a macroscopic aspect. In order to further understand the active fracture 

mechanisms under different loading conditions and connect the macroscopic responses to the 

microstructure of the materials, micromechanical investigation of the fracture surface of the 

specimens utilizing SEM should be performed in future. 
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 Full scale structural dynamic crash tests and simulation models for the high strength aluminum 

alloys are left for future work. A comparison between the dynamic crash test data and simulation 

results will provide further validation of the proposed plasticity and fracture models. 
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