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The Construction and Use of Physics-Based Plasticity Models and 

Forming-Limit Diagrams to Predict Elevated Temperature Forming of 

Three Magnesium Alloy Sheet Materials 

 

Aravindha R. Antoniswamy, Ph.D. 

The University of Texas at Austin, 2013 

 

Supervisor:  Eric M. Taleff 

 

Magnesium (Mg) alloy sheets possess several key properties that make them 

attractive as lightweight replacements for heavier ferrous and non-ferrous alloy sheets. 

However, Mg alloys need to be formed at elevated temperatures to overcome their 

limited room-temperature formabilities. For example, commercial forming is presently 

conducted at 450°C. Deformation behavior of the most commonly used wrought Mg 

alloy, AZ31B-H24, and two potentially competitive materials, AZ31B-HR and ZEK100 

alloy sheets, with weaker crystallographic textures, are studied in uniaxial tension at 

450°C and lower temperatures. The underlying physics of deformation including the 

operating deformation mechanisms, grain growth, normal and planar anisotropy, and 

strain hardening are used to construct material constitutive models capable of predicting 

forming for all three Mg alloy sheets at 450°C and 350°C. The material models 

constructed are implemented in finite-element-method (FEM) simulations and validated 

using biaxial bulge forming, an independent testing method. Forming limit diagrams are 

presented for the AZ31B-H24 and ZEK100 alloy sheets at temperatures from 450°C 

down to 250°C. The results suggest that forming processes at temperatures lower than 

450°C are potentially viable for manufacturing complex Mg components. 



 viii 

Table of Contents 

List of Tables……………………………………………………………………..xi 

List of Figures…………………………………………………………………...xiv 

Chapter 1: Introduction……………………………………………………………1  

Chapter 2: Literature Review……………………………………………………...7 

Chapter 3: Research Objectives and Methodology……………………………....20 

 3.1. Research Objectives…………………………………………………...20 

 3.2. Research Methodologies……………………………………………….20 

 3.3.References……………………………………………………………...26 

Chapter 4: Plastic Deformation in Tension………………………………………27 

4.1. AZ31B-H24 Alloy Sheet……………………………………………....27 

 4.1.1.Chapter Summary……………………………………………....27 

 4.1.2. Introduction………………………………………………….....28 

 4.1.3. Experimental Procedure………………………………………..32 

 4.1.4. Results………………………………………………………….37 

 4.1.5. Discussion……………………………………………………...44 

 4.1.6. Conclusions…………………………………………………….60 

 4.1.7. References……………………………………………………..63 

4.2. AZ31B-HR Alloy Sheet……………………………………………….68 

 4.2.1. Chapter Summary……………………………………………...68 

 4.2.2. Introduction…………………………………………………….68 

 4.2.3. Experimental Procedure…………………………………….….70 

 4.2.4. Results and Discussion………………………………………...76 

 4.2.5. Conclusions………………………………………………….…86 

 4.2.6. References……………………………………………………...87 

4.3. ZEK100 Alloy Sheet…………………………………………………...91 

 4.3.1. Chapter Summary……………………………………………....91 

 4.3.2. Introduction…………………………………………………….91 



 ix 

4.3.3. Experimental Procedure……………………………………………..93 

4.3.4. Results and Discussion………………………………………………99 

4.3.5. Conclusions………………………………………………………...113 

4.3.6. References………………………………………………………….113 

Chapter 5: Static Annealing of AZ31B-H24 Alloy Sheet………………………118  

 5.1. Chapter Summary…………………………………………………….118 

 5.2. Introduction…………………………………………………………..118 

 5.3. Experimental Procedure……………………………………………...119 

 5.4. Results and Discussion……………………………………………….122 

 5.5. Conclusions…………………………………………………………..128 

 5.6. References……………………………………………………………129 

Chapter 6: Forming Limit Diagrams and Rupture Mechanisms………………..131 

6.1. Forming Limit Diagrams for AZ31B-H24 and ZEK100 Alloy Sheets131 

 6.1.1. Chapter Summary…………………………………………….131 

 6.1.2. Introduction…………………………………………………..131 

 6.1.3. Experimental Procedure……………………………………...136 

 6.1.4. Results and Discussion……………………………………….143 

 6.1.5. Conclusions…………………………………………………..150 

 6.1.6. References……………………………………………………151 

6.2. Rupture Mechanisms in AZ31B Alloy Sheet……………….………..156 

 6.2.1. Chapter Summary…………………………………………….156 

 6.2.2. Introduction…………………………………………………..156 

 6.2.3. Experimental Procedure……………………………………...158 

 6.2.4. Results and Discussion……………………………………….161 

 6.2.5. Conclusions…………………………………………………..167 

 6.2.6. References……………………………………………………168 



 x 

Chapter 7: Construction and Validation of Material Constitutive Models……..171 

 7.1. Chapter Summary……………………………………………………171 

 7.2. Introduction………………………………………………………….171 

 7.3. Experimental and Simulation Procedures…………………………...174 

 7.4. Results and Discussion……………………………………………....189 

 7.5. Conclusions………………………………………………………….207 

 7.6. References…………………………………………………………...208 

Chapter 8: Conclusions and Future Work……………………………………...213 

Appendix 4.1.A: Stress-Strain Data for AZ31B-H24………………………….216 

Appendix 4.1.B: AZ31B-H24 Tensile Specimens……………………………..220 

Appendix 4.2.A: AZ31B-HR Tensile Specimens……………………………...224  

Appendix 4.3.A: ZEK100 Tensile Specimens………………………………....226 

Appendix 5.A: Annealed Microstructures of AZ31B-H24…………………….228 

Appendix 7.A: Fits to Stress-Strain Data……………………………………....233 

Appendix 7.B: Example Codes for FEM Simulations………………………….235 

Appendix 7.C: Microstructure Evolution in AZ31B-H24……………………...255 

Bibliography…………………………………………………………………….260 

Vita……………………………………………………………………………...294  

 

 
 

 

 

 

 



 xi 

 

List of Tables 

Table 4.1.1: The Mg AZ31 sheet material composition is shown in wt. pct……….32 

Table 4.1.2: Stress exponents, n, (see Eq. 2) are shown with the estimated errors from the 

range of temperatures examined in this study (from Fig. 4.1.7)……..46 

Table 4.1.3: Results of Student’s t-tests for the significance of difference in slopes 

between the data at different temperatures are shown. p : the probability of 

obtaining a test statistic at least as extreme as the one that was actually 

observed, assuming that the null hypothesis is true; t : test statistic; df : 

degrees of freedom……………………..…………………………….49 

Table 4.1.4: Activation energies are provided as a function of temperature. The errors  

shown were calculated from a Monte-Carlo simulation for the 

uncertainty of slopes calculated from Fig. 9. Data from figures in 

References [27, 28] are also shown for comparison…………………..53 

Table 4.1.5: R-values for the TD parallel to the RD, with estimated errors, obtained 

from specimens tested till rupture (Rr) and from specimens tested to a 

fixed strain (Rfs) are compared at four strain rates at 350°C……….…59  

Table 4.2.1: Measured values for the Lankford coefficient (R-value) are tabulated at 

450°C and 350°C for the tensile direction parallel to the RD………...85 

Table 4.3.1: Measured values for the Lankford coefficient (R-value) are tabulated at 

450°C and 350°C for the TD parallel to the RD, parallel to the LTD and 

at 45° to both the RD and the LTD…………………………………..111 

Table 5.1:  Recrystallized grain sizes after long exposure times. RX stands for 

recrystallization……………………………………………………...120 



 xii 

Table 5.2:  Recrystallized grain sizes after short exposure times. RX stands for 

recrystallization……………………………………………………121 

Table 6.1.1: Compositions are shown in wt. pct. for the (a) AZ31B and (b) ZEK100 

alloys………………………………………………………………137 

Table 6.1.2: Data are shown for plane-strain bulge tests at 350°C for AZ31B alloy 

sheets with two different thicknesses, t0 (mm). Note that P is forming 

pressure (MPa), P/to is pressure/thickness ratio and εt is the true strain 

near the rupture……………………………………………………..145 

Table 6.2.1: Composition of the AZ31B sheet material in wt. pct……………….159 

Table 6.2.2: The rupture characteristics of biaxial-bulge specimens are tabulated for 

different forming conditions………………………………………..162 

Table 7.1: The nominal compositions of the Mg alloy sheets used in this study are 

shown……………………………………………………………….175 

Table 7.2: The fit parameters in the material models for AZ31B-H24 alloy sheet at 

450°C and 350°C are shown. The fit parameters at 450°C are from Ref 

[25]………………………………………………………………….193 

Table 7.3: The RMS errors representing the goodness of the fit of the material model 

for AZ31B-H24 at 350°C are shown for different values of true 

strain………………………………………………………………...193 

Table 7.4: RMS errors calculated from dome heights showing the validity of the 

material constitutive model for the 1.95mm-thick A31B-H24 alloy sheet 

at 350°C are shown for different gas pressure/thickness ratios..…...195 

Table 7.5: The fit parameters in the material models for AZ31B-HR alloy sheet at 

450°C and 350°C are shown……………………………….………..199 



 xiii 

Table 7.6: The RMS errors representing the goodness of the fit of the material models 

for AZ31B-HR are shown at 450°C and 350°C for different values of 

true strain…………………………………………………………….199 

Table 7.7: RMS errors calculated from dome heights showing the validity of the 

material constitutive model for the 0.68mm-thick A31B-HR alloy sheet 

at 450°C and 350°C are shown for different gas pressure/thickness 

ratios………………………………………………………………….200 

Table 7.8: The fit parameters in the material models for ZEK100 alloy sheet at 450°C 

and 350°C are shown……….………………………………………..204 

Table 7.9: The RMS errors representing the goodness of the fit of the material model 

for ZEK100 are shown at 450°C and 350°C for different values of true 

strain………………………………………………………………….204 

Table 7.10: RMS errors calculated from dome heights showing the validity of the 

material constitutive model for the 1.57mm-thick ZEK100 sheet at 

450°C and 350°C are shown for different gas pressure/thickness 

ratios……………………………………………………………….…206 

 

 

 

 

 

 

 

 

 



 xiv 

List of Figures 

 Figure 3.1: This diagram presents the methodology for constructing, validating, and 

implementing physics-based material constitutive models for plastic 

deformation of magnesium alloy sheet materials at elevated 

temperatures……………………….………………………………….23 

Figure 3.2:  The apparatus used in tensile testing of the Mg alloy sheets is shown. 

Figure is taken from Ref [2] with permission from A.J. Carpenter…..24 

Figure 3.3:  The shoulder-loading grips used during tensile testing are shown. Figure 

is taken from Ref [2] with permission from A.J. Carpenter………….24 

Figure 3.4:  A photograph of the University of Texas bulge testing apparatus is 

shown. The photograph is from Ref [1]…………………...…………25 

Figure 3.5: Photographs show (a) the biaxial bulge test die inserts, (b) the plane strain 

bulge test die inserts, (c) a biaxial bulge test specimen and (d) a plane-

strain bulge test specimen. Courtesy: GM R&D………………….….26 

Figure 4.1.1: (a) The standard tensile coupon used in all tensile tests is shown. (b) A 

tensile specimen, with the TD parallel to the LTD, tested to rupture at a 

temperature of 350°C and a constant true-strain rate of 10-3 s-1 is shown. 

The tested specimen in (b) demonstrates a diffuse neck………….....34 

Figure 4.1.2: The as-received microstructure is shown in views along the (a) STD and 

(b) LTD. A large number of twins is evident in both (a) and (b). 

Deformation bands oriented at approximately 45° to both the RD and 

STD are observed in (b). These indicate that the as-received material is 

highly deformed……………….……………………………………..38 



 xv 

Figure 4.1.3: (a) An optical photomicrograph and (b) an EBSD {0001} pole figure are 

shown for the AZ31 sheet material after annealing at 150°C for 20 

minutes. The optical photomicrograph in (a) reveals a large number of 

twins, similar to Figure 3(b), which indicates that annealing at 150°C did 

produce recrystallization. The color key for the pole figure in (b) 

indicates intensity in multiples of random. A strong basal texture, the 

{0001} poles aligned along the sheet STD, is evident in the 

unrecrystallized AZ31 sheet…………………………………………..39 

Figure 4.1.4: The elongation at rupture of specimens tested in uniaxial tension, for the 

TD parallel to the LTD, is plotted as a function of test temperature at all 

strain rates examined. For ε�  = 10-3 s-1 elongation increases with 

increasing temperature up to 450°C. For 10-2 s-1 and 10-1 s-1, elongation 

increases with increasing temperature up to 400 and 350°C, respectively, 

and then decreases……………………………………………….……41 

Figure 4.1.5: The R-value at ε = 0.1, for the TD parallel to the LTD, obtained from 

tests conducted till rupture is shown as a function of temperature for 

three different true-strain rates. The error bars indicate the standard error 

in calculating the R-values. The minimum temperature at each strain rate 

at which recrystallization was observed is shown with dashed 

circles………………………………………………………...……….42 

 



 xvi 

Figure 4.1.6: True-strain rate is plotted against True stress in dual logarithmic scales 

at true strains of ε = 0.1 and ε = 0.2 for the AZ31B specimens tested for 

the TD parallel to the RD at 350°C. The slope is the stress exponent, n. 

The R-values at ε = 0.1, obtained from the tests conducted till rupture, 

are shown at each strain rate…………………………………..………44 

Figure 4.1.7: True-strain rate is shown as a function of true stress on dual logarithmic 

scales for tensile data at fixed temperatures. Data were obtained at a true 

strain of ε = 0.1.  The slope of the data at each temperature is the stress 

exponent, n………………….…………………………………………45 

Figure 4.1.8: The Zener-Holloman parameter, Z = ε�  × exp(Q/RT), was calculated 

assuming Q = 135 kJ/mol and is plotted against modulus compensated 

true stress, σ/E, on dual logarithmic scales for two values of true strain, ε 

= 0.1 and ε = 0.2. The slope of the data is equal to the stress exponent, 

n…………………………………………………………….…………48 

Figure 4.1.9: True-strain rate is plotted against modulus compensated true stress, σ/E, 

on dual logarithmic scales for five different temperatures at a true strain 

value of 0.1. The solid lines are the best linear fits to data, and the 

dashed lines represent the 95% confidence intervals obtained for the fits 

from the root-mean-square error (see Eq. 4). The vertical dashed lines 

indicate the fixed σ/E values chosen for calculations of activation 

energies, Q………………………….………………………………...51 



 xvii 

Figure 4.1.10: The strain rates obtained at fixed σ/E values in Fig. 8 are plotted on a 

logarithmic scale against inverse temperature, 1/T. Error bars indicate 

95% confidence intervals on the strain rate data. Solid lines show the 

best fits to these data, and the slope is proportional to the activation 

energy for creep, Q, which is shown for each fit……….…………….52 

Figure 4.1.11:  Photomicrographs are shown from the gage regions of specimens 

tested at: (a) 10-3 s-1and 150°C; (b) 10-2 s-1 and 200°C; and (c) 10-1 s-1 

and 200°C, for the TD parallel to the LTD. Partial recrystallization 

occurred in all three specimens. The arrows indicate locations of 

magnified images showing recrystallized regions with grain sizes from 

approximately 1 to 8 µm……….……………………………………..58 

Figure 4.2.1: Shown here are (a) the standard tensile coupon used for testing, (b) a 

tensile specimen tested to rupture, and (c) a tensile coupon tested to a 

fixed true strain. The specimen in (b) was tested at 450°C and 10-2 s-1 

with the tensile direction parallel to the RD. The elongation at rupture is 

103%, and the specimen shows diffuse necking. The specimen in (c) was 

tested at 450°C and 10-3 s-1 to a true strain of 0.27 with the tensile 

direction parallel to the RD…………………………………………...72 

Figure 4.2.2: True stress is plotted against true strain for data at (a) 450°C and strain 

rates ranging from 3×10-4 s-1 to 3×10-1 s-1, and (b) 350°C and strain rates 

ranging from 10-4 s-1 to 3×10-1 s-1. The tensile direction (TD) is parallel 

to the sheet rolling direction (RD). Data at 450°C, shown in (a), were 

collected by Andrew J. Weldon……………………………………...77 



 xviii 

Figure 4.2.3: True strain rate is plotted as a function of true stress (σ) on dual 

logarithmic scales for (a) 450°C and (b) 350°C at true strains (ε) of 0.1 

and 0.3. GBS creep (n = 2) and DC creep (n = 5 to 7) operate as 

competing deformation mechanisms at both 450°C and 350°C……....79 

Figure 4.2.4: Photomicrographs from AZ31B-HR specimens annealed for 25 minutes 

are shown at (a) 450°C and (b) 350°C. Grain size increases from (a) to 

(b) through static grain growth. Photomicrographs from AZ31B-HR 

specimens tested in uniaxial tension for the tensile direction parallel to 

RD at 3×10-4 s-1 are shown at (c) 450°C and (d) 350°C. Grain size 

increases from (a) to (c), and from (b) to (d) through a combination of 

static and dynamic grain growth. The RD is horizontal, and the LTD is 

vertical……………………………………………………………......81 

Figure 4.2.5: A {0001} pole figure is shown for AZ31B-HR alloy sheet annealed at 

450°C for 25 minutes. Most basal poles are oriented parallel to the STD 

or thickness direction…………………………………………………83 

Figure 4.2.6: True stress is plotted against true strain at (a) 450°C and 10-1 s-1 and (b) 

350°C and 3×10-2 s-1 for tensile directions parallel to RD, parallel to 

LTD, and at 45°C to both RD and LTD. LTD is the hard in-plane 

direction for deformation, and RD is the soft in-plane direction for 

deformation at both 450°C and 350°C…………………….……...….84 



 xix 

Figure 4.2.7: The elongation at rupture is plotted as a function of Z, calculated using 

Q = 135 kJ/mol, for specimens tested at 450°C and 350°C. The 

approximate ranges over which specific deformation mechanisms 

control plastic flow are indicated with GBS for grain boundary sliding 

creep; DCl for lattice self-diffusion controlled dislocation climb 

controlled creep; and DCp for pipe-diffusion controlled dislocation climb 

controlled creep……………………………………………………….85 

Figure 4.3.1: Photomicrographs from ZEK100 specimens annealed for 25 minutes at 

(a) 450°C and (b) 350°C are shown. The RD is horizontal, and the LTD 

is vertical………………………………..………………………….…94 

Figure 4.3.2: Shown are (a) the standard tensile coupon used for testing, (b) a tensile 

specimen tested to rupture, and (c) a tensile coupon tested to a fixed true 

strain. The specimen in (b) was tested at 450°C and 10-2 s-1 with the 

tensile direction parallel to the RD. The elongation at rupture is 174%, 

and the specimen shows diffuse necking. The specimen in (c) was tested 

at 450°C and 10-3 s-1 to a true strain of 0.27 for a tensile direction 45° to 

both the RD and the LTD……..……………………………………..96 

Figure 4.3.3: True stress is plotted against true strain for data at (a) 450°C and (b) 

350°C and six strain rates ranging from 3×10-4 s-1 to 10-1 s-1. The tensile 

direction (TD) is parallel to the sheet rolling direction (RD). The data at 

450°C were collected by Andrew J. Weldon………….…………….100 

Figure 4.3.4: Strain rate is plotted as a function of true stress (σ) on dual logarithmic 

scales for (a) 450°C and (b) 350°C at two different true strains (ε), 0.1 

and 0.4……………………………………………………………….103 



 xx 

Figure 4.3.5: Photomicrographs are shown for ZEK100 specimens tested to rupture 

by uniaxial tension along RD at 350°C and 10-1 s-1 at local true strain (ε) 

values of 1.0 (a and c) and 1.5 (b and d).Figures (a) and (b) were 

obtained from a specimen immediately quenched after testing and 

Figures (c) and (d) were obtained from a specimen annealed at 350°C 

after testing before quenching. Grain A in (a) is an original deformed 

grain and region B in (a) shows small equi-axed grains formed near the 

grain boundaries of the deformed grains……………………………..104 

Figure 4.3.6: EBSD maps for ZEK100 tested at 450°C and 3×10-4 s-1 are shown at (a) 

a local true strain of ε = 0, (b) ε = 0.07, and (c) ε = 0.42. The specimens 

were tested with the tensile direction parallel to the RD. Black color 

represents data with a confidence index lesser than 0.1. The percentage 

of low confidence index data increases with an increase in strain due to 

an increase in dislocation density and formation of sub grains at the 

grain boundaries…………………………………………………..…106 

Figure 4.3.7: {0001} pole figures for ZEK100 tested at 450°C and 3×10-4 s-1 are 

shown at (a) a local true strain of ε = 0, (b) ε = 0.07, and (c) ε = 0.42. 

The specimens were tested with the tensile direction parallel to the  RD. 

The crystallographic texture does not change significantly as the true 

strain is increased…………………………………………………...107 

Figure 4.3.8: Strain hardening rate, dσ/dε, is plotted as a function of true strain rate 

(in logarithmic scale) at 450°C and 350°C. The strain hardening rates are 

higher at 350°C than at 450°C……………………………………...108 



 xxi 

Figure 4.3.9: True stress is plotted against true strain at (a) 450°C and 10-2 s-1 and (b) 

350°C and 10-3 s-1 for tensile direction parallel to the RD parallel to the 

LTD and at 45°C to both the RD and the LTD. The RD is the hard in-

plane direction for deformation, and the LTD is the soft in-plane 

direction for deformation at both 450°C and 350°C………….…….109 

Figure 4.3.10: The elongation at rupture is plotted as a function of Z, calculated using 

Q = 135 kJ/mol, for specimens tested at 450°C and 350°C.  For all the 

tests shown, the tensile direction is parallel to the RD……………..112 

Figure 5.1: Photomicrographs are shown of the AZ31-H24 material (a) as-received, 

(b) annealed at 150°C for 1621 s, (c) annealed 200°C for 967 s and (d) 

annealed at 450°C for 965 s. Region A  in (c) consists of grains that only 

recovered or newly recrystallized grains that did not grow. Region B 

shows elongated, deformed grains that have only undergone recovery. 

Region C shows recrystallized grains. The sheet rolling direction (RD) is 

vertical, and the long-transverse direction (LTD) is horizontal……..124 

Figure 5.2: Recrystallized grain size is shown as a function of temperature-adjusted 

time, t×exp(-Q/RT) with Q=80.8 KJ/mol [8], on dual logarithmic 

scales………………………………………………………………..126 

Figure 5.3: Hardness and average recrystallized grain size are shown as functions of 

temperature. For values of long and short exposure times at each 

temperature, please see Tables 1 and 2. ………….………….…….127 

Figure 5.4: Hardness is shown as a function of average recrystallized grain 

size………………………………………………………….……...128 



 xxii 

Figure 6.1.1: Images show (a) an untested AZ31B tensile specimen and (b) an AZ31B 

tensile specimen tested to rupture at 450°C and a constant true-strain 

rate of 10-3 s-1…………………………………………………………139 

Figure 6.1.2: Photographs show (a) biaxial and (b) plane-strain bulge specimens of 

AZ31B alloy sheet tested at 450°C. The rupture in (b) occurred on one 

side of the specimen at the line of contact between the die and the 

unsupported region of the specimen. The curve length used to calculate 

the minor strain in plane-strain forming is shown in white for (b)….141 

Figure 6.1.3: The true-strain rate is plotted against forming pressure normalized by 

the initial sheet thickness for (a) AZ31B, biaxial, (b) AZ31B, plane-

strain, (c) ZEK100, biaxial, and (d) ZEK100, plane-strain bulge tests at 

different temperatures.  The 1.28-mm-thick AZ31B sheet was used for 

the plane-strain bulge testing at 300°C and the 2-mm-thick AZ31B sheet 

was used for all the other tests. In the fitted equations shown at the top 

of each plot, ‘y’ is the true strain rate in s-1 and ‘x’ is the 

pressure/thickness ratio in MPa mm-1……………………………….144 

 Figure 6.1.4: FLDs of AZ31B are shown for (a) 450°C and 10-3 s-1, (b) 450°C and 

10-2 s-1, (c) 350°C and 10-3 s-1, (d) 350°C and 10-2 s-1, (e) 300°C and 10-3 

s-1, (f) 300°C and 10-2 s-1, (g) 250°C and 10-3 s-1, and (h) 250°C and 10-2 

s-1…………………………………………………………………….147 

Figure 6.1.5: FLDs of ZEK100 are shown for (a) 450°C and 10-3 s-1, (b) 450°C and 

10-2 s-1, (c) 350°C and 10-3 s-1, (d) 350°C and 10-2 s-1, (e) 300°C and 10-3 

s-1, and (f) 300°C and 10-2 s-1……………………………………..…148 



 xxiii 

Figure 6.1.6: The FLCs of AZ31B and ZEK100 at 10-2 s-1 and 10-3 s-1 are compared at 

(a) 450°C, (b) 350°C, and (c) 300°C. The FLCs of AZ31B at 10-2 s-1 and 

10-3 s-1 are shown at 250°C in (d)…………………………………..149 

Figure 6.1.7: The FLCs at 10-2 s-1 are compared at different temperatures for (a) 

AZ31B and (b) ZEK100…………………………………………....150 

Figure 6.2.1: The as-received microstructure of AZ31B is shown……………….158 

Figure 6.2.2: (a) The biaxial bulge testing dies and (b) a tested specimen are 

shown……………………………………………………………….160 

Figure 6.2.3: Explosive rupture in an AZ31B biaxial bulge specimen tested at 250°C 

and 2 × 10-3 s-1 is shown…………………………………………….163 

Figure 6.2.4: Ruptured domes and photomicrographs from the cross-sections of the 

ruptures are shown for AZ31B alloy sheet tested at 450°C and at (a) 10-3 

s-1 and (b) 10-1 s-1……………………………………………………163 

Figure 6.2.5: Stress-strain curves are shown for AZ31 alloy sheet at 450°C at (a) 3× 

10-2 s-1 and (b) 10-1 s-1. The orientation of the tensile direction with 

respect to the sheet rolling direction (RD) is specified in degrees (RD = 

0°and LTD = 90°) [9]……………………………………………….165 

Figure 6.2.6: The <0001> pole figure of AZ31B alloy sheet annealed and 

recrystallized at 450°C for 30 minutes is shown…………….……..166 

Figure 6.2.7: The effect of planar anisotropy on rupture orientation is shown. 

Deformation during necking occurs preferentially along the soft in-plane 

direction (the RD in AZ31B)…….……………………………..….167 



 xxiv 

Figure 7.1: Effective R-value, Reff, is plotted against the fraction of true strain from 

dislocation-climb creep, fDC. Experimental data are plotted as open 

circles, while R-values predicted by theory (Equation 1) are plotted as a 

solid curve……………………………….…………………………..179 

Figure 7.2: (a) A ZEK100 specimen blank and (b) a ZEK100 dome formed by biaxial 

bulge testing at 450°C and 0.85 MPa (124 psi) to a dome height of 21 

mm are shown………………………………………………………..185 

Figure 7.3: (a) The 2-dimensional axisymmetric mesh for sheet and die, revolved by 

180° around the axis of symmetry and (b) the 3-dimensional mesh for 

sheet and die used to simulate biaxial bulge forming are shown. The 

nodes are shown as red markers, and the axisymmetric elements are 

shown as red lines in (a).The 2-dimensional mesh in (a) was revolved by 

180° to provide better visualization. 7.3(a) is a modified version of a 

figure from Ref[37] and 7.3(b) is a modified version of a figure from 

Ref[25]………………..……………………………………………..188 

Figure 7.4: The logarithm of true-strain rate is plotted against the logarithm of true 

stress for Mg AZ31B-H24 tensile specimens at (a) 450°C and (b) 350°C. 

Tensile data are from stress-strain curves [Chapter 4.1], and the solid 

curves present fits of the material constitutive model, see Equation 22 

and Table 2, to the data.  Fig. 4(a) is reproduced from Ref [25]. All tests 

are for the tensile direction parallel to the RD and represent deformation 

along any in-plane direction, since planar anisotropy is negligible. GBS 

is grain boundary sliding creep; DCl is lattice self-diffusion controlled 

dislocation climb controlled creep; and DCp is pipe-diffusion controlled 

dislocation climb controlled creep…………………………………..192 



 xxv 

Figure 7.5: Dome height is plotted against forming time at 350°C for the Mg AZ31B 

alloy sheet at gas pressures of (a) 1.37 MPa, (b) 1.64 MPa, (c) 1.93 MPa, 

and (d) 2.20 MPa………….…………………………………….......195 

Figure 7.6: The logarithm of true-strain rate is plotted against the logarithm of true 

stress for Mg AZ31B-HR tensile specimens at (a) 450°C and (b) 350°C. 

Tensile data are from stress-strain curves [Chapter 4.2], and the solid 

curves present fits of the material constitutive model, see Equation 22 

and Table 5, to the data. All tests are for the tensile direction parallel to 

the RD and represent deformation along any in-plane direction, since 

planar anisotropy is negligible. GBS is grain boundary sliding creep; 

DCl is lattice self-diffusion controlled dislocation climb controlled creep; 

DCp is pipe-diffusion controlled dislocation climb controlled 

creep………………………………………………………….……..198 

Figure 7.7: Dome height is plotted against forming time for the Mg AZ31B-HR alloy 

sheet at gas pressures of (a) 0.28 MPa and (b) 0.42 MPa at 450°C, and 

(c) 0.57 MPa, and (d) 0.76 MPa at 350°C…………………………..200 

Figure 7.8: The logarithm of true-strain rate is plotted against the logarithm of true 

stress for Mg ZEK100 tensile specimens at (a) 450°C and (b) 350°C. 

Tensile data are from stress-strain curves [Chapter 4.3], and the solid 

curves present fits of the material constitutive model, see Equation 22 

and Table 8, to the data. All tests are for the tensile direction parallel to 

the RD.  DCl is lattice self-diffusion controlled dislocation climb 

controlled creep and DCp is pipe-diffusion controlled dislocation climb 

controlled creep……………..……………………………………...203 



 xxvi 

Figure 7.9: Dome height is plotted against forming time at 450°C for the Mg ZEK100 

alloy sheet at gas pressures of (a) 0.66 MPa and (b) 0.85 MPa, (c) 0.97 

MPa, and (d) 1.08 MPa………………………………………………205 

Figure 7.10: Dome height is plotted against forming time at 350°C for the Mg 

ZEK100 alloy sheet at gas pressures of (a) 1.31 MPa and (b)1.54 MPa, 

(c) 1.75 MPa, and (d) 2.07 MPa……...……………………………..206 

 

 

 

 

 

 



 1 

Chapter 1: Introduction 

 

Wrought magnesium (Mg) alloy sheets are of interest to the transportation 

industries for use in vehicle light-weighting applications, such as for body closure panels 

[1, 2]. These materials have high strength- and stiffness-to-weight ratios compared to 

traditional steel and aluminum alloy sheet materials [3]. Increased use of Mg can provide 

a significant reduction in the overall mass of a vehicle [4]. Vehicle light-weighting offers 

several performance advantages, which include improved fuel economy and reduced 

greenhouse gas emissions. The extended range facilitated by the use of lightweight 

materials, such as Mg, is also beneficial to vehicles with alternative propulsion systems 

based upon fuel cells or batteries, for example. 

Critical challenges to introducing wrought Mg materials into vehicle structures 

include low room-temperature formability and limited understanding of deformation 

behaviors at elevated temperatures. The formability of Mg is hampered by the limited 

number of slip systems available in its hexagonal-close-packed (HCP) crystal structure. 

At room temperature, only two independent slip systems are active. These two basal-slip 

systems are insufficient for a generally ductile polycrystalline material, as per the Taylor 

criterion [5]. Additional (non-basal) slip systems are activated at elevated temperatures, 

approximately 225°C and higher [6], and these are sufficient to significantly increase 

polycrystalline ductility [7, 8]. The deformation mechanisms introduced at elevated 

temperatures, along with the additional slip systems, may solve the ductility problem but 
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are not well understood. Thus, deformation at elevated temperatures cannot yet be 

accurately predicted. 

AZ31B-H24 is the most commonly available Mg alloy sheet. General Motors 

recently announced that it will use this material to produce deck-lid inner components for 

50 vehicles in a limited production run [9]. The deformation behavior of AZ31B-H24 

alloy sheet at 450°C, a temperature at which the formability of this fine-grained material 

is very high, has been investigated in detail [9-12]. Behaviors at lower forming 

temperatures, however, are not yet well understood. Lower forming temperatures offer 

several practical advantages, including considerable savings in energy, better control for 

geometric tolerances, and easier part handling. Thus, this study investigates the 

deformation behaviors and formabilities of Mg alloy sheets at temperatures in the range 

of 250 to 450°C. 

The plastic behavior of wrought Mg alloys can be quite complex because of 

plastic anisotropy. AZ31B-H24 alloy sheet can evidence a strong plastic normal 

anisotropy, which generally reduces formability. This results from a basal fiber texture 

[13] in which, the basal planes of the hexagonal unit cell are parallel to the plane of the 

sheet. Thus, basal slip is easier along any in-plane direction than along any out-of-plane 

direction. This leads to normal anisotropy for deformation mechanisms that involve slip, 

such as dislocation-climb-controlled creep. The basal fiber texture can be reduced by 

changing either the alloy composition or the rolling process [14].  Mg alloy ZEK100 

sheet (typical composition of 1% Zn, 0.2 % Nd, 0.2% Zr, balance Mg), produced through 

a conventional rolling process has a weaker basal texture and higher room-temperature 



 3 

formability than AZ31B [14]. AZ31B-HR (hot rolled) is an alloy sheet produced by 

rolling at a higher temperature than AZ31B-H24. The hot rolling produces a fully 

recrystallized microstructure with a weakened basal texture. In order to understand the 

effects of basal texture on deformation at elevated temperatures, this study 

experimentally evaluates a conventionally-produced AZ31B-H24 sheet and these two 

other Mg alloy sheet materials, ZEK100 and AZ31B-HR. There is interest from the 

transportation industries for all three Mg alloy sheets chosen for study. 

 Material constitutive models that relate stresses to resulting plastic strains can be 

used in finite-element-method (FEM) simulations to predict forming [10, 15]. Such 

material models, when constructed on the basis of underlying physics, can be modified 

and extended to be useful across a wide range of deformation conditions and even to new 

materials. The factors that need to be considered to develop such a model include, but are 

not limited to, deformation mechanisms, plastic anisotropy, grain growth and texture 

evolution. For this study physics-based material constitutive models are constructed and 

applied in FEM simulations for validation against independent experimental data from all 

three Mg alloy sheets at 450°C and 350°C. 

Forming limit diagrams (FLDs) quantify the effects of stress state on rupture 

strain for different strain paths under particular deformation conditions, typically at 

constant temperature and strain rate. The forming limit curves (FLCs) established in 

FLDs define the boundary between successful forming and rupture. FLCs can be used to 

predict the maximum strain before rupture for a particular strain path, such as uniaxial 

tension or plane-strain deformation. FLDs are constructed for these Mg alloy sheets at 
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temperatures from 450°C down to at least 300°C for strain rates of 10-2 and 10-3 s-1.  

Uniaxial tension, biaxial bulge forming and plane-strain bulge forming data are used for 

this purpose. FEM simulations can be used in conjunction with FLCs to predict viable 

ranges of processing conditions, i.e. viable processing windows, for forming components 

at elevated temperatures.  

An ultimate goal is to form Mg alloy sheets into components at temperatures 

lower than 450°C, the temperature currently used in production by General Motors [9]. In 

order to accomplish this goal, a predictive understanding for the effects of temperature 

and strain rate on the deformation behaviors and formabilities of different Mg alloy 

sheets is required. To develop this understanding, deformation and formability of AZ31-

H24, AZ31-HR, and ZEK100 alloy sheets are studied. Physics-based material models of 

plasticity and forming-limit diagrams are produced for these materials at elevated 

temperatures. This predictive capability will aid the development of forming technologies 

for light-weight Mg alloy sheets in automotive components. 
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Chapter 2: Literature Review 

The available literature addresses several important aspects of interest to this 

research study.  These include deformation mechanisms in Mg alloys at elevated 

temperatures, material constitutive models for plasticity, the effects of processing on 

microstructure and texture, plastic anisotropy and FLDs. AZ31 is the most common Mg 

alloy reported on in the literature. Additional reports are available for Mg alloys of the 

AZ series, such as AZ61 [1-5] and AZ91 [6-8]; alloys that contain rare-earth elements, 

such as ZEK100 [9, 10] and WE43 [11]; AM50 [12, 13]; ZK60 [14-16]; AS21 [17, 18]; 

and ZM21 [19]. Studies of materials with compositions similar to the AZ31 and ZEK100 

alloys are reviewed in this section. 

Kim et al. [20] constructed deformation mechanism maps for the Mg alloy AZ31 

from 300 to 400°C. These maps describe deformation mechanisms operating in AZ31 

material with a specific grain size within a specific range of stresses. The maps identify 

grain-boundary-sliding (GBS) creep as the dominant deformation mechanism in AZ31 

within stress/elastic-modulus ratios ranging from 10-4 to 10-3 for grain sizes of less than 

10µm. However, a later investigation [21] identified both GBS creep and dislocation-

climb (DC) creep as active creep mechanisms for a similar stress range in fine-grained 

AZ31B-H24 sheet at temperatures from 350 to 500°C, suggesting behaviors more 

complex than reported in the simple maps of Kim et al. GBS creep dominates at slow 

strain rates and high temperatures, particularly in fine-grained material [22], while DC 

creep dominates at fast strain rates and low temperatures. 
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The steady-state creep response produced by many deformation mechanisms at 

elevated temperatures can be reasonably described using the phenomenological equation 

for creep, Equation (1) [23, 24]. In this equation, �� is the steady-state strain rate, σ is the 

true stress, E is the unrelaxed dynamic elastic modulus, n is the stress exponent, Q is the 

activation energy for creep, T is absolute temperature, A is a material constant and R is 

the universal gas constant. 

 �� = � ���	

 exp �����	            (1) 

The value of the stress exponent, n, is useful in identifying operative creep 

mechanisms. For GBS creep, the value of n typically ranges from 1 to 2. The value of n 

for DC creep is determined by the accommodating diffusion process. In AZ31B, lattice 

self-diffusion causes n≈5 at temperatures greater than 300°C, while pipe diffusion is 

thought to produce n≈7 at 200 to 300°C [25]. Deformation behaviors of ZEK100, 

however, are only reported in the literature for room temperature [9, 26-28]. Hence, 

knowledge of the deformation mechanisms operating in ZEK100 at elevated temperatures 

is yet to be developed.  

The literature provides examples for the simulation of room-temperature 

deformation in AZ31 through crystal plasticity models that define twinning [29, 30] and 

slip [30]. Elevated temperature deformation, which involves thermally activated 

processes such as diffusion, was modeled using creep laws, such as Equation (1) [31-35]. 

Abu-Farha [36] proposed a combined material constitutive model that accounts for 

plastic anisotropy and grain growth. However, the models reported in the literature [31-
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36], were only validated against data taken under uniaxial tension and do not account for 

the operation of more than one creep mechanism. Sherek et al. [37] used uniaxial tensile 

data to create a material constitutive model for the deformation of AZ31B-H24 alloy 

sheet at 450°C. To describe both the DC and GBS creep mechanisms at strain rates 

ranging from 10-4 to 10-1 s-1, a user-defined material model was used in the AbaqusTM 

(Version 6.11EF, Dassault Systèmes, Vélizy-Villacoublay, France) finite element code 

for simulations. The material model proposed is of the form 

( ) ( ) 21
21

nn
AA σσεε ε +=ɺ  (2) 

where εɺ  is the strain rate from both creep mechanisms; σ is flow stress; A1 and n1 are 

functions of strain, ε, that describe GBS creep; and A2 and n2 are constants that describe 

five-power dislocation creep [38, 39]. This model cannot predict biaxial bulge forming at 

fast strain rates because it does not account for normal anisotropy under DC creep. 

Carpenter et al. [40] improved this model by quantitatively describing normal anisotropy 

and grain growth. That model does not address deformation behaviors at lower 

temperatures or in other magnesium alloy sheet materials. Thus, there is a need to 

construct physics-based plasticity models that can be applied at temperatures below 

450°C for AZ31B and other Mg alloys, such as ZEK100. 

The resistance of sheet metal to thinning during forming can depend significantly 

on plastic anisotropy. The most commonly used parameter to characterize plastic 

anisotropy is the R-value (Lankford coefficient) [41]. The R-value can be calculated from 

the ratio of the true width strain, ϵw, to the true thickness strain, ϵt, in a tensile test, as 
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shown in Equation 3, where w0 is the initial width, w is the final width, t0 is the initial 

thickness, and t is the final thickness. 

R =  
∈�
∈�  = 

������
� 	

������� 	
         (3) 

Min et al. [42] studied the room-temperature deformation of AZ31B-H24, 

AZ31B-HR and ZEK100 alloy sheets in uniaxial tension. They compared the plastic 

anisotropy of the alloy sheets by measuring R-values. AZ31B-H24 exhibited strong 

planar anisotropies. While ZEK100 exhibited some planar anisotropy, AZ31B-HR 

exhibited nearly isotropic plasticity. These differences in anisotropy were attributed to the 

different as-received textures of these materials. Bohlen et al. [43] investigated the 

texture and anisotropic behavior of rare earth (RE) containing Mg alloy sheets, such as 

ZEK100, at room temperature. They hypothesized that the soluble zinc and the RE 

additions cause the reduced texture strength in these alloys. This reduced texture strength 

is the reason why ZEK100 shows less plastic anisotropy than AZ31B-H24 at room 

temperature [42, 43]. Recrystallization phenomena occur at elevated temperatures 

(>250°C) and can alter the as-received texture. In the present study of plastic behaviors at 

elevated temperatures, recrystallization texture must be considered in place of the as-

received texture. AZ31B-H24 shows a strong normal anisotropy at elevated temperatures 

[40], the result of a strong basal texture in the fully recrystallized material [44].  The 

planar anisotropy observed in AZ31B-H24 at elevated temperatures is negligible [36, 40], 

which is unlike its room-temperature behavior [42]. No information on the plastic 
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anisotropy of either AZ31B-HR or ZEK100 at elevated temperatures was found in the 

literature.  

The literature provides reports on pneumatic stretching and limiting dome-height, 

punch-stretching tests used to construct FLDs for AZ31B alloy sheets at temperatures 

ranging from 25 to 400°C [45-50]. The formability of AZ31B at temperatures above 

200°C is much greater than at lower temperatures [47, 49]. However, the FLD data 

available for AZ31B in the literature have significant limitations. FLDs for different 

materials at the same deformation condition, or for the same material at different 

deformation conditions, provide a means of directly comparing formabilities. However, 

for such comparisons, it is very important that the same set of experimental tools and 

alloys with the same processing history be used. FLDs reported in the literature for 

AZ31B either use materials with differing processing histories [45, 46, 50] or do not use 

consistent experimental methodologies [46-48, 50]. An additional problem is that data are 

not provided at a constant strain-rate by punch-stretching tests carried out at a constant 

punch speed [46-48, 50]. Only one investigation on the formability of ZEK100 at 

elevated temperatures was located in the literature. Boba et al. [51] studied the change in 

dome height during biaxial punch-stretching tests for ZEK100 and AZ31B at 

temperatures ranging from room temperature to 300°C. It was found that ZEK100 has a 

superior formability than AZ31B at all temperatures investigated. Because the literature 

does not provide FLDs that can be consistently compared across all the conditions of 

interest, there is need to produce new FLDs using consistent testing methodologies and 
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well-characterized AZ31B and ZEK100 alloy sheets for all deformation conditions of 

interest. The present study intends to address this need. 
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Chapter 3: Objectives and Methodology 

3.1. Research Objectives 

• Determine the mechanisms that govern plastic deformation in AZ31B-H24, 

AZ31B-HR and ZEK100 alloy sheets from 450°C down to at least 350°C under 

strain rates ranging from 10-4 to 3×10-1 s-1. 

• Measure the formabilities of these alloy sheets and represent these measurements 

in forming-limit diagrams (FLDs). 

• Construct physics-based material constitutive models that describe deformation 

under these conditions with sufficient accuracy for useful engineering predictions.  

• Validate the physics-based material constitutive models by comparing FEM 

simulations that use these models against data from independent forming 

experiments. 

3.2. Research Methodologies 

The methodology for constructing, validating, and implementing physics-based 

material constitutive models is shown in Fig. 3.1. Uniaxial tensile tests are conducted to 

obtain stress-strain data along different sheet orientations. These tensile tests are 

performed using a computer-controlled servohydraulic test frame. A three-zone resistance 

furnace heats the specimen before testing. Once the desired temperature is reached, 

tensile tests are conducted at a constant true-strain rate. The tensile testing machine is 

shown in Fig. 3.2 and the tensile specimens with grips are shown in Fig. 3.3. The 

operating deformation mechanisms are identified from analyzing the stress-strain data. 

The R-values, representing plastic anisotropy, are calculated from width and thickness 
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measurements of the tensile specimens elongated to prescribed strains and are used to 

quantify plastic anisotropy. EBSD analysis is carried out to investigate any texture 

evolution and the potential relationships between texture and plastic anisotropy. 

Metallography is used to study and quantify recrystallization and grain growth, both 

static and dynamic. All this information is used to construct material constitutive models 

for plasticity. Each model is then implemented in ABAQUS simulations to simulate 

biaxial bulge forming.  Simulation predictions are then compared against bulge-test data 

obtained using the instrument at UT designed and implemented by Vanegas [1].  The 

instrument is shown in Fig. 3.4. The results of the simulations and experiments are 

compared to validate material models, and feedback is provided to correct and refine the 

models, as needed. The validated physics-based material models are expected to be 

capable of predicting deformation under any stress state with accuracy sufficient to be 

useful in engineering practice.  

Forming-limit diagrams are constructed using uniaxial tension, biaxial bulge and 

plane-strain bulge data. Biaxial and plane-strain bulge testing instruments at the General 

Motors Technical Center, shown in Figure 3.5, are used to obtain biaxial and plane-strain 

data. Prior to testing, a convective furnace heats each die set to a desired test temperature. 

A K-type thermocouple attached to each die monitors temperature. Once the dies reach 

the desired temperature, an alloy sheet is inserted between them, and the dies are then 

clamped together to form a sealing bead with the sheet. The sheet is held in the dies for a 

time sufficient to reach the desired test temperature. A prescribed gas pressure is then 

applied to form the sheet into the die cavity. All tests are conducted until rupture, as 
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determined by the leakage of gas pressure. Forming limit diagrams (FLDs) are created 

using measurements from the tested specimens, explained in detail in Chapter 6. 
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Figure 3.1: This diagram presents the methodology for constructing, validating, and 

implementing physics-based material constitutive models for plastic deformation of 

magnesium alloy sheet materials at elevated temperatures. 
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Figure 3.2:  The apparatus used in tensile testing of the Mg alloy sheets is shown. Figure 

is taken from Ref [2] with permission from A.J. Carpenter. 

 

 

Figure 3.3:  The shoulder-loading grips used during tensile testing are shown. Figure is 

taken from Ref [2] with permission from A.J. Carpenter. 
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Figure 3.4:  A photograph of the University of Texas bulge testing apparatus is shown. 

The photograph is from Ref [1]. 
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Figure 3.5: Photographs show (a) the biaxial bulge test die inserts, (b) the plane strain 

bulge test die inserts, (c) a biaxial bulge test specimen and (d) a plane-strain bulge test 

specimen. Courtesy: GM R&D. 
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Chapter 4: Plastic Deformation in Tension 

4.1. AZ31B-H24 ALLOY  SHEET 

4.1.1 Chapter summary 

An important focus of vehicle light-weighting is to improve the formability of 

wrought Mg alloys, which frequently exhibit strong plastic anisotropy. A key tool 

required for this effort, one that is used by forming process engineers, is a failure 

criterion that predicts the onset of necking during forming of a sheet component; such a 

criterion can be used in constructing forming limit diagrams (FLDs). A critical aspect of 

anisotropic yield criteria that enables prediction of an FLD is the R-value, also called the 

Lankford coefficient, which is the ratio of the true width strain to the true thickness strain 

measured in a tensile test.  The R-value quantifies the degree of normal anisotropy during 

plastic deformation. This study addresses the following unknowns for anisotropic plastic 

deformation of Mg AZ31B-H24, the most common wrought Mg alloy sheet material: (1) 

how the R-value depends on temperature and strain rate and (2) what microstructural 

features control the R-value, particularly when it is not a constant with temperature 

and/or strain rate. To answer these questions, tensile tests were conducted at fixed 

temperatures and constant strain rates, with the tensile direction (TD) parallel to the sheet 

long transverse direction (LTD) or to the sheet rolling direction (RD). For TD parallel to 

the LTD, tests were conducted at ten different temperatures, ranging from 22 to 450 °C, 

and strain rates of 10-3, 10-2 and 10-1 s-1. For TD parallel to the RD, the tests were 

conducted at 350°C and at eight different strain rates, ranging from 10-4 s-1 to 3×10-1 s-1.  

The resulting stress-strain data were analyzed to identify the dominant deformation 
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mechanisms. A combination of optical metallography and electron back-scatter 

diffraction were used to study the material microstructures and crystallographic textures. 

The results from this study provide a foundation from which future development of yield 

criteria for Mg sheet alloys can be developed over broad ranges of forming temperatures 

and strain rates. 

4.1.2 Introduction 

There is increasing interest in implementing light-weight materials, such as Mg 

alloys, in automobiles. For example, a focus on alloy development produced alloy AM30, 

a new Mg extrusion alloy developed at General Motors R&D [1]. The central motivating 

factors for such activities is vehicle mass reduction, which is mandated by mounting 

concerns for energy efficiency combined with the environmental impact of greenhouse 

gas emissions and increasingly austere CAFÉ (corporate average fuel economy) 

standards. The current 27.5 mpg CAFÉ standard for cars will increase to 37.8 mpg by 

2016, while the standard for trucks will increase from 23.5 mpg to 28.8 mpg in the same 

time period [2]. These factors are accelerating development activities aimed at increased 

use of lightweight engineering materials to enable dramatic reductions in vehicle mass 

without compromising safety. Mg possesses several key properties that make it attractive 

as a lightweight replacement for heavier ferrous and non-ferrous alloys. Material density 

at room temperature, (ρMg = 1.74) < (ρAl = 2.70) < (ρmild-steel = 7.85) in g/cm3, and a high 

stiffness-to-weight ratio are examples of properties attractive in Mg. 

Despite GM’s past successes with Mg, sheet alloys such as Mg AZ31 and 

MgAZ61 have not been widely incorporated in vehicle designs. The reasons for this are 
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found in the complex materials science of the HCP crystal lattice. At room temperature, 

only two unique basal slip systems and twinning are active in Mg because of the high 

stresses needed to activate non-basal slip systems. This is not sufficient to meet the 

Taylor criterion [3] for strain compatibility that requires activation of at least five 

independent systems, including slip and twinning. Fracture precedes plastic deformation 

resulting in low polycrystalline ductility. Magnesium sheet forming processes are 

typically conducted at hot temperatures (e.g., gas pressure forming at T > 300 °C) [4] 

wherein a suitable number of non-basal slip systems are activated. However, substantial 

research activity continues to be focused toward improving ductility in Mg sheet alloys at 

lower temperatures, and this is with good reason. A decrease in the forming temperature 

from the 450°C typical of hot gas-pressure forming technologies will lead to several 

practical advantages beyond increasing the use of wrought Mg alloys in vehicle 

architectures.  These include considerable savings in energy for component production, 

easier part handling and potentially improved surface finish through reduced orange peel.  

The broad temperature range associated with elevated temperature forming of Mg 

sheet requires significant care in the development of anisotropic yield criteria [5]. These 

criteria are used in theoretical models that enable prediction of forming limit curves 

(FLCs) displayed in forming limit diagrams (FLDs) [6]. FLDs are used by GM 

formability engineers to assess the expected failure behavior of sheet materials in 

stamping processes. First introduced by Keeler [7] and Goodwin [8], FLCs are empirical 

relationships between critical, or limiting, in-plane strains that describe the limit of sheet 

formability as now defined in ASTM E2218 [9]. The FLCs divide combinations of major 
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and minor strains that are “safe”, i.e., for which failure is not expected from a given strain 

combination in an FLD. The major strain is along the vertical (y-axis) and the minor 

strain along the horizontal (x-axis) of the FLD [10].  Localized necking is usually the 

failure mechanism of interest because necked regions are potential fracture sites in 

stamped automotive components; note that key distinctions between “diffuse” and 

“localized” necking are detailed in Ref [11]. The left side of the FLD corresponds to 

strain combinations appropriate for drawing and uniaxial tension, and the right side 

corresponds to strain combinations for biaxial stretching. The plane strain limit 

corresponds to the point where the curve intersects the major strain axis. 

The R-value, which is the ratio of the true width strain to the true thickness strain 

measured in a tensile test, is a critical component of anisotropic yield criteria that account 

for normal anisotropy. Recently, Carpenter et al. demonstrated that normal anisotropy 

must be accounted for in high temperature forming of Mg AZ31 sheet at 450 °C [5]. A 

constitutive model was developed that accounts for the fact that DC creep exhibits 

normal anisotropy at 450 °C while GBS creep provides isotropic plasticity. Although the 

change in R-value with a change in strain rate, ��, was investigated at a fixed temperature 

of 450 °C, the effect of a change in temperature, T, was not studied. Agnew et al. [12] 

studied the effect of a change in temperature on the R-value from room temperature to 

250°C but did not study the effect of strain rate. Thus, there is a need to document and 

analyze how the R-value changes with temperature and strain rate from room temperature 

up to 450°C. 

The questions that are particularly important to those who are tasked with 
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implementing constitutive models of plastic behavior in Mg alloy sheets for finite 

element simulations are: (1) How does the R-value depend on temperature and strain rate 

for Mg AZ31B-H24 (the most common wrought Mg alloy)? (2) If the R-value is not a 

constant over these ranges, then what are the controlling microstructural features that lead 

to its variability? (3) What are the operating deformation mechanisms at elevated 

temperatures such as 350°C, and how do they affect the R-value? To understand the 

combined effect of temperature and strain rate on R-value, tensile tests were conducted at 

ten different temperatures, ranging from 22 to 450 °C, and strain rates of 10-3, 10-2 and 

10-1 s-1, with the tensile direction (TD) parallel to the sheet long transverse direction 

(LTD). To further analyze the dependency of R-value on strain rate at a fixed 

temperature, additional tensile tests were conducted at 350°C and at 10-4 s-1 to 3×10-1 s-1 

with the TD parallel to the sheet rolling direction (RD). The planar anisotropy at 350°C 

was studied by comparing the R-values of the specimens testing with TD parallel to the 

RD and parallel to the LTD. The stress-strain data produced were analyzed to identify the 

deformation mechanisms active. Standard metallographic analyses together with electron 

back-scatter diffraction were used to reveal the microstructures and material texture 

responsible for the variations noted in the R-value. 
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4.1.3 Experimental Procedure 

Material 

The material in this investigation was a commercial Mg AZ31 rolled sheet 

supplied in the H24 temper. The as-received thickness of the sheet material was 2 mm, 

and its composition is provided in Table 4.1.1 in wt. pct. 

Table 4.1.1: The Mg AZ31 sheet material composition is shown in wt. pct. 
 

Al Zn Mn Fe Cu Ni Si Ca Be Sr Ce Ti Mg 

3.1 1.0 0.42 0.006 0.003 <0.003 <0.1 <0.01 <0.005 <0.005 <0.01 - bal. 
 

Tensile Testing 

 

Tensile “dog bone” specimens with a gage length of 25 mm, gage width of 6 mm, 

shoulder radius of 3.2 mm and a gage thickness equal to the thickness of the as-received 

material (2 mm) were machined using wire electrical discharge machining. Tensile 

testing was performed using a computer-controlled servohydraulic test frame (MTS 810 

test system). Tensile specimens were heated in a three-zone resistance furnace, tuned to 

provide a uniform temperature to within ±2.5°C or better along the gage length of the 

tensile specimen. Tensile tests were conducted till rupture at fixed temperatures and 

constant strain rates, with the TD parallel to the RD or LTD. For TD parallel to the LTD, 

tests were conducted at ten different temperatures, ranging from 22 to 450 °C, and strain 

rates of 10-3, 10-2 and 10-1 s-1. For TD parallel to the RD, the tests were conducted at 

350°C and at eight strain rates, ranging from 10-4 s-1 to 3×10-1 s-1. Additional tests to fixed 

strains were conducted for a few selected specimens at 350°C. The purpose was to 
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compare the R-values measured from specimens tested till rupture to the R-values 

measured from specimens tested to fixed strains. All the specimens were immediately 

quenched in water after tensile testing at the elevated temperatures, to preserve the 

microstructure. An example tensile coupon is shown in Fig. 4.1.1(a), and a specimen 

tested at 350°C and 10-3 s-1, with TD parallel to the LTD, is shown in Fig. 4.1.1(b). The 

tested specimen in Fig. 4.1.1(b) had a final elongation of 128% and exhibits a diffuse 

neck. Note that the circle grids etched onto the specimen, and which might later be used 

in forming limit diagram construction, were not used in this study. Temperature was 

measured during testing with two thermocouples, one at either end of the specimen gage 

length, in direct contact with the specimen. Testing began immediately after the specimen 

temperature reached the desired test temperature. The heating times required to reach the 

desired testing temperatures varied from 18 to 30 minutes. Constant true-strain rates were 

achieved by varying the speed of the piston in the servo-hydraulic machine during 

testing. This was accomplished using calculations that assume constant specimen volume 

and uniform deformation over the initial 25-mm gage length. Load was measured using a 

load cell and the displacement of the hydraulic piston was measured using a linear 

variable differential transducer. 

 



 34 

 
 

Figure 4.1.1: (a) The standard tensile coupon used in all tensile tests is shown. (b) A 

tensile specimen, with the TD parallel to the LTD, tested to rupture at a temperature of 

350°C and a constant true-strain rate of 10-3 s-1 is shown. The tested specimen in (b) 

demonstrates a diffuse neck. 

 

R-value Measurement 

The suitability of a sheet metal alloy for stamping and deep drawing, which is 

typically gauged by its resistance to thinning as the material is strained in a punch-die 

combination, can be characterized using the plastic-strain ratio or R-value, also called the 

Lankford coefficient. The R-value is defined as the ratio of the true width strain, εw, to 

the true thickness strain, εt, measured in a tensile test. This ratio is Equation 1, where w0 

is the initial specimen width, w is the final specimen width, t0 is the initial sheet thickness 

and t is the sheet final thickness, 

R =  
��
��  = 

������
� 	

������� 	
 (1) 

Width and thickness measurements were made at various locations along each 

tensile specimen after testing, using a micrometer with 0.0001 inch (0.0025 mm) 

graduations and a blade anvil. The uncertainty of any individual measurement is 

estimated to be ±0.0002 inch (0.005 mm) [13].  
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For the specimens tested till rupture, the R-values were calculated using Equation 

1 and expressed as a linear function of true strain from cross-sectional area reduction, εcs, 

such that R = f(εcs). The range of εcs values was 0.05 to 1.0. From this relation, the R-

value at fixed true strain was calculated for each specimen by interpolation or 

extrapolation. A similar procedure was used by Hsu et al. [14]. The standard errors from 

least-squares linear fits to the R-values as a function of εcs were used to estimate error in 

the calculated R-values. For the specimens tested to a fixed strain at 350°C, the R-value 

was measured at five different locations. Since the fixed strain values were chosen to be 

small enough that the deformation was uniform, the effective R-value, Reff, was 

calculated from the average of the five measurements. The uncertainty of Reff was 

estimated using the measurement uncertainty of the micrometer (0.005 mm) used. 

Analysis of Tensile Data 

 

Tensile load and displacement measurements were recorded throughout each 

tensile test and were used to calculate true stress as a function of true strain. Calculations 

were performed assuming conservation of volume and uniform deformation in the gage 

region of the specimen. The stress-strain data were corrected for machine stiffness by 

forcing the slope of the elastic loading region to the known elastic modulus of Mg at the 

each temperature, from 22°C to 450 °C, using the data of Köster [15] as fitted through 

Equation 2, where T is the temperature in K and E(T) is the elastic modulus in MPa at 

temperature T. 

���� = 48666.5 − 8.5874� − 0.0194588�(                            (2) 
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Metallography 

 

Metallography was used to investigate the as-received microstructure and to look 

for any evidence of recrystallization in particular tested specimens. Metallographic 

specimen preparation was accomplished using procedures common for wrought Mg 

alloys. Procedures included epoxy cold mounting rather than hot compression mounting, 

to prevent the formation of twin artifacts in the microstructure during mounting. A piece 

of material was cut from the gage region of the each tensile specimen after tensile testing. 

This specimen was mounted to enable observation of microstructure by viewing either 

along the STD, i.e., to examine the RD- LTD plane, or along the LTD, i.e., to examine 

the STD-RD plane. All specimens were ground and polished using standard 

metallographic techniques and were then etched using an acetic-picric etchant: 4.2 g 

picric acid, 10 ml water, 10 ml acetic acid and 70 ml ethanol. Optical metallography was 

performed on the etched specimens using a Nikon EPIPHOT microscope equipped with a 

digital camera. 

 

Electron Back Scattered Diffraction  

 

Since the plastic anisotropy during deformation depends on the material texture 

[16], electron back-scatter diffraction (EBSD) analysis was conducted to quantify texture. 

The specimen analyzed in EBSD was a piece of the as-received Mg AZ31B sheet 

annealed at 150°C for 20 minutes.  It was cold mounted and mechanically polished on a 

Buehler PowerPro 4000 Specimen Preparation System using a sequence of oil-based 

diamond suspensions of 9, 3, and 1 µm, respectively. This was followed by fine-polishing 
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with a colloidal silica solution. Finally, a 1 to 2 s etch was applied using a solution of 

60 ml ethanol, 20 ml distilled water, 15 ml acetic acid and 5 ml nitric acid. The EBSD 

data were collected in a FIB-SEM (Carl Zeiss, NVision40) at a voltage of 20 kV. 

4.1.4 Results 

Microstructures from the as-received material, viewed along the STD (showing 

the RD-LTD plane) and LTD (showing the RD-STD plane), are provided in Fig. 4.1.2. A 

heavily deformed microstructure from rolling is evident in Figs. 4.1.2(a) and 4.1.2(b) 

from the high density of twins. In the RD-STD plane, Fig. 4.1.2(b), deformation bands 

oriented at approximately 45° to the RD and STD are evident. Fig. 4.1.3 presents a 

microstructure viewed along the STD and a {0001} pole figure from the sheet material 

after annealing at 150°C for 20 minutes. This annealing procedure does not produce any 

significant recrystallization, as evidenced by the high density of twins remaining in Fig. 

4.1.3(a). This result agrees with earlier work [17] that indicated annealing at 250 °C or 

higher for approximately 20 minutes is required to recrystallize this material.  Thus, the 

pole figure shown in Fig. 4.1.3(b) represents the deformation texture of this material. Fig. 

4.1.3(b) reveals a very strong basal texture, as most of the [0001] poles, perpendicular to 

the {0001} planes, are strongly aligned along the STD. Previously reported EBSD 

analyses of Mg AZ31B-H24 sheet after recrystallization at higher temperatures, 345°C 

[12] and 450°C [18], also revealed a strong basal texture. Thus, both the deformation and 

recrystallization textures of this AZ31B alloy sheet are strongly basal. 
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Figure 4.1.2: The as-received microstructure is shown in views along the (a) STD and 

(b) LTD. A large number of twins is evident in both (a) and (b). Deformation bands 

oriented at approximately 45° to both the RD and STD are observed in (b). These 

indicate that the as-received material is highly deformed. 

RD 
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a 
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RD 
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Deformation 
Band 
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(a) (b) 
 
Figure 4.1.3: (a) An optical photomicrograph and (b) an EBSD {0001} pole figure are 

shown for the AZ31 sheet material after annealing at 150°C for 20 minutes. The optical 

photomicrograph in (a) reveals a large number of twins, similar to Figure 3(b), which 

indicates that annealing at 150°C did produce recrystallization. The color key for the pole 

figure in (b) indicates intensity in multiples of random. A strong basal texture, the {0001} 

poles aligned along the sheet STD, is evident in the unrecrystallized AZ31 sheet. 

 

Tests for TD parallel to the LTD 

Figures A1-A3 in Appendix 4.1.A provide stress-strain data curves from each 

tensile test conducted for TD parallel to the LTD, at temperatures from 22 to 450°C.  

These include tests at strain rates of 10-1 s-1 (Fig. A1), 10-2 s-1 (Fig. A2) and 10-3 s-1 (Fig. 

A3).  Noise in the flow stress data at the slowest strain rate of 10-3 s-1, see Figure A3 in 

Appendix 4.1.A, is from a somewhat irregular displacement-rate control in the servo-

hydraulic system that resulted from a technical limitation in control at the time of testing. 

Photographs of all tested specimens for TD parallel to the LTD are provided in Appendix 

LTD 

RD 

40 µm 
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4.1.B. The temperatures above which strain hardening effectively disappeared were 

350°C at 10-1 s-1, 300°C at 10-2 s-1 and 150° at 10-3 s-1. Fig. A4 in Appendix 4.1.A shows 

a plot of the true flow stress at a true strain of ε = 0.1 versus temperature at all three strain 

rates. A small strain of ε = 0.1 was chosen as a reference at which to measure flow stress 

to assure measurement prior to significant necking under all test conditions; see Figs. A1, 

A2 and A3. Stress decreases as temperature increases at all strains before necking ensues, 

as is shown in Figs. A1, A2 and A3. The strain rate sensitivity is positive under all test 

conditions. Fig. 4.1.4 provides a plot of percentage elongation versus temperature at all 

three strain rates. Elongation increases as temperature increases up to 350 °C at all strain 

rates.  Above 350 °C, elongation varies significantly between the different strain rates, 

with a slower strain rate generally producing a greater elongation. The maximum 

elongation of 175% was obtained from a specimen tested at 10-3 s-1 and 450°C.   
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Figure 4.1.4: The elongation at rupture of specimens tested in uniaxial tension, for the 

TD parallel to the LTD, is plotted as a function of test temperature at all strain rates 

examined. For �� = 10-3 s-1 elongation increases with increasing temperature up to 450°C. 

For 10-2 s-1 and 10-1 s-1, elongation increases with increasing temperature up to 400 and 

350°C, respectively, and then decreases. 

The measured R-values for TD parallel to the LTD, obtained at a true strain of 

0.1, are plotted against temperature for each of three strain rates in Fig. 4.1.5. Fig. 4.1.5 

indicates the approximate temperature for recrystallization at each strain rate of testing.    
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Figure 4.1.5: The R-value at ε = 0.1, for the TD parallel to the LTD, obtained from tests 

conducted till rupture is shown as a function of temperature for three different true-strain 

rates. The error bars indicate the standard error in calculating the R-values. The minimum 

temperature at each strain rate at which recrystallization was observed is shown with 

dashed circles. 

 
Below the recrystallization temperatures, the R-value has little dependence on strain rate.  

At temperatures above the recrystallization temperature, the R-value depends rather 

strongly on strain rate. For temperatures up to 100°C, the R-value is high, approximately 

4 to 7, and does not exhibit any distinguishable dependence on strain rate. At 150°C, the 

R-value of the specimen tested at 10-3 s-1 falls below those tested at 10-1 and 10-2 s-1, i.e., a 

dependency on strain rate is introduced. The R-values of the specimens tested at 10-1 and 

10-2 s-1 becomes strain-rate dependent at 200°C. At temperatures of 200°C and higher, the 

R-value decreases to less than 3. In this range of temperatures, the R-value has a 
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significant strain-rate dependence, with increasing strain rate increasing the R-value. The 

R-value varies between 2 and 3 at the fastest rate of 10-1 s-1, and it decreases to nearly 

unity at the slowest rate of 10-3 s-1. 

Tests for TD parallel to the RD 

Fig. A5 in Appendix 4.1.A provides stress-strain data curves from the tensile tests 

conducted for TD parallel to the RD at 350°C and at strain rates of  3×10-1 s-1, 10-1 s-1, 

3×10-2 s-1, 10-2 s-1, 3×10-3 s-1, 10-3 s-1, 3×10-4 s-1, and 10-4 s-1.  Photographs of all tested 

specimens for TD parallel to the RD are provided in Figure B4 in Appendix 4.1.B. A 

faster strain rate produces a higher flow stress for any given strain prior to necking, i.e., 

the strain rate sensitivity is positive. The true strain at rupture, indicating ductility, 

remains fairly constant as the strain rate is decreased from 3×10-1 to 10-2 s-1 and increases 

as the strain rate is decreased from 10-2 to 10-4 s-1. Fig. 4.1.6 shows a plot of the true strain 

rate versus the true stress at true strain values of 0.1 and 0.2 in dual logarithmic scales at 

350°C. The measured R-value at 350°C, from tests conducted till rupture, estimated at a 

true strain of 0.1 are also printed in the graph at each strain rate. True stress increases 

with an increase in true strain from 0.1 to 0.2, i.e., strain dependent, only at slower strain 

rates of 10-4 s-1 and 3×10-4 s-1. The true stress is strain independent at strain rates of 10-3
 s

-

1 and faster. The R-value increases with an increase in the strain rate. 
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Figure 4.1.6: True-strain rate is plotted against True stress in dual logarithmic scales at 

true strains of ε = 0.1 and ε = 0.2 for the AZ31B specimens tested for the TD parallel to 

the RD at 350°C. The slope is the stress exponent, n. The R-values at ε = 0.1, obtained 

from the tests conducted till rupture, are shown at each strain rate. 

4.1.5 Discussion 

 
To investigate the relationship between the R-values to the underlying 

deformation mechanisms, the tensile data were analyzed at all test conditions (T = 22 to 

450 °C and ��  = 10-3 to 10-1 s-1). 

Analysis of Tensile Data from specimens tested with the TD parallel to the LTD 

The operating deformation mechanisms were studied for the specimens tested 

with the TD parallel to the LTD at various combinations of temperature and strain rate. 

A plot of the logarithm of true stress versus the logarithm of true-strain rate at a 

true strain of 0.1 and at fixed temperatures from 22 to 450 °C is provided in Fig. 4.1.7. 

The flow stress increases with decreasing temperature at all strain rates, as expected. 
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Linear fits to the logarithm of the data are shown as solid lines. The slope of each line is 

the stress exponent, n, at that temperature. Note that the strain-rate sensitivity, m, is the 

inverse of n.  The n values and their asymptotic standard errors obtained from least-

squares-linear fitting [19] are listed in Table 4.1.2.  

 
 

Figure 4.1.7: True-strain rate is shown as a function of true stress on dual logarithmic 

scales for tensile data at fixed temperatures. Data were obtained at a true strain of ε = 0.1.  

The slope of the data at each temperature is the stress exponent, n. 

Deformation of Mg alloys at low temperatures, 22 to 200 °C is dominated by 

dislocation slip [12, 20]. The n value is correspondingly high, n = 96, at 22 °C but 

decreases to 8.4 at 200 °C. Equivalently, the m value increases from 0.01 at 22 °C to 0.12 

at 200 °C. The decrease in n value, or increase in m, with increasing temperature is a 

result of the increasing importance of recovery as temperature rises. An increasing 

contribution from recovery increases the strain-rate sensitivity because the strain rate 
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affects how much time there is for recovery or one can consider that the amount of 

recovery increases as strain rate decreases for a constant recovery rate, i.e., a constant 

temperature. Agnew et al. [12] suggest that other thermally activated processes, such as 

the solute interaction with moving dislocations, can also be responsible for the increase in 

strain-rate sensitivity as temperature increases. 

Table 4.1.2: Stress exponents, n, (see Eq. 2) are shown with the estimated errors from the 

range of temperatures examined in this study (from Fig. 4.1.7). 
 

Temperature (°C) 

Stress exponent (n) 

± asymptotic standard error 

22 96 ± 15 
50 54 ± 19 

100 21 ± 6 
150 14 ± 1 
200 8.4 ± 0.2 
250 7.2 ± 0.6 
300 6.2 ± 0.3 
350 6.0 ± 0.5 
400 4.6 ± 0.6 
450 4.8 ± 0.2 

 

The observed n values range from 4.5 to 7.2 at 250 to 450°C. These are explained 

by the operation of dislocation climb controlled (DC) creep mechanisms. The power-law 

creep equation is shown as Eqn. (3) [21, 22], where �� is the steady-state strain rate, σ is 

the true stress in MPa , E is the unrelaxed dynamic elastic modulus in GPa, n is the stress 

exponent, Q is the activation energy for creep in J/mol, T is absolute temperature in 

Kelvin, A is a material constant with units of s-1 and R is the universal gas constant (R=  

8.314 J mol-1 K-1). 
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 +,- �����	 (3) 

The n value decreases from 7.2 at 250°C to 4.8 at 450°C. These n values are 

consistent with a transition from DC creep accommodated by pipe-diffusion at the lower 

temperature and lattice self-diffusion at the higher temperature [23, 24]. 

The Zener-Hollomon parameter, Z = �� × exp (Q/RT), simultaneously accounts for 

the effects of both temperature and strain rate during steady-state creep. Fig. 4.1.8 

provides a plot of Z versus modulus-compensated flow-stress [15], see Eqn. 2, at true 

strains of 0.1 and 0.2 on dual-logarithmic scales. Small values of Z correspond to high 

temperatures and slow strain rates. Large values of Z correspond to low temperatures and 

fast strain rates. The activation energy for lattice self-diffusion in Mg, approximately 135 

kJ/mol [25], was used to calculate Z at all temperatures. The data of Fig. 4.1.8 can be 

separated into three ranges. The low-Z range, up to Z = 109 s-1, has a stress exponent of n 

= 5.0 ± 0.2, where 0.2 is the asymptotic standard error in slope obtained from least-

squares-linear fitting. The medium-Z range, from Z = 109 up to 1014 s-1, has a stress 

exponent n = 7.3 ± 0.4, where 0.4 is the asymptotic standard error in slope obtained from 

least-squares-linear fitting. The high-Z range, above Z = 1014 s-1, is where the power law 

creep equation is no longer valid, i.e., power-law breakdown occurs.  
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Figure 4.1.8: The Zener-Holloman parameter, Z = �� × exp(Q/RT), was calculated 

assuming Q = 135 kJ/mol and is plotted against modulus compensated true stress, σ/E, on 

dual logarithmic scales for two values of true strain, ε = 0.1 and ε = 0.2. The slope of the 

data is equal to the stress exponent, n. 

 
An earlier investigation of creep in AA5182 aluminum alloy sheet material [26] 

reported a separation between data at ε = 0.1 and ε = 0.2 at Z = 1011 to 1014 s-1 because of 

strain hardening. The present study of Mg AZ31B indicates no separation between the 

data at ε = 0.1 and ε = 0.2 in the same Z range (Z = 1011 to 1014 s-1), see Fig. 4.1.8, likely 

indicating negligible strain hardening within this range. 

Because the power law creep equations are not valid for T ≤ 250 °C, only 

temperatures of T ≥ 250 °C were used to calculate activation energies for creep, Q. 

Values were calculated in two steps. First, the logarithm of true stress normalized by E 

[15], see Eqn. 2, was plotted against the logarithm of strain rate for ε = 0.1; see Fig. 4.1.9. 
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A line was fit to these data for each temperature. Student’s t-tests were performed to 

determine the significance of the difference in slopes between the different temperatures 

and the results are tabulated in Table 4.1.3. Note that a lower p value represents a higher 

statistical significance. While none of the data satisfy the p < 0.05 significance test due to 

the small sample size, the statistical significance of the difference in slopes is higher 

when the difference in the temperatures compared are higher, as expected. 

 
Table 4.1.3: Results of Student’s t-tests for the significance of difference in slopes 

between the data at different temperatures are shown. p : the probability of obtaining a 

test statistic at least as extreme as the one that was actually observed, assuming that the 

null hypothesis is true; t : test statistic; df : degrees of freedom. 
 

 Temperatures (°C) Result (df = 2) 
 450 and 400 t = 0.19, p = 0.87 
 450 and 350 t = 1.23, p = 0.34 
 450 and 300 t = 2.72, p = 0.11 
 450 and 250 t = 2.46, p = 0.13 
 400 and 350 t = 1.01, p = 0.42 
 400 and 300 t = 1.60, p = 0.25 
 400 and 250 t = 1.31, p = 0.19 
 350 and 300 t = 0.44, p = 0.70 
 350 and 250 t = 1.09, p = 0.39 
 300 and 250 t = 0.90, p = 0.46 

 
 

Due to the small sample size, the 95% confidence interval of each fit was 

simply determined from the root-mean-square error supplied by Eqn. 4. A more rigorous 

way tocalculate the confidence intervals of the data would be by using the t-value of the 

student’s t-distribution and standard error. The fits and error bounds are shown as solid 

and dashed lines, respectively, in Fig. 4.1.9. Values of σ/E were chosen as shown in Fig. 

4.1.9 for calculations of Q, and strain rates at these values were determined for each 
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temperature. 

RMS	error = 	4∑ �678 �	69�:;9<=

 	      (4a) 

95% confidence interval = 1.96 × RMS error   (4b) 

In Equation 4a, >?8  is the predicted value for the ‘i’th observation, and >@ is the 

observed value for the ‘i’th observation, and n is the total number of observations. Next, 

the logarithms of the calculated strain rates at constant σ/E were plotted against the 

inverse of temperature to produce the plot in Fig. 4.1.10. The slope of the data in this plot 

at constant σ/E equals -Q/R. The error bars on the Q values are from the 95% confidence 

intervals in Fig. 4.1.9. The uncertainty in slope was calculated using a Monte Carlo 

Method. First, the RMS error in the y value (see Equation 4a) was calculated.  Assuming 

a normal distribution of data, a Monte Carlo simulation was then used to distribute points 

about each given y value, using the supplied RMS errors, to produce a list of calculated 

slopes. From this list, the mean slope and the standard deviation of the slope are 

calculated. 
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Figure 4.1.9: True-strain rate is plotted against modulus compensated true stress, σ/E, on 

dual logarithmic scales for five different temperatures at a true strain value of 0.1. The 

solid lines are the best linear fits to data, and the dashed lines represent the 95% 

confidence intervals obtained for the fits from the root-mean-square error (see Eq. 4). The 

vertical dashed lines indicate the fixed σ/E values chosen for calculations of activation 

energies, Q. 
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Figure 4.1.10: The strain rates obtained at fixed σ/E values in Fig. 8 are plotted on a 

logarithmic scale against inverse temperature, 1/T. Error bars indicate 95% confidence 

intervals on the strain rate data. Solid lines show the best fits to these data, and the slope 

is proportional to the activation energy for creep, Q, which is shown for each fit. 

Measured activation energies increase from 100 ± 13 kJ/mol in the 250 to 350 °C 

range to 148 ± 15 kJ/mol in the 350 to 450 °C temperature range. The activation energy 

for creep is provided as a function of temperature in Table 4.1.4 with errors based on 

standard deviations from the Monte Carlo simulations. Also included in Table 4.1.4 are Q 

values calculated by Barnett [27] using the data from the ASM Handbook [28] for tensile 

deformation of AZ31B. The Q values calculated in the present study for Mg AZ31B alloy 

are reasonably consistent with the Q values obtained by Barnett for the same alloy [27]. 
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Table 4.1.4: Activation energies are provided as a function of temperature. The errors 

shown were calculated from a Monte-Carlo simulation for the uncertainty of slopes 

calculated from Fig. 9. Data from figures in References [27, 28] are also shown for 

comparison. 

 
Temperature (°C) Activation energy ± error (kJ/mol) 

300 100 ± 13 
350 106 ± 17 
400 148 ± 15 

290 [27, 28] 105 [27, 28] 
342 [27, 28] 130 [27, 28] 
370 [27, 28] 141 [27, 28] 
398 [27, 28] 157 [27, 28] 

 

The activation energy for creep from 250 to 350 °C, Q = 100 ± 13 kJ/mol, is close 

to that expected for dislocation pipe diffusion in pure Mg (92 kJ/mol) [25]. The activation 

energy for creep from 350 to 450 °C, Q = 148 ± 15 kJ/mol, is close to that of lattice self 

diffusion in pure Mg (135 kJ/mol) [25]. An n-value of 7.3 ± 0.2 is close to that expected 

for dislocation pipe diffusion controlled dislocation climb (DC) creep, which has a 

theoretical stress exponent of n = 7.0 [23, 24]. On the other hand, an n-value value of 5.0 

± 0.2 is exactly that expected for lattice diffusion controlled DC creep, which as a 

traditionally observed stress exponent of n = 5.0 [23, 24]. These values of stress exponent 

and activation energy suggest that the dominant deformation mechanisms are DC creep 

controlled by pipe diffusion at 250 to 350 °C (Z from 109 to 1013 s-1) and DC creep 

controlled by lattice self-diffusion at 350 to 450°C (Z from 107 to 109 s-1). It should be 

noted that the same two deformation mechanisms in Mg AZ31 were earlier associated 

with two different stress ranges by Somekawa et al. [29]. The AZ31 alloy used in 
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Ref. [29], however, had a different as-received microstructure and a slightly different 

composition than the AZ31B-H24 alloy sheet used in this study. 

Analysis of Tensile Data from specimens tested at 350°C with the TD parallel to the RD  

The operating deformation mechanisms can be inferred across a wide range of 

strain rates (from 10-4 to 3×10-1 s-1) at 350°C from Fig. 4.1.6. The slope, n-value, 

increases gradually from about 2 at 10-4 s-1 to 5 at 3×10-3 s-1 and then to 7 at 3×10-2 s-1. 

While n-values of 5 and 7 correspond to DC creep controlled by lattice diffusion and pipe 

diffusion [23, 24], respectively, an n-value of 2 corresponds to grain boundary sliding 

(GBS) creep [30]. For AZ31B at 350°C, GBS creep dominates at strain rates from 10-4 to 

10-3 s-1, lattice diffusion controlled DC creep dominates at 10-3 to 3×10-2 s-1, and pipe 

diffusion controlled DC creep dominates at 3×10-2 to 3×10-1 s-1. This explains why the n-

value calculated at 350°C for AZ31B at strain rates from 10-3 to 10-1 s-1 is  n = 6 (See 

Table 4.1.2), which lies in between the n-values for lattice self-diffusion controlled DC 

creep (n=5) and pipe-diffusion controlled DC creep (n=7). The strain hardening observed 

for AZ31B at 10-4 and 3×10-4 s-1 at 350°C can be explained by dynamic grain growth 

during GBS creep [31]. 

Dependence of R-values on Temperature and Strain Rate 

The minimum R-value cannot be less than 1 because of a strong basal texture in 

both the deformed, see Fig. 4.1.5, and recrystallized states [12, 18]) of the Mg AZ31B 

alloy sheet. This is because slip along the STD cannot be easier than the slip along any 

in-plane direction. 
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The high R-value of 7.2 at room temperature (22 °C) is produced from the strong 

basal texture of the Mg AZ31B alloy sheet. Because basal slip is the dominant 

deformation mechanism in Mg at room temperature [20], slip along any in-plane 

direction is much easier than is slip through the sheet thickness. This leads to a high R-

value (R = εw/εt).  The observed decrease in R-value with increasing temperature from 22 

to 200 °C was explained by Agnew et al. [12] as the result of thermal activation of non-

basal {1122}<1123> (pyramidal) slip. This slip system accommodates compression of 

the crystal’s c axis, deformation along the STD, and reduces the R-value.  

Microstructures in the specimen gage regions after tests were studied to 

investigate the reduction in R-value and the introduction of its strain-rate dependence at 

150 to 200 °C, shown in Fig. 4.1.5. The temperatures at which the R-values begin to vary 

with strain rate are also the minimum temperatures for recrystallization. Fig. 4.1.11 

shows photomicrographs from the gage regions of the specimens tested at 150 °C and 10-

3 s-1 and at 200 °C for strain rates of 10-1 and 10-2 s-1. Comparing the as-received 

microstructure in Fig 4.1.3(a), the absence, or a large reduction in the number, of twins is 

evident, and regions of recrystallized grains appear with grains sizes of approximately 1 

to 8 µm.  Thus, at least partial recrystallization occurred for these testing conditions. 

Zhang et al. [32] observed that recrystallization weakens the basal texture in AZ31B and 

causes a reduction in the R-value for specimens tested at 10-3 s-1 in uniaxial tension. Our 

observations indicate that not only does recrystallization cause a reduction in the R-value 

at temperatures of approximately 150 to 200 °C, it also introduces a dependence of the R-

value on strain rate.   
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The tensile data indicate that dislocation-climb (DC) creep is the dominant 

deformation mechanism from 250 to 450°C, as perceived from the n value ranging from 

4.5 to 7. Both the deformation texture, see Fig. 4.1.4, and recrystallized texture [12, 18] 

of the AZ31B-H24 alloy sheet are strongly basal. Carpenter et al. [5] observed that DC 

creep in AZ31B alloy at 450°C is anisotropic because of this strong basal texture. They 

measured an R-value of 1.86 for DC creep at 450°C by testing specimens to fixed strains. 

Because DC creep is likely the dominant deformation mechanism at temperatures down 

to 250 °C, the strong basal texture explains an R-value of greater than unity for 

temperatures of 250 to 450°C.  

One might next ask why the R-value depends on strain rate for temperatures from 

250 to 450 °C, as shown in Fig. 4.1.5. This can be explained by the operation of another 

independent deformation mechanism, in addition to DC creep. A previous study by Taleff 

et al. [31] on deformation mechanisms in AZ31B sheet at 350 to 450°C for a wide range 

of strain rates, 10-4 to 3×10-2 s-1,  identified grain boundary sliding (GBS) creep as the 

other independent deformation mechanism. The analysis of deformation mechanisms at 

350°C and at a wider range of strain rates, 10-4 to 3×10-1 s-1, shown in Fig. 4.1.6 confirms 

this observation. DC creep generally dominates at fast strain rates (> 10-3 s-1), and GBS 

creep generally dominates at slow strain rates (<10-3 s-1). This role of GBS creep 

described in Ref. [31] and seen in Fig. 4.1.6 is not evident in the data obtained from 

specimens tested with the TD parallel to the LTD at 350 to 450°C. This is because the 

strain rates chosen (10-3 to 10-1 s-1) are those at which DC creep dominates. Because only 

three strain rates were investigated, the small change caused in the n value from GBS 
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creep may not be sufficiently large to determine from these data. Barnett et al. [33] 

showed that GBS creep in Mg AZ31B sheet is isotropic with an R-value of 1. Because 

the fraction of DC creep in relation to GBS creep increases as strain rate increases for 

fixed temperatures from 350 to 450°C, the R-value also increases with strain rate. This 

explains the variation of the R-value with strain rate for temperatures from 350 to 450 °C 

shown in Fig. 4.1.5.  

The strain rate dependence of the R-value from 250 to 350 °C is not yet 

explained. This is because no information was found in the literature for the deformation 

mechanisms operating in AZ31B-H24 alloy sheet at these temperatures. Like the 350 to 

450 °C temperatures range, any other deformation mechanism that might be acting in 

addition to the dominant DC creep is not observed in the present study for 250 to 350 °C.  

An investigation over a wide range of strain rates would be necessary to determine all the 

deformation mechanisms operating from 250 to 350 °C. 
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Figure 4.1.11:  Photomicrographs are shown from the gage regions of specimens tested 

at: (a) 10-3 s-1and 150°C; (b) 10-2 s-1 and 200°C; and (c) 10-1 s-1 and 200°C, for the TD 

parallel to the LTD. Partial recrystallization occurred in all three specimens. The arrows 

indicate locations of magnified images showing recrystallized regions with grain sizes 

from approximately 1 to 8 µm. 

 
Planar anisotropy (i.e., RTD=LTD ≠ RTD=RD (or) RTD=45°) has been reported for this 

Mg AZ31B alloy sheet at temperatures from room temperature up to 200 °C [12]. 

However, at the highest temperature, 450°C, studies [34, 35] reveal only negligible 

a b 

c 
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planar anisotropy. Further, by comparing RTD=LTD and RTD=RD at 10-3, 10-2, and 10-1 s-1, 

from Figures 4.1.5 and 4.1.6, it appears that planar anisotropy is negligible at 350°C as 

well. Future studies of R-value for sheet orientations other than the LTD are needed at 

200 to 350°C. 

A question that remains to be answered is how do the R-values from specimens 

tested to rupture (Rr) compare with those obtained from specimens tested to lesser fixed 

strains (Rfs). Table 4.1.5 presents the Rr and Rfs for specimens tested at 350°C with the 

TD parallel to the RD at four strain rates. Rr and Rfs are similar at all strain rates except at 

10-1 and 3×10-1 s-1, the faster strain rates chosen in this study.  The fact that Rr is higher 

(> 50%) than Rfs at 10-1 and 3×10-1 s-1, can be explained by the onset of necking. The 

high n value of 7, or equivalently a low m value of 0.14, at 10-1 and 3×10-1 s-1 causes the 

specimen to neck during the early stages of deformation, see Fig. A1 and Appendix 

4.1.C.  

Table 4.1.5: R-values for the TD parallel to the RD, with estimated errors, obtained from 

specimens tested till rupture (Rr) and from specimens tested to a fixed strain (Rfs) are 

compared at four strain rates at 350°C.  

 
True Strain Rate (s

-1
) True Strain Rfs Rr 

10-4 0.21 1.01 ± 0.03 0.97 ± 0.03 
3×10-3 0.24 1.29 ± 0.07 1.25 ± 0.07 

10-2  0.14 1.35 ± 0.07 1.41 ± 0.07 
10-1 0.16 1.44 ± 0.08 2.23 ± 0.06 

3×10-1 0.21 1.43 ± 0.05 2.34 ± 0.11 
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4.1.6.Conclusions 

 
1. The R-value of AZ31B-H24 sheet is not constant with temperature (T) and 

strain rate (��) over temperatures spanning 22 to 450° C and strain rates from 10-3 to 

10-1 s-1. Caution is therefore recommended when yield criteria employed in CAE 

simulations do not account for normal anisotropy of AZ31B-H24 sheet material.  

Incorporation of anisotropic yield criteria in CAE simulations is recommended 

whenever possible. 

2. The R-value is independent of strain rate up to temperatures of 

approximately 150 to 200°C but depends significantly on strain rate above 200°C. 

3. For strain rates from 10-3 to 10-1 s-1, the R-value rapidly decreases from 

22°C to 200°C.  Between 200°C and 350°C, the R-value decreases much more slowly 

with increasing temperature until reaching a minimum value at approximately 300 to 

350°C.  Beyond 350°C the R-value increases slowly up to 450° C. 

4. The underlying microstructural mechanisms that are responsible for the 

behaviors described in 2 and 3, above, are as follows 

(a) The high R-value (~7.2) at room temperature (22°C) is a result of the 

strong basal texture in the wrought Mg AZ31B-H24 alloy sheet. Slip of dislocations 

is the dominant deformation mechanism at room temperature, and slip is easiest 

within the basal plane. Thus, slip in any in-plane direction is much easier than slip in 

the short transverse direction (STD). This produces a large R-value. 

(b) The R-value decreases rapidly as temperatures increases from 22°C to 

200°C. The activation of non-basal slip systems increases with increasing 
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temperature, accommodating slip in the STD.  The activation of these non-basal slip 

systems reduces the R-value. 

(c) Dependence of the R-value on strain rate commences upon 

recrystallization, which occurs within the temperature range of approximately 150 to 

200°C. 

(d) Dislocation climb controlled (DC) creep accommodated by pipe diffusion 

is likely the dominant deformation mechanism at 250 to 350°C and strain rates of 10-3 

to 10-1 s-1. DC creep accommodated by lattice diffusion is likely the dominant 

deformation mechanism at 350 to 450°C and strain rates of 10-3 to 10-1 s-1. DC creep 

in combination with the strong basal texture of the Mg AZ31B-H24 alloy sheet 

produces somewhat high R-values at 250 to 450°C, especially at the fastest strain 

rates of 10-2 s-1 and 10-1 s-1. 

(e) The dependence of the R-value on strain rate from 350 to 450°C, 

temperatures applicable to hot gas-pressure forming, is the result of an independent 

deformation mechanism, called grain boundary sliding (GBS) creep, operating in 

addition to DC creep. GBS creep produces isotropic plastic deformation, R = 1. The 

fraction of GBS creep in relation to DC creep increases as strain rate decreases, and 

this causes a decrease in the R-value with decreasing strain rate. 

(f) The operation of an independent creep mechanism in addition to DC 

creep, similar to the operation of GBS creep at 350 to 450°C, is also suspected at 250 

to 350°C because of continued strain rate dependence in the R-value. Futures studies 

are planned to more firmly identify this mechanism. 
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5. The minimum R-value in the Mg AZ31B sheet is unity, R = 1, which is the 

case of isotropic deformation when GBS creep fully controls deformation. 

6. A key difference in behavior is observed between the Mg AZ31B of the 

present study and Al AA5182 of a previous study [26]. Over the Zener-Hollomon 

parameter range of 1011 to 1014 s-1, Al AA5182 shows strain hardening while the Mg 

AZ31B does not. 

7. While only negligible planar anisotropy is observed for the AZ31B-H24 

sheet at 350 to 450°C, planar anisotropy at temperatures from room temperature to 

200°C is significant [12]. A separate study is necessary to address planar anisotropy 

at 200 to 350°C. 

8.  The R-values obtained from specimens tested to rupture are higher than 

those obtained from specimens tested to lesser fixed strains at fast strain rates, 10-1 s-1 

and 3×10-1 s-1 at 350°C. 

9. The R-value in the AZ31B-H24 alloy sheet depends on active deformation 

mechanisms, microstructure and texture. The same deformation mechanisms, 

microstructure and texture do not necessarily operate or exist at a fixed temperature 

and strain rate in other Mg alloy sheets or other non-ferrous alloy sheets. These 

include Mg alloys with a different composition and/or a different processing history. 

Thus, a separate study of the R-value dependencies on temperature and strain rate is 

required for each Mg alloy sheet or other non-ferrous alloy sheet. 
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4.2. AZ31B-HR ALLOY  SHEET 

4.2.1 Chapter Summary 

Plastic deformation of a hot rolled magnesium (Mg) AZ31B alloy sheet (AZ31B-

HR) was studied in tension at 450°C and 350°C. The true strain rates of this investigation 

ranged from 3×10-4 s-1 to 3×10-1 s-1 for 450°C and from 10-4 s-1 to 3×10-1 s-1 for 350°C. 

The stress exponent values suggest that grain boundary sliding (GBS) creep and 

dislocation-climb (DC) creep operate as competing deformation mechanisms at 450°C 

and 350°C. The AZ31B-HR sheet has a smaller grain size and weaker crystallographic 

texture than the AZ31B-H24 sheet, the most commonly used Mg alloy sheet. Because of 

the smaller grain size, GBS creep operates at a wider range of strain rates for AZ31B-HR 

than AZ31B-H24 at both 450°C and 350°C, producing higher ductility. The weaker 

crystallographic texture of AZ31B-HR results in a significantly reduced plastic 

anisotropy for deformation during DC creep, when compared to AZ31B-H24. 

4.2.2 Introduction 

Mg alloys are gaining substantial attention to potentially replace steel and 

aluminum alloys in vehicle components because of the high strength-to-weight and 

stiffness-to-weight ratios. Mg alloys, however, exhibit poor room temperature formability 

because they lack a sufficient number of easily activated slip systems. The Taylor 

criterion [1] states that at least five independent slip systems are needed for a ductile 

polycrystalline material. Only two independent slip systems, both basal, are active in Mg 

at room temperature, resulting in poor ductility. The formability of Mg alloys reaches an 

acceptable level only above 225°C because additional slip systems are activated at these 
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elevated temperatures [2], easily satisfying the Taylor criterion. Recently [3], the 

commercial forming of decklid inner panels from Mg alloy AZ31B-H24 sheet at 450°C 

was announced. However, any reduction in the forming temperature from 450°C would 

be beneficial to commercial production. This is because lower forming temperatures offer 

the practical advantages of considerable savings in energy, easier lubrication, reduced 

manufacturing process complexity, better geometric tolerance control, and easier part 

handling. Conventionally rolled AZ31B-H24 alloy sheet has a basal fiber texture that 

causes plastic anisotropy and limits its formability [4-6]. Hence, weakening the strong 

basal texture of the Mg sheet and reducing the forming temperature from 450°C are 

needed to encourage wider implementation of Mg alloys in automobiles. 

The strong basal texture of the AZ31B-H24 alloy sheet can be weakened and the 

associated plastic anisotropy reduced by rolling the sheet at a higher temperature [4, 7]. 

Understanding the deformation behavior of a hot rolled AZ31B alloy sheet (AZ31B-HR) 

is an important step in enabling usage in vehicle panels. The deformation behavior of this 

AZ31B-HR sheet with a reduced as-received crystallographic texture has been previously 

studied only at room temperature [7]. Quantifying the plastic flow behavior, plastic 

anisotropy and identifying the deformation mechanisms that operate at elevated 

temperatures are necessary to construct material constitutive models for predicting hot 

forming [6]. The resulting anisotropic yield criteria can also be used in theoretical models 

to predict forming limit diagrams (FLDs). FLDs are used by formability engineers to 

predict failure behaviors during sheet metal forming. AZ31B-HR alloy sheet has a more 

random crystallographic texture and smaller grain size than AZ31B-H24 alloy sheet after 
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annealing at 350°C [7]. So, comparing the deformation behaviors of AZ31B-HR and 

AZ31B-H24 at elevated temperatures may improve understanding of the physics 

connecting deformation to grain size and crystallographic texture.  

The present study investigates the deformation behavior of a hot rolled AZ31B 

alloy sheet, AZ31B-HR, at the temperatures 450°C and 350°C. The true strain rates 

investigated range from 3×10-4 s-1 to 3×10-1 s-1 for 450°C and from 10-4 s-1 to 3×10-1 s-1 

for 350°C.  

4.2.3 Experimental Procedure 

Material 

The material studied is a 0.68 mm–thick Mg AZ31B alloy wrought sheet with a 

nominal composition of 2.9% Al, 1.1% Zn, 0.44% Mn and bal. Mg, by weight produced 

by hot rolling to final thickness. This material was referred to as special rolled AZ31B, 

SPR AZ31B, in Ref [7]. The average as-received lineal-intercept grain size for this 

material was reported to be 5.6 µm in Ref [7].  

Tensile Testing 

Tensile “dog bone” specimens with a gage length of 25 mm, gage width of 6 mm, 

shoulder radius of 3.2 mm and a gage thickness equal to the thickness of the as-received 

material (0.68 mm) were machined. The tensile direction (TD) was parallel to the sheet 

rolling direction (RD) (TD = 0°) for most specimens. To investigate any planar 

anisotropy, a few specimens were produced with the TD parallel to the sheet long 

transverse direction (LTD) (TD = 90°) and some at 45° to both the RD and LTD (TD = 

45°). Tensile testing was performed using a computer-controlled servohydraulic test 
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frame (MTS 810 test system). Tensile specimens were heated in a three-zone resistance 

furnace, tuned to provide a temperature uniform to within ±2.5°C or better along the gage 

length of the tensile specimen. An example tensile coupon is shown in Fig. 4.2.1(a). A 

specimen tested at 450°C and 10-2 s-1, with the tensile direction parallel to the RD, is 

shown in Fig. 4.2.1(b). The tested specimen in Fig. 4.2.1(b) was elongated by103% and 

exhibits a diffuse neck. A specimen tested at 450°C and 10-2 s-1 to a true strain of 0.12, 

with the tensile direction parallel to RD, is shown in Fig. 4.2.1(c). Temperature was 

measured during testing with two type-K thermocouples, one at either end of the 

specimen gage length, in direct contact with the specimen. Testing began immediately 

after the specimen temperature reached the desired test temperature. Heating times varied 

from 20 to 25 minutes. Constant true-strain rates were applied by varying the speed of the 

piston in the servo-hydraulic machine during testing. This was accomplished using 

calculations that assume constant specimen volume and uniform deformation. Load was 

measured using a load cell, and the displacement of the hydraulic piston was measured 

using a linear variable differential transducer. 
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Figure 4.2.1: Shown here are (a) the standard tensile coupon used for testing, (b) a 

tensile specimen tested to rupture, and (c) a tensile coupon tested to a fixed true strain. 

The specimen in (b) was tested at 450°C and 10-2 s-1 with the tensile direction parallel to 

the RD. The elongation at rupture is 103%, and the specimen shows diffuse necking. The 

specimen in (c) was tested at 450°C and 10-3 s-1 to a true strain of 0.27 with the tensile 

direction parallel to the RD. 

 
R-value Measurement 

The resistance to thinning of an alloy sheet during deformation is typically used to 

determine its suitability for stamping and deep drawing. The resistance to thinning can be 

characterized by the Lankford coefficient or R-value, a measure of normal anisotropy. 

The R-value is defined as the ratio of the true width strain, εw, to the true thickness strain, 

εt, measured from a tensile specimen. This ratio is given as Equation 1,where w0 is the 

initial specimen width, w is the final specimen width, t0 is the initial sheet thickness and t 

is the sheet final thickness, 

R =  
��
��  = 

log�w0w 	
log�t0t 	

			(1) 
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Width and thickness measurements were made at five locations in the gage region 

of specimens tested to fixed strains using a micrometer with blade anvils. To avoid the 

unwanted effects of necking, only specimens tested to fixed strains, such as shown in Fig. 

1(c), were used to measure R-values. The uncertainty of any individual measurement is 

estimated to be ±0.005 mm (±0.0002 inch) [8]. The width and thickness measurements 

were used to calculate the final local true strain, εf, from area reduction using Equation 2. 

εf	=	ln� w0	×	t0
w	×	t �   (2) 

The εf  and R-value were calculated as the mean value of the five measurements. 

Uncertainties in true strain, ∆εf, and R-value, ∆R, were calculated using the standard 

formula for propagation of uncertainty [9]. 

Analysis of Tensile Data 

Tensile load and displacement measurements were recorded throughout each 

tensile test and were used to calculate true stress as a function of true strain. Calculations 

were performed assuming conservation of volume and uniform deformation in the gage 

region of the specimen. The stress-strain data were corrected for machine stiffness by 

forcing the slope of the elastic loading region to the temperature-dependent elastic 

modulus of Mg at 450°C and 350 °C, using the data of Köster [10] as fitted through 

Equation 2, where T is the temperature in K and E(T) is the elastic modulus in MPa. 

E�T�=48666-8.587×T-0.0194×T2		(3) 

The data were truncated in the load drop following the onset of necking that 

precedes final rupture. 



 74 

Metallography 

Metallographic specimen preparation was accomplished using procedures 

common for wrought Mg alloys. These included epoxy cold mounting rather than hot 

compression mounting, to prevent the formation of twin artifacts during mounting. A 

metallographic specimen was cut from the undeformed gage region of each tensile 

coupon after testing and mounted for observation of microstructure. Specimens were 

ground and polished on a BuehlerPowerPro 4000 Specimen Preparation System using a 

sequence of oil-based diamond suspensions of 9, 3, and 1 µm, respectively. This was 

followed by fine-polishing with a colloidal silica solution. The polished specimens were 

then etched using a solution of 4.2 g picric acid, 10 ml water, 10 ml acetic acid and 70 ml 

ethanol. Optical microscopy was performed on the etched specimens using an optical 

microscope equipped with a digital camera.  

The average grain size, d , was calculated by taking the geometric mean of lineal 

intercept grain size measurements along the sheet rolling (dRD), sheet long-transverse 

(dLTD) and short-transverse (dSTD) directions, as recommended by ASTM standard E 112 

[11]. The uncertainty of the grain size along each direction, ∆d, was determined by 

calculating the 95% confidence limit from the standard error of the mean, SE, using the 

relationship 

∆d = 2×SE = 2 
s

√n
         (1) 
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where s is the standard deviation of the sample grain size measurements and n is 

the number of measurements acquired [9]. The uncertainty of H̅	was calculated from the 

uncertainties of dRD, dLTD, and dSTD using a standard formula for the propagation of 

uncertainty, 

J> = 4∑�K6KL9 ∆,@	
(
              (2)  

where xi are the variables used to calculate the parameter of interest, y, and ∆x and ∆y are 

the uncertainties of x and y, respectively [9]. 

 

 

Electron Back Scattered Diffraction  

Electron back-scatter diffraction (EBSD) analysis was conducted to analyze the 

crystallographic texture of the AZ31B-HR specimen annealed at 450°C. The specimen 

was cold mounted with conductive nickel filler and mechanically polished on a 

BuehlerPowerPro 4000 Specimen Preparation System using a sequence of oil-based 

diamond suspensions of 9, 3, and 1 µm, respectively. This was followed by fine-polishing 

with a colloidal silica solution. Finally, a 1 to 2 s chemical polishing was applied using a 

solution of 60 ml ethanol, 20 ml distilled water, 15 ml acetic acid and 5 ml nitric acid. 

EBSD data were collected in a FIB-SEM (Carl Zeiss, NVision40) at a voltage of 20 kV. 

Pole figures were calculated from the EBSD data using the MTEX open source toolbox 

for Matlab [12].  

 



 76 

4.2.4 Results and Discussion 

Tensile data are presented in Fig. 4.2.2 at (a) strain rates ranging from 3×10-4 s-1 

to 3×10-1 s-1 at 450°C and (b) strain rates ranging 10-4 s-1 to 3×10-1 s-1 at 350°C. The 

tensile direction was parallel to the RD. Data at 450°C were collected by Andrew J. 

Weldon. At both temperatures, the flow stress increases as the strain rate increases, 

indicating positive strain rate sensitivity. The tested specimens are shown in Appendix 

4.2.A for 450°C (Fig. A1) and 350°C (Fig. A2). 
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Figure 4.2.2: True stress is plotted against true strain for data at (a) 450°C and strain 

rates ranging from 3×10-4 s-1 to 3×10-1 s-1, and (b) 350°C and strain rates ranging from 10-

4 s-1 to 3×10-1 s-1. The tensile direction (TD) is parallel to the sheet rolling direction (RD). 

Data at 450°C, shown in (a), were collected by Andrew J. Weldon. 

a 

b 
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Fig. 4.2.3 shows a plot of the strain rate vs. true stress on dual logarithmic scales 

at true strain values of 0.1 and 0.3 for (a) 450°C and (b) 350°C. The slope of the data in 

Fig. 4.2.3a and b is equal to the stress exponent, n, a helpful indicator of the operating 

deformation mechanisms. At 450°C, see Fig. 4.2.3a, the n value is close to 2 at strain 

rates from 3×10-4 s-1 to 10-2 s-1, and the n value is close to 5 at strain rates from 10-2 s-1 to 

3×10-1 s-1. At 350°C, see Fig. 4.2.3b, the n value is close to 2 at strain rates from 10-4 s-1 

to 3×10-3 s-1, close to 5 at strain rates from 3×10-3 s-1 to 3×10-2 s-1, and close to 7 at strain 

rates from 3×10-2 s-1 to 3×10-1 s-1. An n value of 2 is consistent with grain boundary 

sliding (GBS) creep [13]. n values of 5 and 7 are consistent with dislocation climb 

controlled (DC) creep accommodated by lattice self-diffusion and pipe-diffusion, 

respectively [14, 15]. The observed n values suggest that GBS creep and DC creep 

operate as competing deformation mechanisms at both 450°C and 350°C with GBS creep 

dominating at slower strain rates and DC creep dominating at faster strain rates. GBS 

creep operates across a wider range of strain rates in AZ31B-HR alloy sheet than in 

AZ31B-H24 alloy sheet [16, 17] at both 450°C and 350°C.  
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Figure 4.2.3: True strain rate is plotted as a function of true stress (σ) on dual logarithmic 

scales for (a) 450°C and (b) 350°C at true strains (ε) of 0.1 and 0.3. GBS creep (n = 2) 

and DC creep (n = 5 to 7) operate as competing deformation mechanisms at both 450°C 

and 350°C. 

 

a 

b 
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Fig. 4.2.4 shows the photomicrographs of the AZ31B-HR alloy sheet after 

annealing for 25 minutes at (a) 450°C and (b) 350°C. The average grain sizes for AZ31B-

HR are 7.7 ± 0.3 µm and 6.8 ± 0.3 µm after annealing at 450°C and 350°C, respectively. 

For similar annealing times at 450°C and 350°C, the average grain sizes of AZ31B-H24 

are 9.2 ± 0.5 µm and 7.8 ± 0.3 µm, respectively from Ref [18]. The smaller grain size of 

the AZ31B-HR alloy sheet explains why GBS creep in AZ31B-HR dominates at a wider 

range of strain rates than for AZ31B-H24 [19]. Fig. 4.2.3 demonstrates that true flow 

stress increases with true strain when GBS creep is the dominant deformation 

mechanism. The true flow stress is strain-independent when DC creep alone is the 

dominant deformation mechanism. Fig. 4.2.4c and d show photomicrographs of AZ31B-

HR specimens deformed to 0.4 true strain at 3×10-4 s-1 for temperatures of 450°C and 

350°C, respectively. The average grain size of AZ31B-HR increases from 7.7 ± 0.3 µm 

to 14.7 ± 0.8 µm after deformation at 450°C and from 6.8 ± 0.3 µm to 9.5 ± 0.4 µm after 

deformation at 350°C. The dependence of true flow stress on true strain during GBS 

creep is a result of this grain growth. Since DC creep is largely independent of grain size, 

DC creep does not exhibit such strain hardening. 
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Figure 4.2.4: Photomicrographs from AZ31B-HR specimens annealed for 25 minutes are 

shown at (a) 450°C and (b) 350°C. Grain size increases from (b) to (a) through static 

grain growth. Photomicrographs from AZ31B-HR specimens tested in uniaxial tension 

for the tensile direction parallel to RD at 3×10-4 s-1 are shown at (c) 450°C and (d) 350°C. 

Grain size increases from (a) to (c), and from (b) to (d) through a combination of static 

and dynamic grain growth. The RD is horizontal, and the LTD is vertical. 

 

Fig. 4.2.5 shows the {0001} pole figure of an AZ31B-HR alloy sheet annealed at 

450°C for 25 minutes.  The crystallographic texture intensity of AZ31B-HR, see Fig. 
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4.2.5, is less than half the texture intensity of AZ31B-H24 annealed at the same 

temperature, as reported in Ref [17]. A large number of the basal poles are oriented 

parallel to the sheet short transverse direction (STD) or thickness direction. To 

investigate planar anisotropy, specimens were tested in tension at the same temperature 

and true strain rate for tensile direction parallel to RD, LTD and at 45° to both RD and 

LTD. Fig. 4.2.6 compares the true stress vs. true strain curves for AZ31B-HR alloy sheet 

for the tensile direction parallel to RD, LTD and at 45° to both RD and LTD at 

temperatures of (a) 450°C and (b) 350°C. The true strain rate for testing is 10-1 s-1 at 

450°C and 3×10-2 s-1 at 350°C, where DC creep, which causes plastic anisotropy in 

AZ31B [6], is the dominant deformation mechanism. Fig. 4.2.6 indicates that the LTD is 

the hard in-plane direction for deformation (higher flow stress) and the RD is the soft in-

plane direction (lower flow stress) for deformation, similar to AZ31B-H24 [22]. This is 

consistent with the crystallographic texture of the material seen in Fig 4.2.5, in which the 

basal poles are oriented more towards the RD than the LTD. However, the planar 

anisotropy in AZ31B-HR at 450°C and 350°C can be considered negligible since the 

peak flow stress for deformation along the LTD is greater than the peak flow stress for 

deformation along the RD by only 5% or less.  
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Figure 4.2.5: A {0001} pole figure is shown for AZ31B-HR alloy sheet annealed at 

450°C for 25 minutes. Most basal poles are oriented parallel to the STD or thickness 

direction. 

 

Table 4.2.1 lists the R-values measured for specimens tested in tension at different 

strain rates and at 450°C and 350°C. The R-values are deformation-mechanism-

dependent, similar to the results from earlier investigations of AZ31B [6, 20, 21]. GBS 

creep is isotropic and produces an R-value of 1. DC creep is anisotropic and produces an 

R-value that is greater than 1. Since most basal poles are oriented parallel to the sheet 

short transverse direction (STD), see Fig. 4.2.5, deformation along any in-plane direction 

is easier than deformation along the STD, causing the R-value to be greater than 1. The 

R-values for DC creep (RDC) is lower for AZ31B-HR than for AZ31B-H24 at both 450°C 

(RAZ31B-HR = 1.23 < RAZ31B-H24 = 1.86[6]) and 350°C (RAZ31B-HR = 1.21 < RAZ31B-H24 = 
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1.44[17]) due to the reduced crystallographic texture. When both GBS creep and DC 

creep dominate, the R-value is in between 1 and RDC since GBS creep and DC creep are 

competing deformation mechanisms. 

 

  
Figure 4.2.6: True stress is plotted against true strain at (a) 450°C and 10-1 s-1 and (b) 

350°C and 3×10-2 s-1 for tensile directions parallel to RD, parallel to LTD, and at 45°C to 

both RD and LTD. LTD is the hard in-plane direction for deformation, and RD is the soft 

in-plane direction for deformation at both 450°C and 350°C. 

a 

b 
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Figure 4.2.7: The elongation at rupture is plotted as a function of Z, calculated using Q = 

135 kJ/mol, for specimens tested at 450°C and 350°C. The approximate ranges over 

which specific deformation mechanisms control plastic flow are indicated with GBS for 

grain boundary sliding creep; DCl for lattice self-diffusion controlled dislocation climb 

controlled creep; and DCp for pipe-diffusion controlled dislocation climb controlled 

creep. 

 
Table 4.2.1: Measured values for the Lankford coefficient (R-value) are tabulated at 

450°C and 350°C for the tensile direction parallel to the RD. 

Temperature 
(°C) 

True-Strain 
Rate (s-1) 

True Strain, 
εf 

R-value Dominant 
Deformation 

Mechanism(s) 
 
 

        450 

3×10-4 0.14 ± 0.01 0.99 ± 0.11 GBS 
 0.26 ± 0.01 1.01 ± 0.07 GBS 

10-2 0.12 ± 0.01 1.12 ± 0.07 GBS + DCl 

 0.24 ± 0.01 1.15 ± 0.06 GBS + DCl 

 3×10-1 0.15 ± 0.01 1.24 ± 0.09 DCl 

  0.23 ± 0.01 1.23 ± 0.11 DCl 

 
 

        350 

10-4 0.17 ± 0.01 0.97 ± 0.08 GBS 
3×10-2 0.23 ± 0.01 1.21 ± 0.07 DCl 

3×10-1 0.12 ± 0.01 1.19 ± 0.09 DCp 

  0.14 ± 0.01 1.22 ± 0.08 DCp 
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Fig. 4.2.7 shows the percentage elongation at rupture plotted against Zener-

Hollomon parameter, Z [23]. Z calculated as �� × exp (Q/RT), where ��  is the strain rate in 

s-1, Q is the activation energy for creep in J mol-1, R is the universal gas constant (R= 

8.314 J mol-1 K-1), and T is absolute temperature in K. Z simultaneously accounts for the 

effects of both temperature and strain rate. Z in Fig. 4.2.7 was calculated assuming Q = 

135 KJ mol-1, the activation energy for lattice self-diffusion in pure Mg [24], for all data. 

The percentage elongation is high (~ 200%) at 106 s-1 < Z < 107 s-1, where GBS creep is 

the dominant deformation mechanism and decreases as Z increases above 107
 s

-1, where 

the influence of DC creep controlled by lattice diffusion (DCl) increases. The percentage 

elongation is lowest (~70%) at Z > 6×109 s-1, where DC creep controlled pipe-diffusion 

(DCp) begins to dominate. The percentage elongation decreases as the stress exponent, n, 

increases, and this is because of a decrease in strain rate sensitivity, m =1/n. The m value 

is greater than 0.5 at 106 s-1 < Z < 107 s-1 and decreases to a value of 0.15 at Z > 6×109 s-1. 

4.2.5 Conclusions 

1. Grain boundary sliding (GBS) creep and dislocation climb controlled (DC) creep 

operate as competing deformation mechanisms for Mg AZ31B-HR sheet at 450°C 

and 350°C.  

2. The true flow stress during GBS creep increases with an increase in true strain as a 

result of grain growth. Since DC creep is largely independent of grain size, the true 

flow stress is strain-independent during DC creep. 

3. As a result of the smaller grain size, GBS creep operates across a wider range of 

strain rates in AZ31B-HR alloy sheet than in AZ31B-H24 alloy sheet at both 450°C 
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and 350°C. 

4. GBS creep is isotropic causing the R-value to be equal to 1 and DC creep is 

anisotropic causing the R-value to be greater than 1 in AZ31B-HR alloy sheet. Planar 

anisotropy is negligible in AZ31B-HR sheet. 

5. As a result of the weaker crystallographic texture, plastic anisotropy is lesser in 

AZ31B-HR alloy sheet than in AZ31B-H24 alloy sheet at both 450°C and 350°C. 

6. Elongation to rupture is approximately 200% for GBS creep and decreases down to 

70% for DC creep. This is because of a decrease in strain rate sensitivity from 0.5 for 

GBS creep down to 0.15 for DC creep. 
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4.3. ZEK100 ALLOY  SHEET 

4.3.1 Chapter Summary 

Plastic deformation of magnesium (Mg) ZEK100 alloy sheet was studied at 

450°C and 350°C for six true-strain rates ranging from 3×10-4 s-1 to 10-1 s-1. The 

measured stress exponent values range from 5 to 7. These suggest dislocation climb (DC) 

creep controlled by lattice self-diffusion is the dominant deformation mechanism at 

450°C and rate control shifts towards pipe-diffusion at 350°C as strain rate increases. 

Surprisingly, plastic flow does not reach a steady state under any of the test conditions 

but reflects slow strain hardening. Plastic deformation exhibits planar anisotropy at both 

450°C and 350°C with the short transverse direction (STD) the softest and the rolling 

direction (RD) the hardest. Plastic anisotropy is stronger at 350°C than at 450°C. 

4.3.2 Introduction 

There is a substantial interest in introducing magnesium (Mg) alloy sheets into 

vehicles to achieve mass reduction. Mg possesses several key properties that make it 

attractive as a lightweight replacement for heavier ferrous and non-ferrous alloys, beyond 

just its low density of (ρMg = 1.74) < (ρAl = 2.70) < (ρmild-steel = 7.85) in g/cm3. In addition, 

Mg alloys possess high strength-to-weight and stiffness-to-weight ratios. However, 

broader implementation of wrought Mg alloys in vehicle structural components has been 

hampered by poor room temperature (RT) formability. This is a result of the lack of a 

sufficient number of easily activated slip systems. The Taylor criterion [1] states that at 

least five independent slip systems are needed for a polycrystalline material to be ductile. 

Only two independent basal slip systems are easily activated in Mg at room temperature, 
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which causes poor ductility. Fortunately, additional slip systems are readily activated at 

temperatures above 225°C [2], easily satisfying the Taylor criterion. Because of this, 

forming at elevated temperatures is a potential solution to overcome limited room-

temperature ductility.  

Recently [3], commercial forming of decklid inner panels from Mg alloy AZ31B 

sheet at 450°C was announced. AZ31B alloy sheet, however, often has a basal fiber 

texture that limits its formability. This texture can be weakened and the associated plastic 

anisotropy reduced by adding rare earth (RE) alloying elements [4-7]. Rare earth 

additions are made to Mg alloys as either misch metal, an alloy containing various 

loosely specified or unspecified rare earth elements, or in elemental form [8]. ZEK100 is 

a popular Mg-rare earth alloy that contains Zn, Nd and Zr. Zn causes strengthening 

[9,10]; the rare-earth element Nd weakens the basal texture [9] and increases the strength 

[10]; and Zr enhances grain refinement [9, 10]. A recent investigation [11] revealed that 

the formability of ZEK100 is up to 60% higher than AZ31B at temperatures from 300 to 

450°C.  

Quantifying the plastic flow behavior and identifying the dominant deformation 

mechanisms that control plastic flow during forming [12] of ZEK100 are necessary to 

construct material constitutive models [13] that enable accurate predictions of forming. 

However, prior investigations offer only scant information on the plastic flow behavior 

and deformation mechanisms operating during the elevated temperature deformation of 

ZEK100 wrought alloy sheet. Another critical component of material constitutive models 

for plastic deformation is the Lankford coefficient or R-value, which describes 
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anisotropy. The importance of the R-value was recently demonstrated by Carpenter et al. 

[13] for predicting forming of Mg AZ31B sheet at 450°C. The R-value is also important 

to accurately predict forming limit diagrams (FLDs) to assess failure behaviors during 

sheet metal forming. The plastic anisotropy of ZEK100, however, has only been 

quantified at room temperature in the literature [7, 8, 14]. A challenge in the automotive 

industry is to reduce the forming temperature for hot forming from 450°C. This is 

because lower forming temperatures offer the practical advantages of reduced energy use, 

easier lubrication, reduced manufacturing process complexity, better control of geometric 

tolerances, and easier part handling. Quantifying the plastic flow behavior, operating 

deformation mechanisms and plastic anisotropy during deformation of ZEK100 at 450°C 

and a lower temperature of 350°C are the goals of this investigation. An Mg ZEK100 

alloy sheet was tested in uniaxial tension at 450°C and 350°C for six true-strain rates 

ranging from 3×10-4 s-1 to 10-1 s-1.  

4.3.3 Experimental Procedure 

Material 

The material studied is a 1.57 mm–thick Mg ZEK100 alloy wrought sheet with a 

nominal composition of 1.3% Zn, 0.2% Nd, 0.25% Zr and bal. Mg, by weight, received 

in the F temper (as-fabricated). Even though the as-received material had a slightly 

deformed microstructure with a number of twins, the grain boundaries were clearly 

discernable from twin boundaries. The average lineal-intercept grain size for this material 

was previously reported as 15.3 µm [14]. Photomicrographs of the material after 

annealing at 450°C and 350°C for 25 minutes are shown in Fig. 4.3.1. The average linear-
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intercept grain sizes (ASTM Standard E112 [15]) are 16.7 ± 0.7 µm after annealing at 

450°C, and 15.6 ± 0.9 µm after annealing at 350°C. Grain size increases only slightly 

with increasing temperature, likely because of the presence of Zr as a grain-refining 

addition [16]. 

  

 
Figure 4.3.1: Photomicrographs from ZEK100 specimens annealed for 25 minutes at (a) 

450°C and (b) 350°C are shown. The RD is horizontal, and the LTD is vertical. 

 
Tensile Testing 

Tensile “dog bone” specimens were machined with a gage length of 25 mm, gage 

width of 6 mm, shoulder radius of 3.2 mm and a gage thickness equal to the thickness of 

the as-received material (1.57 mm). Specimens were produced with the tensile direction 

(TD) parallel to the sheet rolling direction (RD), parallel to the long transverse direction 

(LTD) and at 45° to RD and LTD. Tensile testing was performed using a computer-

controlled servohydraulic test frame (MTS 810 test system). Tensile specimens were 

heated in a three-zone resistance furnace, tuned to provide a temperature uniform to 

within ±2.5°C or better along the gage length of the tensile specimen. An example tensile 

a b 
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coupon is shown in Fig. 4.3.2(a), and a specimen tested at 450°C and 10-2 s-1, with the 

tensile direction parallel to the RD, is shown in Fig. 4.3.2(b). The tested specimen in Fig. 

4.3.2(b) was elongated by 174% and exhibits a diffuse neck. A specimen tested at 450°C 

and 10-3 s-1 to a true strain of 0.27 with the tensile direction at 45° to both RD and LTD is 

shown in Fig. 4.3.2(c). Temperature was measured during testing with two type-K 

thermocouples, one at either end of the specimen gage length, in direct contact with the 

specimen. Testing began immediately after the specimen temperature reached the desired 

test temperature. The heating times required to reach the desired test temperatures varied 

from 20 to 25 minutes. Constant true-strain rates were applied by varying the speed of the 

piston in the servo-hydraulic machine during testing. This was accomplished using 

calculations that assume constant specimen volume and uniform deformation over the 

initial 25-mm gage length. Load was measured using a load cell, and the displacement of 

the hydraulic piston was measured using a linear variable differential transducer. 
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Figure 4.3.2: Shown are (a) the standard tensile coupon used for testing, (b) a tensile 

specimen tested to rupture, and (c) a tensile coupon tested to a fixed true strain. The 

specimen in (b) was tested at 450°C and 10-2 s-1 with the tensile direction parallel to the 

RD. The elongation at rupture is 174%, and the specimen shows diffuse necking. The 

specimen in (c) was tested at 450°C and 10-3 s-1 to a true strain of 0.27 for a tensile 

direction 45° to both the RD and the LTD. 

 
R-value Measurement 

The resistance to thinning of an alloy sheet during deformation is typically used to 

determine its suitability for stamping and deep drawing. The resistance to thinning can be 

characterized by the Lankford coefficient or R-value. The R-value is defined as the ratio 

of the true width strain, εw, to the true thickness strain, εt, measured in a tensile test. This 

ratio is Equation 1,where w0 is the initial specimen width, w is the final specimen width, 

t0 is the initial sheet thickness and t is the sheet final thickness, 

R =  
��
��  = 

log�w0w 	
log�t0t 	

		(1) 

To avoid any unwanted effects of necking, only specimens tested to fixed strains, 

such as the one shown in Fig. 4.3.2(c), were used to measure R-values. R-values were 
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measured from specimens tested with the tensile direction parallel to the RD, parallel to 

the LTD and at 45° to both the RD and the LTD. Width and thickness measurements 

were made at five locations of the gage region of the specimens using a micrometer with 

blade anvils. The uncertainty of any individual measurement is estimated to be ±0.005 

mm (±0.0002 inch) [17]. The width and thickness measurements were used to calculate 

the final local true strain, εf, from area reduction using Equation 2. 

εf	=	ln� w0	×	t0
w	×	t �  (2) 

The average εf and R-value were calculated from five measurements. The 

uncertainties in true strain, ∆εf, and R-value, ∆R, were calculated using the standard 

formula for propagation of uncertainty [18]. 

Analysis of Tensile Data 

Tensile load and displacement measurements were recorded throughout each 

tensile test and were used to calculate true stress as a function of true strain. Calculations 

were performed assuming conservation of volume and uniform deformation in the gage 

region of the specimen. The tensile data were truncated in the load drop following the 

onset of necking and preceding final rupture to conform with this assumption. The stress-

strain data were corrected for machine stiffness by forcing the slope of the elastic loading 

region to the temperature-dependent elastic modulus of Mg using the data of Köster [19] 

as fitted through Equation 2, where T is the temperature in K and E(T) is the elastic 

modulus in MPa. 

E�T�=48666-8.587×T-0.0194×T2		(3) 
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Metallography 

Metallographic specimen preparation was accomplished using procedures 

common for wrought Mg alloys. These included epoxy cold mounting rather than hot 

compression mounting of specimens to prevent the formation of twin artifacts during 

mounting. One metallographic specimen was taken from the gage region of the each 

tensile coupon after testing and mounted to enable observation of microstructure by 

viewing along the short transverse direction (STD), i.e., to examine the Rolling Direction 

(RD)-Long Transverse Direction (LTD) plane. Specimens were ground and then polished 

on a BuehlerPowerPro 4000 Specimen Preparation System using a sequence of oil-based 

diamond suspensions of 9, 3, and 1 µm, respectively. This was followed by fine-polishing 

with a colloidal silica solution. The polished specimens were then etched using an acetic-

picric etchant: 4.2 g picric acid, 10 ml water, 10 ml acetic acid and 70 ml ethanol. 

Microscopy was performed on the etched specimens using an optical microscope 

equipped with a digital camera.  

Electron Back Scattered Diffraction  

Electron back-scatter diffraction (EBSD) analysis was conducted to analyze the 

crystallographic texture of specimens tested to different strains at 450°C and at 3×10-4 s-1. 

Specimens were cold mounted in an epoxy with conductive nickel filler and were 

prepared ground and polished as previously described. Finally, a 1 to 2 s chemical polish 

was applied using a solution of 60 ml ethanol, 20 ml distilled water, 15 ml acetic acid and 

5 ml nitric acid. EBSD data were collected in a FIB-SEM (Carl Zeiss, NVision40) at a 

voltage of 20 kV. Pole figures were calculated from the EBSD data using the MTEX 
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open source toolbox for Matlab [20]. The average Taylor factors were calculated using 

HKL Channel 5 Software [21].  

4.3.4 Results and Discussion 

Tensile data acquired for strain rates ranging from 3×10-4 s-1 to 10-1 s-1 are shown 

in Fig. 4.3.3 for (a) 450°C and (b) 350°C. The tensile direction was parallel to the RD for 

all the tests shown in Fig. 4.3.3. The data at 450°C were collected by Andrew J. Weldon. 

At both temperatures, the flow stress increases as the strain rate increases, indicating 

positive strain-rate sensitivity. Prior to the load drop associated with necking, true stress 

increases with an increase in true strain for all test conditions. The tested specimens are 

shown in Appendix 4.3.A for 450°C (Fig. A1) and 350°C (Fig.A2). All the tested 

specimens exhibit diffuse necking.  

  



 100 

  

  
 
Figure 4.3.3: True stress is plotted against true strain for data at (a) 450°C and (b) 350°C 

and six strain rates ranging from 3×10-4 s-1 to 10-1 s-1. The tensile direction (TD) is 

parallel to the sheet rolling direction (RD). The data at 450°C were collected by Andrew 

J. Weldon. 

Fig. 4.3.4 presents true-strain rate plotted against true stress on dual logarithmic 

scales for true strains of 0.1 and 0.4 for (a) 450°C and (b) 350°C. The slope of the data in 

Fig. 4.3.4 is equal to the stress exponent, n, a helpful indicator of the operating 

a 

b 
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deformation mechanisms. At 450°C, see Fig. 4.3.4(a), the n value is close to 5 across the 

range of strain rates examined. At 350°C, see Fig. 4.3.4(b), the n value is close to 5 at 

slow strain rates and is close to 7 at fast strain rates. These n values of 5 and 7 are 

consistent with dislocation climb controlled (DC) creep accommodated by lattice self-

diffusion and pipe-diffusion, respectively [22, 23]. So, dislocation-climb (DC) creep 

controlled by lattice self-diffusion is the dominant deformation mechanism at 450°C and 

rate control shifts towards pipe-diffusion at 350°C as strain rate increases. 

Because the flow stress under DC creep is largely insensitive to grain size, the 

strain hardening behavior shown in Fig. 4.3.4 cannot be explained by grain growth. The 

possibility of microstructure evolution leading to strain hardening is explored in Fig. 

4.3.5 which shows photomicrographs from specimens strained until rupture at 350°C and 

at 10-1 s-1 with the tensile direction parallel to the RD. One specimen was quenched 

immediately (less than 5 seconds) after testing to preserve the microstructure from the 

deformed condition.  This specimen exhibited a diffuse neck similar to the specimen 

shown in Fig. 4.3.2(a). Figs. 4.3.5(a) and (b) present microstructures at local true strains 

of 1.0 and 1.5, respectively. Figs. 4.3.5(a) and (b) show small equiaxed grain-like 

structure, such as in region B, that form along the boundaries of larger grains, such as A, 

in a necklace structure. As will be further discussed, this is thought to be a necklace 

structure of subgrains. To investigate the effect of static annealing on the microstructure 

following testing, another specimen was tested under the same test conditions. This 

specimen, however, was intentionally held at 350°C for 2 minutes after rupture and 

before quenching. Figs. 4.3.5(c) and (d) represent the microstructures of this specimen at 
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the same local true strains of 1.0 and 1.5, respectively. The subgrains in the necklace 

structure around large grains are retained despite annealing prior to quenching, see Figs. 

4.3.5(c) and (d). This suggests that the necklace structure is relatively stable and resists 

recrystallization as is expected from the RE addition in the ZEK100 alloy. 

The area percentage of small equiaxed grains increases from approximately 25% 

at a local true strain of 1.0 to approximately 57% at a local strain of 1.5 for the specimen 

immediately quenched after testing. Development of the necklace microstructure may be 

the cause of moderate strain hardening.  Although similar necklace structures can be 

associated with dynamic recrystallization, the absence of any strain softening suggests 

that this is not the case here. Instead, the stable necklace structure may constrain the 

subgrain size. Because flow stress under DC creep is inversely proportional to subgrain 

size [24], a reduction in the effective subgrain size by the necklace structure evolution 

could produce the strain hardening behavior observed. 
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Figure 4.3.4: Strain rate is plotted as a function of true stress (σ) on dual logarithmic 

scales for (a) 450°C and (b) 350°C at two different true strains (ε), 0.1 and 0.4. 

 

a 

b 
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Figure 4.3.5: Photomicrographs are shown for ZEK100 specimens tested to rupture by 

uniaxial tension along RD at 350°C and 10-1 s-1 at local true strain (ε) values of 1.0 (a and 

c) and 1.5 (b and d). Figures (a) and (b) were obtained from a specimen immediately 

quenched after testing and Figures (c) and (d) were obtained from a specimen annealed at 

350°C after testing before quenching. Grain A in (a) is an original deformed grain and 

region B in (a) shows small equiaxed grains formed near the grain boundaries of the 

deformed grains. 

Fig. 4.3.6(a) shows the EBSD map of a ZEK100 specimen annealed at 450°C for 

25 minutes. Figs. 4.3.6(b) and (c) show the EBSD maps from specimens tested in tension 
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at 450°C and at 3×10-4 s-1 up to true strains of 0.07 and 0.42, respectively. The tensile 

direction was parallel to the RD. Only measurement points with a confidence index (CI) 

equal to or greater than 0.1 are presented in the EBSD maps shown in Figs. 4.3.6(a), (b) 

and (c). EBSD patterns with a confidence index of 0.1 can correctly index an orientation 

95% of the time [25]. The percentage of low confidence index (CI < 0.1) data, shown in 

black in Figs. 4.3.6(a), (b) and (c), decreases significantly with an increasing strain at 

450°C. The low confidence data are located mostly near the grain boundaries. This is 

likely a result of the high dislocation density near the grain boundaries caused by 

deformation and the presence of very small subgrains (1 to 3 µm grain size) in the 

necklace structure. 

Figs. 4.3.7(a), (b) and (c) present {0001} pole figures for a specimen annealed at 

450°C and specimens tested at 450°C and 3×10-4 s-1 up to true strains of 0.07 and 0.42. 

The change in crystallographic texture with increasing strain is very small. As a 

consequence, the average Taylor factor [1, 26], <M>, does not change significantly with 

increasing strain. The <M> values at true strains of 0, 0.07 and 0.42 are 3.12 ± 0.04, 3.06 

± 0.04 and 3.08 ± 0.05, respectively. These are close to the Taylor factor of 3.1 expected 

for a HCP metal with random texture [27]. Both the pole figures and average Taylor 

factors suggest that strain hardening is not caused by texture evolution.  
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Figure 4.3.6: EBSD maps for ZEK100 tested at 450°C and 3×10-4 s-1 are shown at (a) a 

local true strain of ε = 0, (b) ε = 0.07, and (c) ε = 0.42. The specimens were tested with 

the tensile direction parallel to the RD. Black color represents data with a confidence 

index lesser than 0.1. The percentage of low confidence index data increases with an 

increase in strain due to an increase in dislocation density and formation of sub grains at 

the grain boundaries. 
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Figure 4.3.7: {0001} pole figures for ZEK100 tested at 450°C and 3×10-4 s-1 are shown 

at (a) a local true strain of ε = 0, (b) ε = 0.07, and (c) ε = 0.42. The specimens were tested 

with the tensile direction parallel to the RD. The crystallographic texture does not change 

significantly as the true strain is increased 

The observation that the creep does not reach a steady state is rather unusual 

because the temperature of 450°C is above 0.75Tm for ZEK100. At such a high 

temperature, recovery is expected to quickly balance strain hardening. For example, 
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approximately steady state creep was observed in wrought Mg AZ31B sheet at 

temperatures as low as 250°C. The rare earth addition in ZEK100 is a possible cause for 

the strain hardening observed at high temperatures. ZEK100 was reported to exhibit 

slower recrystallization kinetics than Mg alloys with no RE addition, such as AZ31 and 

ZM21 [5]. In addition, Bohlen et al. [7] state that Mg alloys with a weak  texture such as 

ZEK100 exhibit higher strain hardening rates than other Mg alloys such as 

conventionally rolled AZ31B alloy sheet with a stronger texture. 

 
Figure 4.3.8: Strain hardening rate, dσ/dε, is plotted as a function of true strain rate (in 

logarithmic scale) at 450°C and 350°C. The strain hardening rates are higher at 350°C 

than at 450°C. 

Fig. 4.3.8 shows a plot of the strain hardening rate, dσ/dε, versus the true strain 

rate at 450°C and 350°C. The strain hardening rate, dσ/dε, defined by the change in true 

flow stress with a unit increase in the flow strain, is higher at 350°C than 450°C, as 

a 
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expected. This is due to increased recovery at the higher temperature. There is also a 

general increase in dσ/dε with an increase in strain rate at both temperatures, again 

expected from the decreased time allowed for recovery at faster strain rates 

   
Figure 4.3.9: True stress is plotted against true strain at (a) 450°C and 10-2 s-1 and (b) 

350°C and 10-3 s-1 for tensile direction parallel to the RD parallel to the LTD and at 45°C 

to both the RD and the LTD. The RD is the hard in-plane direction for deformation, and 

the LTD is the soft in-plane direction for deformation at both 450°C and 350°C. 

Tensile data taken from specimens oriented in different direction with respect to 

the RD are compared in Fig. 4.3.9 to assess the degree of planar anisotropy. Figs. 4.3.9(a) 

b 
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and (b) present tensile data from specimens parallel to the RD, the LTD and 45° to both 

the RD and the LTD, for (a) 450°C and 10-2 s-1 and (b) 350°C and 10-3 s-1. Prior to 

necking, the true flow stress increases with an increase in true strain for all specimen 

orientations due to strain hardening. The RD is the hard in-plane direction with the 

highest flow stress while the LTD and 45° are soft in-plane directions. This planar 

anisotropy is significant since the true flow stress is approximately 20% higher for the 

tensile direction parallel to the RD than for the tensile direction parallel to the LTD. 

Plastic anisotropy, quantified as Lankford-coefficient (R-values) for different specimen 

orientations, is presented in Table 4.3.1. The R-value along a fixed orientation is not 

strain-rate dependent at a fixed temperature. This is because DC creep is the only 

dominant deformation mechanism at all strain rates for both 450°C and 350°C. The 

moderate planar anisotropy arises from the crystallographic texture of the material. 

Figure 4.3.7(a) demonstrates that the {0001} poles are spread toward the STD. This 

makes basal slip, a major slip mode in Mg alloys, easier along the STD than along any in-

plane direction such as the RD. Because the LTD is the soft in-plane direction and the 

RD is the hard in-plane direction, RRD>RLTD  at both 450°C and 350°C. Note that the 

LTD is the width direction for a tensile specimen along the RD. The R-values at 350°C 

are less (more anisotropic for R < 1) than the R-values at 450°C for all three specimen 

orientations. This indicates that the crystallographic texture at 450°C is weaker than the 

crystallographic texture at 350°C. That observation is consistent with the observation of 

Hantzsche et al.[5], who reported that the texture of the ZEK100 alloy rolled at 450°C is 

more random than the ZEK100 alloy rolled at a lower temperature of 300°C.  
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Table 4.3.1: Measured values for the Lankford coefficient (R-value) are tabulated at 

450°C and 350°C for the TD parallel to the RD, parallel to the LTD and at 45° to both the 

RD and the LTD. 

Temperature 
(°C) 

True-Strain 
Rate (s-1) 

Specimen 
Designation 

True Strain, 
εf 

R-value 

 
 

        450 

10-2 RD 0.14 ± 0.01 0.90 ± 0.04 
 45° 0.15 ± 0.01 0.86 ± 0.05 
 LTD 0.14 ± 0.01 0.81 ± 0.04 

10-3 RD 0.24 ± 0.01 0.88 ± 0.07 
 45° 0.27 ± 0.01 0.88 ± 0.05 
 LTD 0.23 ± 0.01 0.81 ± 0.05 

 
 

        350 

10-1 RD 0.17 ± 0.01 0.78 ± 0.08 
 45° 0.15 ± 0.01 0.79 ± 0.06 
 LTD 0.18 ± 0.01 0.63 ± 0.07 

10-3 RD 0.29 ± 0.01 0.82 ± 0.05 
 45° 0.33 ± 0.01 0.79 ± 0.09 
 LTD 0.31 ± 0.01 0.67 ± 0.06 
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Figure 4.3.10: The elongation at rupture is plotted as a function of Z, calculated using Q 

= 135 kJ/mol, for specimens tested at 450°C and 350°C.  For all the tests shown, the 

tensile direction is parallel to the RD. 

Fig. 4.3.10 presents a plot of the percentage elongation at rupture against Zener-

Hollomon parameter [28], Z = �� × exp (Q/RT), where ��  is the strain rate in s-1, Q is the 

activation energy in J mol-1, R is the universal gas constant (R= 8.314 J mol-1 K-1), and T 

is absolute temperature in K. Z simultaneously accounts for the effects of both 

temperature and strain rate. Z in Fig. 4.3.10 was calculated using Q = 135 KJ mol-1, the 

activation energy for lattice self-diffusion in pure Mg [29].  While the elongation does 

not show dependence on Z for 106 s-1<Z < 7×108 s-1, elongation decreases with an 

increase in Z for 7×108 s-1 < Z < 2×1010 s-1. The Z value of 7×108 s-1 is equivalent to a 

combination of 350°C and 3×10-3s-1, at which the dominant deformation mechanism 

begins to transition from lattice self-diffusion controlled DC creep (n = 5) to pipe-

diffusion controlled DC creep (n = 7). The strain rate sensitivity, m, is defined by the 

inverse of the stress exponent, n. This decrease in elongation from approximately 150% 



 113 

to 102% with an increase in strain rate is due to a decrease in m from 0.20 to 0.14. 

4.3.5 Conclusions 

1. Dislocation climb (DC) creep with stress exponent, n, ranging from 5 to 7 is the 

dominant deformation mechanism for ZEK100 at strain rates ranging from 3×10-4 s-1 

to 10-1 s-1 for 450°C and 350°C. DC creep is controlled by lattice self-diffusion at 

450°C and rate control shifts towards pipe-diffusion at 350°C as strain rate increases. 

2. The strain hardening during DC creep is likely due to an increase in dislocation 

density , and formation of a stable necklace microstructure causing a reduction in the 

subgrain size. 

3. Deformation of ZEK100 at 450°C and 350°C exhibits significant planar anisotropy. 

The RD is the hard direction and the LTD is the soft direction in the plane of the sheet 

for deformation. Deformation along the STD is easier than the deformation along any 

in-plane direction resulting in R-values of less than 1 at both 450°C and 350°C.  

4. Ductility of ZEK100, represented by the percentage elongation at rupture, decreases 

from approximately 150% to 102% for a decrease in strain rate sensitivity from 0.20 

to 0.14. 
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Chapter 5: Static Annealing of AZ31B-H24 Alloy Sheet 

5.1 Chapter Summary 

The effects of static annealing on recovery, recrystallization and grain growth in a 

magnesium alloy sheet are investigated at 50°C to 450°C. Full recrystallization is 

observed after annealing at 250°C or higher temperatures. Recrystallized grain size 

increases with temperature through normal grain growth. Room-temperature hardness 

drops abruptly following recrystallization and then decreases with increasing grain size. 

Predictive relationships are proposed for recrystallized grain size as a function of 

temperature and time and for hardness as a function of recrystallized grain size. 

5.2 Introduction 

Wrought magnesium (Mg) alloy sheets have an enticing potential to reduce 

vehicle mass by replacing denser non-ferrous and ferrous alloy sheet materials in vehicle 

body closure panels. Among the several barriers that must be overcome to realize this 

potential, low room-temperature formability is one. Forming at elevated temperatures, 

where Mg alloy ductilities can be quite high, is a possible solution for manufacturing Mg 

closure panels with complex geometries [1], and the manufacturing implementation of 

such a technology was recently announced [2]. Forming at elevated temperatures 

inevitably produces various annealing phenomena, such as recovery, recrystallization and 

grain growth. The implementation of hot- and warm-forming processes requires 

understanding these because they not only affect forming, but they also control the final 

service properties of the formed component, including strength, hardness, ductility and 

plastic anisotropy.  
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This investigation addresses annealing phenomena in a wrought Mg alloy 

AZ31B-H24 sheet material. Recovery, recrystallization and static grain growth are 

characterized in AZ31B-H24 sheet material across temperatures from 50° C to 450°C for 

the relatively slow heating rates that may occur in the application hot- and warm-forming 

technologies. Of particular interest are the minimum temperature for recrystallization and 

the effects of static annealing on hardness and microstructure evolution. A predictive 

relationship for static grain growth, based on annealing conditions, is sought. This 

relationship is expected to be necessary to the future development of microstructure-

based constitutive models for finite-element-method simulations of hot- and warm-

forming. 

5.3 Experimental Procedure 

The material studied is a 2-mm-thick sheet of wrought Mg alloy AZ31B-H24 with 

a nominal composition of 3.1% Al, 1% Zn, 0.4% Mn, and bal. Mg, by weight. This 

material has a strong basal texture, as previously reported by Min et al. [3]. Annealing 

studies were carried out by using the undeformed grip regions of tension specimens 

tested at elevated temperatures.  The furnace used for all tests was first preheated to the 

desired test temperature, which ranged from 50 to 450°C in increments of 50°C. A 

specimen was then inserted into the furnace, and its temperature was monitored with two 

type-K thermocouples. The time to reach the desired temperature was approximately 

1500 s, which translates into heating rates in the range of 2 to 18°C/min., with slower 

rates at lower temperatures. Upon reaching the desired temperature, each specimen was 

held at that temperature for either a “short” time of 2 to 8 s or a “long” time of 300 to 
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1000 s. The short time is intended to mimic a rapid forming operation after reaching 

temperature, such as stamping, and the long time is intended to mimic a slow forming 

operation after reaching temperature, such as gas-pressure forming. Specimens were 

immediately quenched in water upon the completion of annealing. The annealing 

temperatures and “exposure times” are provided in Tables 5.1 and 5.2 for the long and 

short annealing times, respectively. The exposure time (t) was calculated by adding time 

held at temperature to the portion of the heating time for which the temperature of the 

specimen was at least 90% of the absolute test temperature, in K. 

Table 5.1.  Recrystallized grain sizes after long exposure times. RX stands for 

recrystallization.  

Temperature 
(°C) 

Exposure time,  
t (seconds) 

Grain Size, 
H	N (µm) 

450 1985 11.3 ± 0.5 
400 1744 9.0 ± 0.5 
350 1801 7.9 ± 0.4 
300 1623 7.1 ± 0.4 
250 1623 5.8 ± 0.3 
200 1562 4.5 ± 0.2 
150 1621 No RX 
100 1507 No RX 
50 1628 No RX 

 

Specimens were prepared for observation in an optical microscope using standard 

metallographic specimen preparation procedures. These included epoxy cold mounting, 

rather than hot compression mounting, to prevent the formation of twin artifacts in the 

microstructure during mounting. Two pieces of material were excised from each 

specimen. These were mounted to enable observations along both the short-transverse 

direction (i.e., to examine the plane containing the rolling and long-transverse directions) 
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and along the long-transverse direction (i.e., to examine the plane containing the rolling 

and short-transverse directions). Specimens mounted for observation along the short-

transverse direction were ground sufficiently to observe approximately the mid-plane of 

the sheet.  All specimens were ground, polished and then etched using an acetic-picric 

etchant (4.2 g picric acid, 10 ml water, 10 ml acetic acid and 70 ml ethanol). 

Table 5.2.  Recrystallized grain sizes after short exposure times. RX stands for 

recrystallization. 

Temperature 
(°C) 

Exposure Time,  
t (seconds) 

Grain Size, 
H	N (µm) 

450 965 9.2 ± 0.5 
400 973 8.5 ± 0.5 
350 969 7.8 ± 0.3 
300 965 6.5 ± 0.4 
250 966 5.3 ± 0.3 
200 967 Partial RX 
150 1022 No RX 
100 1203 No RX 
50 1082 No RX 

 

Optical metallography was performed on the etched specimens using an optical 

microscope equipped with a digital camera. The average grain size, d , was calculated by 

taking the geometric mean of lineal intercept grain size measurements along the sheet 

rolling (dRD), sheet long-transverse (dLTD) and short-transverse (dSTD) directions, as 

recommended by ASTM E 112 [4]. The uncertainty of the grain size along each 

direction, ∆d, was determined by calculating the 95% confidence limit from the standard 

error of the mean, SE, using the relationship 

∆d = 2×SE = 2 
s

√n
         (1) 
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where s is the standard deviation of the sample grain size measurements and n is 

the number of measurements acquired [5]. The uncertainty of H̅	was calculated from the 

uncertainties of dRD, dLTD, and dSTD using a standard formula for the propagation of 

uncertainty, 

J> = 4∑�K6KL9 ∆,@	
(
              (2)  

 
where xi are the variables used to calculate the parameter of interest, y, and ∆x and 

∆y are the uncertainties of x and y, respectively [5]. Specimens annealed at 200°C were 

partially recrystallized and the percentage of recrystallized grains was calculated using 

the point counting technique suggested by ASTM E1181 [6]. 

Hardness was measured using a Rockwell hardness tester with the F scale [7] and 

a tungsten carbide indenter, which provided hardness in HRF units. Five different 

hardness measurements were made in each specimen, and an average HRF value was 

calculated from these. 

5.4 Results and Discussion 

The as-received microstructure viewed along the short-transverse direction is 

shown in Figure 5.1(a). A heavily deformed microstructure with twins is evident. 

Microstructures of specimens annealed at 150, 200 and 450°C are shown in Figures 

5.1(b), (c) and (d) as views along the short-transverse direction. These show deformed, 

partially recrystallized and fully recrystallized microstructures, respectively. The 

specimen annealed at 200°C for 967 s was partially recrystallized and exhibits three 

distinct regions (A, B and C in Figure 5.1(c)). Region A contains very small grains of 
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size 1 to 2 µm, region B contains elongated grains with some twins, and region C 

contains grains of average size 5.5 ± 0.3 µm. The small grains in region A are thought to 

be remnants of the deformed microstructure that recovered without recrystallizing or 

newly recrystallized grains that did not grow. The elongated grains in region B are 

unrecrystallized, deformed grains that have undergone only recovery. The grains in 

region C are fully recrystallized. The percentage of recrystallized grains at 200°C 

increases from 78 % at a short exposure time of 967 s to 95 % at a long exposure time of 

1562 s. Temperatures of 250 to 450°C produced complete recrystallization. The 

recrystallized grains are generally equiaxed; see Figure 5.1(d).  All additional 

microstructures obtained are presented in Appendix 5.A. 

Grain sizes measured after annealing are reported in Tables 5.1 and 5.2. Grain 

size steadily increases with annealing temperature from 4.5 ± 0.2 µm at 200°C to 11.3 ± 

0.5 µm at 450°C for the long exposure times, and from 5.3 ± 0.3 µm at 250°C to 9.2 ± 0.5 

µm at 450°C for the short exposure times. Figure 5.2 presents the logarithm of grain size 

versus the logarithm of temperature-adjusted time, t×exp(-Q/RT), where t is the total 

exposure time in seconds, Q is the activation energy in kJ/mol, R is the universal gas 

constant (8.314 J/mol.K) and T is the temperature in Kelvin. The activation energy, Q, is 

assumed to be 80.8 kJ/mol; this is the activation energy reported for grain growth in a hot 

rolled Mg AZ31 alloy by Miao et al. [8]. Figure 5.2 illustrates a fit of the form shown in 

Equation 3 to experimental data, where H̅ is the average grain size in µm, A is a constant, 

t×exp(-Q/RT) is temperature-adjusted time in seconds, and 1/n is the inverse grain-growth 

exponent.  
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Figure 5.1: Photomicrographs are shown of the AZ31-H24 material (a) as-received, (b) 

annealed at 150°C for 1621 s, (c) annealed 200°C for 967 s and (d) annealed at 450°C for 

965 s. Region A  in (c) consists of grains that only recovered or newly recrystallized 

grains that did not grow. Region B shows elongated, deformed grains that have only 

undergone recovery. Region C shows recrystallized grains. The sheet rolling direction 

(RD) is vertical, and the long-transverse direction (LTD) is horizontal. 

H̅=A×(t×exp(-
Q

RT
))

1

n    (3) 
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Fitting Equation 3 to the data produces A = 21.6 µm s-1/n and 1/n = 0.12. Figure 

5.2 demonstrates that Equation (3) reasonably represents the data. However, the 1/n 

value of 0.12 is different from that of 0.25 determined by Miao et al. for Mg AZ31 [8]. A 

possible reason for this difference is that the starting microstructure is not recrystallized, 

unlike that of Miao et al. Because recrystallization must occur before static grain growth, 

there is less time for static grain growth in the present study. The heating rates of this 

study, approximately 2 to 18°C/min., are significantly slower than those of Miao et al., a 

natural result of the different intents of these two studies. Even though theory predicts an 

inverse grain-size exponent of 1/n = 0.5 [9], experimentally measured values of 1/n for 

static grain growth are usually less than 0.5 [10]. For example, the value of 1/n measured 

in high-purity Al is 0.25 [11]. The reason for lower 1/n values can be attributed to a 

variety of causes [10]. Those applicable to the sheet material of this study include alloy 

additions, impurities, particle pinning of grain boundaries and texture effects. The strong 

basal texture [3] of this material may reduce the rate of grain growth, leading to a low 1/n 

value. 
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Figure 5.2: Recrystallized grain size is shown as a function of temperature-adjusted time,  

t×exp(-Q/RT) with Q=80.8 KJ/mol [8], on dual logarithmic scales. 

Hardness and grain size are shown as functions of test temperature in Figure 5.3. 

These data show little difference between short and long exposure times except at 450°C, 

the highest annealing temperature, which is consistent with the grain sizes reported in 

Tables 1 and 2. Hardness remains constant at approximately 70 to 72 HRF in specimens 

annealed at temperatures up to 150°C. Hardness drops abruptly for the specimens 

annealed 200°C, the temperature at which recrystallization begins. Hardness continues to 

decrease as the annealing temperature increases, reaching a low value of 48 HRF for the 

longest annealing time at the highest temperature, 450°C. A Hall-Petch type relationship 

[12, 13] was fit to the hardness versus recrystallized grain size data as follows:  

 HRF=18.7+ 
97.9

OdP  (4) 

Here, HRF is the hardness on the Rockwell F scale and H̅ is the average 

recrystallized grain size in µm.  The data and resulting fit are shown in Figure 5.4. The fit 
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parameters of Equation 4, 18.7 and 97.9, have associated standard errors of 7% and 3%, 

respectively. 

 

 
Figure 5.3: Hardness and average recrystallized grain size are shown as functions of 

temperature. For values of long and short exposure times at each temperature, please see 

Tables 1 and 2.  
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Figure 5.4: Hardness is shown as a function of average recrystallized grain size. 
 

 

5.5 Conclusions 

Data from annealing of 2-mm-thick wrought Mg alloy AZ31B-H24 sheet 

produced the following new insights. 

1. For the annealing times investigated, recrystallization begins at approximately 

200°C, but only specimens annealed at 250°C and higher fully recrystallized. 

2. Static grain growth occurs following recrystallization at temperatures from 250 to 

450°C. 

3. The inverse grain growth exponent is calculated to be 0.12, which is about half of 

the value reported elsewhere for hot rolled Mg AZ31. 

4. A Hall-Petch type relationship exists between the room-temperature hardness and 

the recrystallized grain size. 
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Chapter 6: Forming Limit Diagrams and Rupture Mechanisms 

6.1 FORMING LIMIT DIAGRAMS FOR AZ31B-H24 AND ZEK100 ALLOY SHEETS 

6.1.1 Chapter Summary 

Modern design and manufacturing methodologies for magnesium (Mg) sheet 

panels require formability data for use in CAD/CAE (computer aided design and 

computer aided engineering) tools.  To meet this need, forming-limit diagrams (FLDs) 

for AZ31B and ZEK100 wrought Mg alloy sheets were developed at elevated 

temperatures for strain rates of 10-3 and 10-2 s-1. The elevated temperatures investigated 

range from 250 to 450°C for AZ31B and 300 to 450°C for ZEK100. The FLDs were 

generated using data from uniaxial tension, biaxial bulge, and plane-strain bulge tests, all 

carried out until specimen rupture. The unique aspect of this study is that data from 

materials with consistent processing histories were produced using consistent testing 

techniques across all test conditions. The ZEK100 alloy reaches greater major true strains 

at rupture, by up to 60%, than the AZ31B alloy for all strain paths at all temperatures and 

strain rates examined. Formability limits decrease only slightly with a decrease in 

temperature, less than 30% decrease for AZ31B and less than 35% decrease for ZEK100 

as temperature decreases from 450 to 300°C. This suggests that forming processes at 250 

to 300°C are potentially viable for manufacturing complex Mg components. 

6.1.2 Introduction 

Wrought magnesium (Mg) AZ31B alloy sheet, the most commonly available 

rolled Mg alloy sheet, is being investigated for potential use in automotive applications. 
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For example, the formability and structural integrity of an AZ31B decklid inner panel 

using a hot blow forming process has already been demonstrated for application in a 

ground transportation vehicle [1, 2]. The AZ31B alloy, like other wrought Mg alloys, has 

high strength- and stiffness-to-weight-ratios compared to many steel and aluminum alloy 

sheets [3]. Thus, increased use of Mg may provide a significant reduction in the overall 

mass of a vehicle [4]. Vehicle light-weighting offers several performance advantages, 

which include improved fuel economy and handling and reduced greenhouse gas 

emissions. The extended range facilitated by the use of lightweight materials, such as Mg, 

is also beneficial for vehicles with alternative propulsion systems based upon fuel cells or 

batteries. 

A critical challenge for introducing wrought Mg materials into vehicle structures 

is formability. The room-temperature formability of Mg alloys is hampered by the limited 

number of slip systems available in the hexagonal-close-packed (HCP) crystal structure. 

At room temperature, only two independent basal slip systems are typically active along 

with one non-basal system (twinning). Solute additions may provide a small amount of 

additional ductility by promoting some non-basal slip [5, 6]. The basal-slip systems alone 

are not sufficient to produce a ductile polycrystalline material, as per the Taylor 

criterion [7]. Also, the strong basal fiber texture typical of rolled Mg alloys [8] 

contributes to significant normal anisotropy at room temperature [9, 10]. Additional (non-

basal) slip systems are activated at elevated temperatures [11], and these contribute to 

ductility improvement at 225°C and higher temperatures [12, 13]. The deformation 

behavior of wrought, fine-grained Mg alloy sheet materials was previously investigated at 
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450°C, a temperature at which the formability of these materials is very high [14]. 

However, lower forming temperatures offer several practical advantages, including 

considerable savings in energy, easier lubrication, reduced manufacturing process 

complexity, better geometric tolerances and easier part handling. Investigation of Mg 

alloy forming behavior below 450°C is therefore important.   

          Several studies of Mg sheet formability are documented in the literature. 

For example, Abu-Farha et al. [15] used pneumatic stretching through elliptical die 

inserts to generate forming-limit diagrams (FLDs) at 400°C and 5×10-3 s-1 for AZ31B Mg 

sheet materials produced either with direct-chill or twin-roll continuous casting. Oxide 

stringers in one of the Mg materials were observed to severely limit high-temperature 

formability. Hsu et al. [16] generated FLDs at 300°C for annealed Mg AZ31B sheet 

material using limiting dome height (LDH) tests at a constant punch speed of 0.127 mm 

s-1. They observed a high formability with an LDH-to-diameter ratio of 0.59 to 0.64. Kim 

et al. investigated [17] the formability of Mg AZ31B by constructing FLDs at 

temperatures from 25 to 300°C using punch-stretching tests at a constant punch speed of 

0.1 mm s-1.  Chen et al. [18] constructed FLDs for AZ31B Mg at 100 to 300°C, also 

using punch-stretching tests. These authors observed that the formability of AZ31B at 

temperatures above 200°C is much greater than its formability at lower temperatures [17, 

18], with up to a 160% increase in the major strain of the forming limit curve (FLC) as 

the temperature was raised from 100 to 200°C. This is consistent with the activation of 

pyramidal slip systems at temperatures above 200°C [17]. Neil et al. [19] used a crystal-

plasticity-based model to construct FLDs for AZ31B at 20 to 200°C and observed that 
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the formability improved dramatically from room temperature to 150°C. They attributed 

this to an increase in strain-rate sensitivity. However, they also found that the FLCs do 

not rise significantly from 150 to 200°C and attributed this to the trade-off between strain 

hardening and strain-rate hardening [19]. Chino et al. [20] used punch stretching tests to 

construct FLDs of Mg AZ31B with different grain sizes at 250°C. They observed that the 

material with the smallest grain size had the highest formability. Liu et al. [21] developed 

FLDs for an Mg ZK60 alloy sheet in the 200 to 350°C range using uniaxial tensile tests 

and the Marciniak-Kuczynski (MK) analysis and observed that formability increases with 

increasing temperature. These and other studies documented in the literature demonstrate 

the different methodologies used for the construction of FLDs [15-21], and they point to 

the critical role of temperature in enhancing Mg sheet formability through the activation 

of non-basal slip systems in the HCP lattice. An additional process variable that must 

ultimately be considered for conditions involving sheet/die and/or sheet/punch contact is 

friction which can have a substantial impact on formability. 

Rare-earth additions to wrought Mg alloys [22], either as misch metal (an alloy 

containing various rare elements, such as La, Ce, Nd, and Pr,) or in elemental form, have 

been identified as a potential route to soften the basal texture of rolled Mg sheet and, 

thereby, increase formability [9, 23-24]. For example, Mg ZEK100 sheet, which contains 

Nd, has a weakened basal texture and higher room-temperature formability than AZ31B 

sheet [23]. Min et al. [9] and Bohlen et al. [25] investigated the tensile properties, 

anisotropy and texture of Mg ZEK100 at room temperature. They observed that the yield 

strength varies with tensile axis orientation. The highest tensile yield strength was noted 
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for tension along the rolling direction, i.e. the 0° orientation, while the lowest yield 

strength was noted at 90° to that orientation for both the F and O tempers. The ultimate 

tensile strength exhibited only minor sensitivity to tensile axis orientation. At 225°C, 

ZEK100 affords a superior limiting draw ratio (LDR) of approximately 3 [26, 27] relative 

to approximately 2 [26] for AZ31B. Ertürk et al. [28] tested ZEK100 in uniaxial tension 

and compression from 300 to 500°C and used their data to predict extrusion forming at 

300°C.  However, studies on the formability of rare-earth-containing Mg alloys involving 

the 300 to 450°C temperature range are limited [29]. 

Forming limit diagrams quantify the effects of stress state on failure strain for 

different strain paths at particular deformation conditions, typically at constant 

temperature and strain rate. The FLCs that establish the boundary between successful 

forming and failure (e.g. necking) are very useful for finite element simulations aimed at 

designing sheet forming processes [15]. The failure strains in FLDs are either for necking 

or rupture [30-32]. The present study is intended to obtain FLDs based on rupture only. 

While FLDs of AZ31B are available at a limited number of temperatures and strain 

rates/punch speeds, FLDs for ZEK100 have been only been reported at room temperature 

[33]. Forming limit diagrams for different materials at the same deformation conditions, 

or for the same material under different deformation conditions, provide a means of 

directly comparing formabilities. However, for such comparisons, it is very important 

that the same set of experimental tools and alloys with the same processing history be 

used. Forming limit diagrams reported in the literature across the range of temperatures 

and strain rates of interest to the present investigation either use materials with differing 
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processing histories [15, 16, 20] or they do not follow consistent experimental 

methodologies [15-18, 20]. This is problematic because different experimental techniques 

produce different values for formability. The present study is intended to address this 

situation by using consistent experimental techniques and the same materials across the 

range of test conditions chosen for study.  

The purpose of this investigation is to generate FLDs for AZ31B and ZEK100 at 

250 to 450°C and 300 to 450°C, respectively, for strain rates of 10-3 and 10-2 s-1. FLDs at 

250°C were not generated for ZEK100, because of pressure limitations for the bulge 

testing equipment. This study is primarily motivated by the need to determine how much 

of a reduction in temperature from 450°C is possible for successful forming of AZ31B 

and ZEK100 wrought sheet materials into components of practical interest. By 

developing FLDs for both the AZ31B and ZEK100 alloy sheets under identical test 

conditions, a direct comparison of their formabilities is possible. Forming limit diagrams 

were generated using uniaxial tension and gas-pressure bulge test geometries that 

generate balanced biaxial tension and a plane-strain state.  Each test was terminated at 

rupture.    

6.1.3 Experimental Procedures 

Materials 

The AZ31B sheet used for most experiments in the present study was 2 mm thick. 

A 1.28-mm-thick AZ31B rolled alloy sheet was used as a substitute for the 2-mm-thick 

sheet in plane-strain bulge testing at 300°C to reduce the pressure required for forming. 
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Both the 1.28-mm and 2-mm-thick AZ31B alloy sheets had the same composition, and 

each was produced by the same manufacturer and supplied in the same H24 temper (cold 

rolled and partially annealed). Because the AZ31B-H24 alloy sheets had a highly 

deformed microstructure, average grain sizes could not be measured in the as-received 

condition. The ZEK100 alloy sheet material was 1.57 mm thick and was supplied by the 

same manufacturer, but in the F temper (as-fabricated). Even though the ZEK100 alloy 

sheet had a slightly deformed microstructure with a number of twins, the grain 

boundaries were clearly discernable from the twin boundaries. The average lineal-

intercept grain size for this material was measured to be 15.3 µm [9]. The compositions 

of both alloys, as provided by the supplier, are reported in Table 6.1.1. The as-received 

microstructures of these materials were reported in Ref. [9]. 

Table 6.1.1: Compositions are shown in wt. pct. for the (a) AZ31B and (b) ZEK100 

alloys. 

(a) AZ31B    (b) ZEK100 

Tensile Testing 

Tensile “dog bone” specimens with a gage length of 25 mm, gage width of 6 mm, 

shoulder radius of 3.2 mm and a gage thickness equal to the thickness of the as-received 

sheet material were machined from both the 2-mm-thick AZ31B and the 1.57-mm-thick 

ZEK100 sheets. The AZ31B specimens were produced with the tensile axis perpendicular 

(90°) to the sheet rolling direction (RD), such that the tensile axis was parallel to the 

long-transverse direction (LTD) of the sheet. The ZEK100 specimens were produced 

Al Zn Mn Mg 
3.1 1.1 0.42 bal. 

Zn Nd Zr Mg 
1.3 0.2 0.25 bal. 
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with the tensile axis parallel (0°) to the RD. The orientations of the tensile specimens for 

both the AZ31B and ZEK100 sheets were chosen such that the tensile axis was parallel to 

the hard in-plane direction, as per the information provided in Ref. [9]. Tensile tests were 

conducted using a computer-controlled, servohydraulic test frame with a three-zone 

resistance furnace for heating the specimen and grip assembly. Prior to testing, the 

furnace was preheated to the desired test temperature. After the furnace reached the 

desired test temperature, a tensile specimen was inserted into the furnace and held until it 

reached the test temperature. Specimen temperature was monitored with two type-K 

thermocouples, one at either end of the specimen gage length, in direct contact with the 

specimen. The time required for the specimen to stabilize at the desired test temperature 

varied from 20 to 26 min. Once the tensile specimen reached the test temperature, it was 

deformed to rupture at a constant true-strain rate of either 10-3 s-1 or 10-2 s-1. Constant 

true-strain rates were achieved by varying the piston rate during testing, as per 

calculations that assume constant specimen volume and uniform deformation. Load and 

displacement were measured throughout each test. After rupture, each tensile specimen 

was immediately quenched in water, to preserve the microstructure for analysis (not 

presented in this paper). An untested AZ31B tensile specimen is shown in 

Figure 6.1.1(a), and an AZ31B specimen tested at 450°C and 10-3 s-1 is shown in 

Figure 6.1.1(b).  Note the diffuse neck that develops during elongation in Figure 6.1.1(b). 
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Figure 6.1.1: Images show (a) an untested AZ31B tensile specimen and (b) an AZ31B 

tensile specimen tested to rupture at 450°C and a constant true-strain rate of 10-3 s-1. 

Gas-Pressure Bulge Testing 

Gas-pressure bulge tests were designed to produce data for the right side, positive 

minor strain, of the FLDs for each material. Tests were conducted at constant gas 

pressure, with negligible friction for the case of the biaxial geometry [15]. The tests were 

conducted using two instruments that form a sheet blank by gas pressure at elevated 

temperature into an open die of a specific shape. One instrument uses an open cylindrical 

die with a 100-mm inner diameter to produce dome shapes. This is the biaxial bulge test 

geometry, in which the dome pole experiences approximately balanced-biaxial tension. 

The stress state gradually changes down the slope of the dome toward the sealing bead, 

where a nearly plane-strain state exists. The second test instrument is an open die with a 

rounded rectangular opening of 254mm×51 mm for forming specimens into an elongated 

bulge that produces an approximately plane-strain condition. Prior to testing, a 

convective furnace heated the die set to the desired test temperature. A type-K 

thermocouple attached to each die monitored temperature. Once the dies reached the 

desired temperature, either an AZ31B or ZEK100 blank was inserted, and the dies were 

clamped together to form a sealing bead with the blank. The blank was held in the dies 
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for a time sufficient to reach the desired test temperature. A prescribed gas pressure was 

then applied to form the blank into the die cavity. All tests were conducted until rupture, 

which was determined by the leakage of gas pressure, as described in Ref. [15]. Both 

AZ31B and ZEK100 specimens were tested to rupture using different gas pressures at 

each test temperature to measure rupture time as a function of pressure normalized by the 

initial sheet thickness.  Thickness strains were measured near the rupture. Average true-

strain rates were then calculated by dividing the rupture time into the true strain measured 

near rupture. These data were used to choose the pressures required to obtain the desired 

strain rates of 10-3 and 10-2 s-1 for bulge tests. After rupture, the die halves were 

unclamped, and the specimen was removed from the apparatus and allowed to air cool. 

Figure 6.1.2 shows (a) biaxial and (b) plane-strain bulge specimens after testing. Rupture 

typically occurred at the dome pole of the biaxial bulge specimens. Because of frictional 

effects in the plane-strain geometry, rupture of the plane-strain bulge specimens occurred 

at the line of contact between the die and the unsupported region of the specimen, as 

shown in Figure 6.1.2. Similar rupture behavior was observed when these test geometries 

were used to create FLDs of aluminum AA5083 alloy sheet [34, 35]. 
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Figure 6.1.2: Photographs show (a) biaxial and (b) plane-strain bulge specimens of 

AZ31B alloy sheet tested at 450°C. The rupture in (b) occurred on one side of the 

specimen at the line of contact between the die and the unsupported region of the 

specimen. The curve length used to calculate the minor strain in plane-strain forming is 

shown in white for (b). 

FLD Construction 

The width and thickness of the tensile specimens near rupture and the thickness of 

the bulge specimens near rupture were measured after testing to create FLDs at various 

temperatures and strain rates. As a result, all FLDs from this study include FLCs based 

only on ruptured specimens. Although not pursued here, another method is to measure 

the major and minor strains from a circle grid etched on the sheet [30]. The major strain, 

εmaj, and minor strain, εmin, were calculated from measurements of thickness strain, εt, for 

the bulge specimens. Thickness was measured at four different locations within 3 mm of 

the rupture on each specimen, and εt was calculated as, 









=

0

ln
t

t f

tε
  (1) 

where t0 is the original thickness of the sheet and tf is the average final thickness 

adjacent to rupture. The sheet thickness in the vicinity of the rupture was always less than 
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the original sheet thickness; thus, εt was always negative. For tensile specimens, the 

width strain, εw, equal to εmin in the FLD, is calculated as follows, 









=

0
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w

w f

wε
  (2) 

where w0 is the original gage section width of the tensile specimen and wf is the 

final width adjacent to the rupture. The other strains were not directly measured in the 

present study. However, they can be calculated from Eqs. (1) and (2) assuming volume 

conservation in plastic flow. By this method, εmaj is then, 

twmaj εεε −−=   (3) 

For the biaxial bulge geometry, εmaj and εmin are assumed to be equal at the dome 

pole, where rupture occurs, and εmaj is then 

2min
t

maj

ε
εε −==

 (4) 

In the plane-strain bulge geometry, a small positive minor strain developed in the 

sheet because the plane strain die is not infinitely long. This minor strain was estimated 

by measuring the curve length of the plane strain dome along its longest direction using a 

measurement tape; see the white curve in Figure 6.1.2(b). The value of εmin was then 

calculated as 









=

0
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l

l fε
  (5) 
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Where lf  is the measured curve length along the centerline of the long axis of the 

formed specimen, and l0 is the “original” length of 254 mm. The major strain in the 

plane-strain test is then, 

tmaj εεε −−= min  (6) 

6.1.4 Results and Discussion 

Relationship between Average True Strain Rate and Pressure  

 Biaxial and plane-strain bulge tests were designed to achieve specific 

desired strain rates at the locations where ruptures occurred. This required determination 

of the relationship between applied pressure and strain rate for each test temperature and 

geometry.  The effect of initial sheet thickness was accounted for by normalizing the 

applied pressure with the initial sheet thickness.  To establish this relationship, biaxial 

and plane-strain bulge tests were conducted at various pressures and fixed temperatures 

for both the AZ31B and ZEK100 alloy sheets. Figure 6.1.3 shows the relationships 

determined between the true strain rate and pressure normalized by the initial sheet 

thickness. Figures 6.1.3a and b present data from AZ31B biaxial and plane strain bulge 

tests, and Figs. 6.1.3c and d present data from ZEK100 biaxial and plane strain bulge 

tests. The true-strain rate increases exponentially as the pressure/thickness ratio increases 

for all test conditions. The equations fit to these data, shown in Figure 6.1.3, were used to 

choose gas pressures that achieve the desired strain rates. 
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Figure 6.1.3: The true-strain rate is plotted against forming pressure normalized by the 

initial sheet thickness for (a) AZ31B, biaxial, (b) AZ31B, plane-strain, (c) ZEK100, 

biaxial, and (d) ZEK100, plane-strain bulge tests at different temperatures.  The 1.28-

mm-thick AZ31B sheet was used for the plane-strain bulge testing at 300°C and the 2-

mm-thick AZ31B sheet was used for all the other tests. In the fitted equations shown at 

the top of each plot, ‘y’ is the true strain rate in s-1 and ‘x’ is the pressure/thickness ratio 

in MPa mm-1.   
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Effect of Sheet Thickness on Formability Limits 

The AZ31B and ZEK100 alloy sheets have different initial thicknesses. In order 

to compare their FLDs, it must be verified that a change in sheet thickness alone does not 

affect forming limits. Because of pressure limitations for the plane-strain bulge testing 

instrument (2 MPa maximum), a 1.28-mm-thick AZ31B alloy sheet was used as a 

substitute for the 2-mm-thick AZ31B alloy sheet in tests at 300°C. To study the effect of 

sheet thickness, plane strain bulge tests were conducted using both the 2-mm- and 1.28-

mm-thick AZ31B alloy sheets at 350°C for three identical pressure/thickness ratios. The 

results, which are presented in Table 6.1.2, show that for a similar pressure/thickness 

ratio, both the 2-mm- and 1.28-mm- thick AZ31B alloy sheets rupture at a similar time 

and produce a similar true thickness strain at rupture. Because these data show that sheet 

thickness alone does not significantly affect rupture behavior, we may directly compare 

the FLCs for these two different thicknesses. 

Table 6.1.2: Data are shown for plane-strain bulge tests at 350°C for AZ31B alloy sheets 

with two different thicknesses, t0 (mm). Note that P is forming pressure (MPa), P/t0 is 

pressure/thickness ratio and εt is the true strain near the rupture. 

t0(mm) P(MPa) P/t0(MPa mm-1) Rupture time (s) εt True-strain rate(s-1) 

2 

1.448 0.724 1449 -1.05 7×10-4 

1.655 0.828 720 -0.97 1.3×10-3 

1.862 0.931 439 -0.98 2.2×10-3 

1.28 

0.931 0.727 1370 -1.07 8×10-4 

1.069 0.835 706 -0.98 1.4×10-4 

1.207 0.943 406 -0.94 2.3×10-3 
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Forming Limit Diagrams 

The rupture-based FLDs produced from uniaxial, balanced-biaxial bulge and 

plane-strain bulge tests at 10-3 s-1 and 10-2 s-1 are shown for AZ31B and ZEK100 alloy 

sheets in Figures 6.1.4 and 6.1.5, respectively. The test temperatures range from 250 to 

450°C for AZ31B and from 300 to 450°C for ZEK100. An approximate FLC is drawn by 

connecting the uniaxial, biaxial and plane-strain data points. The shape of the FLC is 

different from the “V-shaped” curves that are commonly reported at room 

temperature [30] because the lowest major true strain occurs under balanced-biaxial 

tension rather than under plane-strain conditions. The same observation was made for 

some of the FLDs obtained by Kulas et al. for fine-grained aluminum alloy AA5083 

sheet [35] at 450°C and 500°C and by Abu-Farha et al. [15] for AZ31B at 400°C. In hot 

forming, the balanced-biaxial point on the FLD is typically lower than the plane-strain 

point because of the increasingly deleterious effect of cavitation on rupture strain with 

increasing hydrostatic tensile stress. 

Forming Limit Curves 

The FLCs for the AZ31B and ZEK100 alloy sheets are compared at both test 

strain rates, 10-3 and 10-2 s-1, and four constant temperatures in Figure 6.1.6. At 

temperatures between 300 and 450°C, the ZEK100 sheet exhibits greater formability (up 

to 60 % greater major true strain at rupture) than the AZ31B sheet. An increase in strain 

rate from 10-3 to 10-2 s-1 produces little difference in forming limits at constant 

temperature, as shown in Figs. 6.1.6a-d. This suggests that the faster strain rate of 10-2 s-1 

might be used for forming Mg sheet without a significant sacrifice in formability.  
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Figure 6.1.4: FLDs of AZ31B are shown for (a) 450°C and 10-3 s-1, (b) 450°C and 10-2 s-

1, (c) 350°C and 10-3 s-1, (d) 350°C and 10-2 s-1, (e) 300°C and 10-3 s-1, (f) 300°C and 10-2 

s-1, (g) 250°C and 10-3 s-1, and (h) 250°C and 10-2 s-1. 
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Figure 6.1.5: FLDs of ZEK100 are shown for (a) 450°C and 10-3 s-1, (b) 450°C and 10-2 

s-1, (c) 350°C and 10-3 s-1, (d) 350°C and 10-2 s-1, (e) 300°C and 10-3 s-1, and (f) 300°C 

and 10-2 s-1. 

To study the effect of temperature, FLDs for both AZ31B and ZEK100 are 

compared at the faster strain rate of 10-2 s-1 in Figure 6.1.7. This comparison suggests that 

a decrease in temperature decreases the formabilities of both AZ31B and ZEK100, as 

expected. However, it is noted that this decrease in formability is not particularly large. 

The differences between the maximum and minimum temperatures produce < 30% and < 
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35% decreases in major true strain at rupture for AZ31B and ZEK100, respectively, as 

shown in Figs. 6.1.7a and b. This suggests that warm forming operations at 250 to 300°C, 

such as warm stamping or press quenching [36, 37], are potentially viable techniques to 

manufacture complex automotive components from these materials. 

 

Figure 6.1.6: The FLCs of AZ31B and ZEK100 at 10-2 s-1 and 10-3 s-1 are compared at (a) 

450°C, (b) 350°C, and (c) 300°C. The FLCs of AZ31B at 10-2 s-1 and 10-3 s-1 are shown 

at 250°C in (d). 
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Figure 6.1.7: The FLCs at 10-2 s-1 are compared at different temperatures for (a) AZ31B 

and (b) ZEK100. 

6.1.5 Conclusions 

1. Rupture-based forming-limit diagrams generated in this study indicate that the 

formability of Mg ZEK100 exceeds (up to 60 % higher major true strain at rupture) 

that of Mg AZ31B for all strain paths (uniaxial tension, biaxial bulge, and plane-

strain bulge), across the temperatures (300 to 450°C) and strain rates (10-3 and 10-2 s-

1) examined.   

2. Forming limits decrease only slightly (< 30% and < 35% decreases in major true 

strain at rupture for AZ31B and ZEK100, respectively) with decreasing temperature 

in the range of temperatures examined (from 450 to 250°C in AZ31B and 450 to 

300°C in ZEK100). This suggests the possibility of manufacturing relatively complex 

part geometries by forming at temperatures as low as 250 to 300°C (e.g. through 

warm stamping). 

3. Forming limits do not change significantly in either material as strain rate increases 

from 10-3 s-1 to 10-2 s-1 for a fixed temperature. This suggests that the faster strain rate 
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of 10-2 s-1 might be used to form components without a significant sacrifice in 

formability. Further investigations of the formability for these alloy sheets at strain 

rates faster than 10-2 s-1 should be undertaken. 

4. Plane-strain bulge tests of two AZ31B alloy sheets, differing only in initial sheet 

thickness, at 350°C suggest that sheet thickness does not affect rupture-based 

formability limits. 
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6.2 RUPTURE MECHANISMS IN AZ31B-H24 ALLOY SHEET 

6.2.1 Chapter Summary 

Gas-pressure bulge tests were conducted on Mg alloy AZ31B-H24 wrought sheet 

until rupture at temperatures from 250 to 450°C. The rupture orientation was observed to 

change with forming pressure, which controls the forming strain rate, at 350 to 450°C.  

This phenomenon is a result of associated changes in the mechanisms of plastic 

deformation. At slow strain rates (≤ 3×10-2 s-1), cavity interlinkage associated with grain 

boundary sliding (GBS) creep induced rupture along the sheet rolling direction (RD). At 

fast strain rates (≥ 3×10-2 s-1), flow localization (necking) associated with dislocation-

climb-controlled (DC) creep induced rupture along the long-transverse direction (LTD), a 

result of mild planar anisotropy. Biaxial bulge specimens tested at 250 to 300°C ruptured 

explosively, preventing any further analysis. 

6.2.2 Introduction 

Wrought magnesium alloy sheets have high strength- and stiffness-to-weight-

ratios compared to traditional steel and aluminum alloys [1]. Increased use of Mg can 

provide a significant reduction in the overall mass of a vehicle [2]. Vehicle light-

weighting offers several performance advantages, which include improved fuel economy 

and reduced greenhouse gas emissions [3-6]. The extended range facilitated by the use of 

lightweight materials, such as Mg, is also beneficial for vehicles with alternative 

propulsion systems based upon fuel cells or batteries, for example. 

Because of limited room-temperature ductility, forming of magnesium alloy sheet 

at elevated temperatures, where ductility is quite high, is of interest.  Potential 
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commercial hot-forming processes include gas-pressure forming, such as with 

superplastic forming and quick-plastic forming techniques [7, 8], and hot-die stamping.  

This study is primarily interested with the former.  For gas-pressure forming, a sheet 

metal blank is clamped between two hot dies, and the sheet is formed into a cavity in one 

die using gas pressure [9].  The performance of a sheet material in such a forming process 

can be studied in the laboratory using the gas-pressure bulge test, for which the sheet is 

formed into an open cylindrical cavity. The stress states that occur in the sheet during 

gas-pressure bulge tests are characteristic of those that occur during hot gas-pressure 

forming of automotive components in manufacturing practice [10].  The die geometry in 

these tests can be tailored to form the sheet along a chosen strain path. For example, a 

cylindrical die is used to produce balanced biaxial tension at the bulge apex. Biaxial 

bulge testing is one type of test that can be used in constructing forming limit diagrams 

(FLDs). These tests can produce a nearly constant strain rate at the dome pole while 

avoiding any significant frictional effects, as the forming bulge does not contact the die 

cavity wall beyond a region of relief near the sealing bead [11]. Carpenter et.al. used 

biaxial bulge forming experiments to validate physics-based material models that predict 

the forming of AZ31B-H24 sheet at 450°C [12]. 

Cavity interlinkage and necking are the two mechanisms that control rupture in 

uniaxial tension tests of AZ31B sheet at elevated temperatures [13]. At 350 to 450°C, 

AZ31B deforms primarily by grain boundary sliding (GBS) creep at slow strain rates and 

by five-power dislocation-climb (DC) creep at fast strain rates [14]. Cavity interlinkage is 
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associated with GBS creep [15] and, necking is associated with DC creep in AZ31B 

sheet.  

The rupture behavior during biaxial bulge testing of AZ31B at 250 to 450°C is 

analyzed in this study. Metallography and EBSD studies are used to relate the change in 

rupture direction from along the sheet rolling direction (RD) to the sheet transverse 

direction (LTD) at 350 to 450°C to the underlying physics of deformation.  

6.2.3 Experimental Procedure 

Material 

The material of this investigation is a 2-mm-thick AZ31B rolled alloy sheet 

supplied in the H24 temper [16]. The as-received microstructure is highly deformed, as 

shown in Figure 6.2.1. Hence, the average grain size could not be measured in the as-

received condition. The composition of the alloy, as provided by the supplier, is given in 

Table 6.2.1.     

 
 

Figure 6.2.1: The as-received microstructure of AZ31B is shown. 
 
 
 

LTD 

RD 
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Table 6.2.1: Composition of the AZ31B sheet material in wt. pct. 
 

Al Zn Mn Fe Cu Ni 

3.1 1.0 0.42 0.006 0.003 <0.003 
Si Ca Be Sr Ce Mg 

<0.1 <0.01 <0.005 <0.005 <0.01 Bal. 
  

 

Gas-Pressure Biaxial Bulge Testing 

 
Gas-pressure biaxial bulge testing was conducted using a custom instrument. This 

instrument forms a sheet blank at elevated temperature by gas pressure into an open 

cylindrical die with a 100-mm inner diameter to produce dome shapes. The dome pole 

experiences approximately balanced-biaxial tension. The stress state gradually changes 

down the slope of the dome toward the sealing bead, where a nearly plane-strain state 

exists. Prior to testing, a convective furnace heats the die set to the desired test 

temperature. A K-type thermocouple attached to each die monitors temperature. Once the 

dies reach the desired temperature, an AZ31B sheet blank is inserted, and the dies are 

then clamped together to form a sealing bead with the blank. The blank is held in the dies 

for a time sufficient to reach the desired test temperature. A prescribed gas pressure is 

then applied to form the blank into the die cavity. All tests were conducted until rupture, 

as determined by the leakage of gas pressure, as in Ref [11].  Figure 6.2.2 shows (a) the 

die setup used for biaxial bulge testing and (b) a tested specimen. Rupture typically 

occurred at the dome pole of the biaxial bulge specimens. Thickness strains were 

measured near the rupture. Average true-strain rates were then calculated by dividing 

rupture time into true strain near rupture. After rupture, the die halves are unclamped and 

the specimen is removed from the apparatus and allowed to air cool. 
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Figure 6.2.2: (a) The biaxial bulge testing dies and (b) a tested specimen are shown. 
 
Metallography 

In order to examine the cross-section near rupture, tested biaxial bulge domes 

were sectioned perpendicular to the rupture orientation, and the sections were mounted in 

epoxy for metallographic examination. A specimen that ruptured along the RD was 

mounted to view the LTD-Short transverse direction (STD) plane, and a specimen that 

ruptured along LTD was mounted to view the RD-STD plane. All specimens were 

ground, polished, and then etched in an acetic-picric etchant (4.2 g picric acid, 10 ml 

water, 10 ml acetic acid and 70 ml ethanol) to reveal grain boundaries. Optical 

photomicrographs were obtained from the etched specimens using a Nikon EPIPHOT 

microscope equipped with a digital camera.  

Electron Back Scattered Diffraction (EBSD) 

For EBSD analysis, the annealed AZ31B alloy sheet was polished using a 

sequence of oil-based diamond suspensions of 9, 3, and 1 µm, respectively. This was 

followed by fine-polishing using colloidal silica. Finally, a 1 to 2 s etch using a solution 

of 60 ml ethanol, 20 ml distilled water, 15 ml acetic acid, and 5 ml nitric acid was 
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applied. The EBSD data were collected in a Philips/FEI XL30 SEM at a voltage of 20 

kV. A pole figure was calculated from the EBSD data using the MTEX open source 

toolbox for Matlab [17]. 

6.2.4 Results and Discussion 

AZ31B alloy sheet was tested at 250 to 450°C at various gas-pressures, producing 

average true-strain rates measured near rupture to range from 10-3 to 10-1 s-1. Three types 

of rupture were observed during these tests: (a) rupture along the RD, (b) rupture along 

the LTD, and (c) explosive rupture. Table 6.2.2 lists the rupture characters for both 

AZ31B under different testing conditions. The strain rates in Table 6.2.2 are given in 

ranges over which a particular rupture character was observed. From Table 6.2.2, it can 

be concluded that, for temperatures from 350 to 450°C, AZ31B ruptured along the RD at 

slow rates (≤ 3×10-2 s-1) and along the LTD at fast rates (≥ 3×10-2 s-1). Multiple tests were 

conducted to evaluate the reproducibility of these rupture orientations. By changing the 

sheet orientation with respect to the die, it was confirmed that rupture direction was not 

caused by the orientation of the sheet in the dies. 
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Table 6.2.2: The rupture characteristics of biaxial-bulge specimens are tabulated for 

different forming conditions 

Temperature 
(°C) 

Average true 
strain rate at 

pole 
(s-1) 

Rupture 
orientation 

450 
10-3  to 3×10-2 RD 
3×10-2 to10-1 LTD 

350 
10-3  to 3×10-2 RD 
3×10-2 to10-1 LTD 

300 
10-3  to 2×10-2 RD 

2×10-2 to 5×10-2 Explosive 
250 10-3  to 3×10-2 Explosive 

 
To investigate this rupture behavior, the biaxial-bulge specimens tested at 450°C 

and at strain rates of 10-3 s-1 and 10-1 s-1 were studied further. Explosive ruptures, as 

shown in Figure 6.2.3, prevented any such analysis of biaxial bulge specimens tested at 

250 to 300°C. Figure 6.2.4 shows ruptured domes and photomicrographs of rupture 

cross-sections for these two specimens. The specimen tested at 10-3 s-1 ruptured primarily 

by cavitation, while the specimen tested at 10-1 s-1 ruptured primarily by necking. Grain-

boundary-sliding (GBS) creep and dislocation-climb (DC) creep were identified as the 

dominant creep mechanisms, respectively, for the deformation of these specimens at 

450°C [9]. 
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Figure 6.2.3: Explosive rupture in an AZ31B biaxial bulge specimen tested at 250°C and 

2 × 10-3 s-1 is shown. 

 

 

 
 

Figure 6.2.4: Ruptured domes and photomicrographs from the cross-sections of the 

ruptures are shown for AZ31B alloy sheet tested at 450°C and at (a) 10-3 s-1 and (b) 10-1 

s-1. 

 
GBS creep dominates at slow strain rates, and DC creep dominates at the fast 

strain rates. Rupture by cavitation is consistent with deformation by GBS creep, which 

inhibits necking through a low stress exponent (approximately two) and promotes 

cavitation. Rupture by necking is consistent with deformation by DC creep, which is 

associated with a higher stress exponent (approximately 5). This high stress exponent 

provides less resistance to necking.  

LTD 

RD 

LTD 
b 

RD 

LTD 

STD 

RD 

STD 

a 
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Rupture by cavity interlinkage is most likely to occur along the RD because the 

cavity nucleation sites, primarily second-phase particles and inclusions, tend to reside in 

stringers oriented along the RD. Thus, the biaxial bulge specimens failed by cavitation 

along the RD at slow strain rates (≤ 3×10-2 s-1). The ruptures at fast strain rates occurred 

in necked regions. It is hypothesized that a small amount of planar anisotropy in the sheet 

leads to plane-strain necks aligned along the LTD at fast strain rates (≥ 3×10-2 s-1). 

Although the planar anisotropy is not significant enough to affect the performance of 

material constitutive models that predict deformation [10], it might be sufficient to induce 

flow localization along a preferred direction. 

Figure 6.2.5 shows stress-strain curves for three different specimen orientations, 

described as angle of the tensile axis from the sheet rolling direction (RD=0°, LTD=90° 

and 45°) in the AZ31B sheet at 450°C and at strain rates of 3×10-2 s-1 and 10-1 s-1. These 

data are from tests previously analyzed in Ref [9]. The flow stress of the LTD (90°) 

specimens is slightly greater than that of the RD (0°) specimens. This indicates that the 

LTD is slightly stronger (harder) than the RD. The flow stress along the LTD is slightly 

higher than along the RD, necking will prefer deformation along the RD instead of the 

LTD, promoting plan-strain necking along a line parallel with the LTD (lowest-strain 

direction). This supports the hypothesis of planar anisotropy that affects flow 

localization. 
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(a)   

(b)  
 

Figure 6.2.5: Stress-strain curves are shown for AZ31 alloy sheet at 450°C at (a) 3× 10-2 

s-1 and (b) 10-1 s-1. The orientation of the tensile direction with respect to the sheet rolling 

direction (RD) is specified in degrees (RD = 0°and LTD = 90°) [9]. 

 
The reason behind this anisotropy can be directly related to the crystallographic 

texture, as previously explained by Agnew et al. [18]. Figure 6.2.6 shows the <0001> 

pole figure obtained from AZ31B alloy sheet annealed and recrystallized at 450°C. 
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Figure 6.2.6: The <0001> pole figure of AZ31B alloy sheet annealed and recrystallized 

at 450°C for 30 minutes is shown. 

 
Other than the basal fiber texture, the basal poles are spread slightly along the RD, 

which is consistent with the expected sheet texture noted in Ref [19]. This texture causes 

the LTD to be the harder in-plane direction and the RD to be the softer in-plane direction 

during deformation by slip, even though the difference may be slight. Dislocation-climb-

controlled creep is the active deformation mechanism at the fast strain rates of interest (≥ 

3×10-2 s-1) at 450°C [9]. During the final stages of forming, deformation preferentially 

occurs along the RD, which causes plane-strain necking and the resulting rupture to be 

oriented along the LTD, as shown schematically in Figure 6.2.7. 
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Figure 6.2.7: The effect of planar anisotropy on rupture orientation is shown. 

Deformation during necking occurs preferentially along the soft in-plane direction (the 

RD in AZ31B). 

 
Similar texture [18], deformation [14] and rupture [13] mechanisms observed in 

AZ31B down to 350°C suggest that this hypothesis explains the rupture behavior from 

350 to 450°C. The rupture orientation in AZ31B at 350 to 450°C helps identify the 

dominant rupture mechanism, among cavitation and necking, at a chosen strain rate. 

6.2.5 Conclusions 

Biaxial bulge testing was conducted for AZ31B alloy sheet at temperatures from 

250 to 450°C. The rupture orientation at 350 to 450°C is controlled by the active 

mechanisms of plastic deformation. At slow strain rates (≤ 3×10-2 s-1), cavity interlinkage 

associated with grain boundary sliding (GBS) creep is the dominant rupture mechanism, 

as shown in cross sections close to ruptures. This cavity interlinkage induces rupture 

along the rolling direction (RD). At fast strain rates (≥ 3×10-2 s-1), flow localization 

(necking) associated with dislocation-climb (DC) creep is the dominant rupture 

mechanism. Planar anisotropy from the texture of the sheet causes necking to induce 

rupture along the long-transverse direction (LTD). This change in rupture orientation can 
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be used as a method to identify the dominant rupture mechanism for AZ31B at a chosen 

strain rate and temperatures from 350 to 450°C. Explosive rupture prevented the analysis 

of AZ31B tested at 250 to 300°C. 
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Chapter 7: Construction and Validation of Material Constitutive 

Models 

7.1 Chapter Summary 

Material constitutive models were constructed from uniaxial tension data for 

magnesium (Mg) alloy AZ31B-H24 sheet at 350°C, Mg alloy AZ31B-HR sheet at 450°C 

and 350°C, and Mg alloy ZEK100 sheet at 450°C and 350°C. The material models 

account for the underlying physics of deformation by including the operative deformation 

mechanisms, grain growth, normal and planar anisotropy and strain hardening during 

non-steady creep. The material models created were used in finite-element-method 

(FEM) simulations, and the results were compared to experimental data from biaxial gas-

pressure bulge tests to validate predictions using these models against independent data 

sets. The root-mean-square (RMS) errors of predictions for dome heights are less than 

2% of the die diameter, which indicates good agreement between simulation predictions 

and experiments. The material models constructed are expected to encourage the 

commercial forming of Mg alloys at temperatures of 450°C and lower. 

7.2 Introduction 

Wrought Mg alloy sheets are being investigated for potential use in automotive 

applications. For example, the formability and structural integrity of an Mg AZ31B 

decklid inner panel using a hot blow forming process has already been demonstrated for 

application in a ground transportation vehicle [1, 2]. Wrought Mg alloys have high 

strength- and stiffness-to-weight-ratios compared to many steel and aluminum alloy 

sheets [3]. Thus, increased use of Mg alloys may provide a significant reduction in the 
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overall mass of a vehicle [4]. Vehicle light-weighting offers several performance 

advantages, which include improved fuel economy and handling and reduced greenhouse 

gas emissions. The extended range facilitated by the use of lightweight materials is 

beneficial for vehicles that use alternative propulsion systems based upon fuel cells or 

batteries. The increasingly austere CAFÉ (corporate average fuel economy) standards 

provide additional motivation for use of Mg alloys in automobiles. The current 27.5 mpg 

CAFÉ standard for cars will increase to 37.8 mpg by 2016, while the standard for trucks 

will increase from 23.5 mpg to 28.8 mpg in the same time period [5]. 

One reason for the limited incorporation of Mg alloys in automobiles in the past is 

found in the complex materials science of the HCP crystal lattice. At room temperature, 

only two unique slip systems, both basal, and twinning are active in Mg because of the 

high stresses needed to activate non-basal slip systems. This is not sufficient to meet the 

Taylor criterion [6] for strain compatibility that requires activation of at least five 

independent systems, including slip and twinning. When strain compatibility is not met, 

fracture precedes plastic deformation resulting in low polycrystalline ductility. Because 

of this, Mg alloy sheet forming trials are typically conducted at hot temperatures (e.g., 

gas pressure forming at T > 300 °C) [7] wherein a suitable number of non-basal slip 

systems are activated. Recently [8], commercial forming of decklid inner panels from Mg 

AZ31B alloy sheet at 450°C was announced. However, substantial research activity 

continues to be focused on improving ductility in Mg sheet alloys at temperatures lower 

than 450°C, and this is with good reason. A decrease in the forming temperature from the 

450°C will lead to several practical advantages. These include considerable savings in 
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energy for component production, easier part handling and potentially improved surface 

finish through reduced orange peel. Hence, reducing forming temperatures from 450°C 

will encourage wider implementation of Mg alloys in automobiles. 

Conventionally rolled Mg AZ31B-H24 alloy sheet typically has a basal fiber 

texture that causes plastic anisotropy [9] and limits formability [10-12]. This strong basal 

texture can be weakened by changing the rolling process or composition. Hot-rolled 

AZ31B, AZ31B-HR, is a Mg alloy sheet with the same nominal composition as AZ31B-

H24 but rolled at a much higher temperature. ZEK100 is a popular rare-earth element 

containing Mg alloy sheet rolled by a process similar to that of AZ31B-H24. Both 

AZ31B-HR and ZEK100 alloy sheets have a more random crystallographic texture than 

does AZ31B-H24 alloy sheet [13]. The deformation behavior of these AZ31B-HR and 

ZEK100 alloy sheets at 450°C and 350°C are presented in Chapter 4 of this dissertation. 

Accurate finite-element-method (FEM) simulations are critical to designing and 

optimizing modern forming processes. In FEM simulations, the deformation response of 

a sheet material is described mathematically through material constitutive models relating 

stress to the resulting strain. Simulation predictions can be used to predict the forming 

time required and the extent of sheet thinning for a particular component at given 

processing parameters. Mg alloys often deform by the operation of at least two 

independent creep mechanisms at elevated temperatures [14]. However, most material 

constitutive models described in the literature for the high-temperature deformation of 

Mg alloys are fits of simple single-mechanism creep laws to tensile data [15-20] and were 

not validated by independent experimental data taken under multiaxial loadings [21, 22]. 
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Khraisheh et al. [23] and Abu-Farha et al. [24] used simple material models based on 

uniaxial tension data to optimize independent biaxial gas-pressure bulge tests. Recently, 

an accurate material model for predicting the forming of Mg AZ31B-H24 alloy sheet at 

450°C was proposed by Carpenter et al. [9] as an improvement over previous models in 

Refs. [14, 25]. This model describes the operation of two independent deformation 

mechanisms, grain boundary sliding (GBS) creep and dislocation-climb (DC) creep, and 

accounts for grain growth and normal anisotropy. The model in Ref [9] was created from 

uniaxial tension data and was successfully validated using independent data from biaxial 

bulge tests. However, the use of this approach to construct material constitutive models 

for the deformation of AZ31B-H24 at temperatures lower than 450°C and for other Mg 

alloy sheets was not previously explored. 

This study intends to address the need for material constitutive models that can 

accurately predict plastic response under general multi-axial loading for AZ31B-H24 

alloy sheet at temperatures lower than 450°C and for AZ31B-HR and ZEK100 alloy 

sheets at 450°C and lower temperatures. The uniaxial tension data for all three Mg alloy 

sheets at 450°C and 350°C, presented in Chapter 4, are used to construct material 

constitutive models. The resulting material models are used in FEM simulations validated 

against independent data from biaxial bulge testing experiments. 

7.3 Experimental and Simulation Procedures 

Material Description 

The materials investigated in this study are a 1.95 mm-thick cold-rolled Mg 

AZ31B alloy sheet, supplied in the H24 temper (AZ31B-H24), a 0.68 mm-thick hot-



 175 

rolled Mg AZ31B alloy sheet (AZ31B-HR), and a 1.57 mm-thick Mg ZEK100 alloy 

sheet. All the materials were supplied by the same manufacturer. The nominal 

compositions of the alloy sheets are provided in Table 7.1. Because the AZ31B-H24 

alloy sheet had a highly deformed microstructure, an average grain size could not be 

measured in its as-received condition. The average as-received lineal-intercept grain size 

for the AZ31B-HR and ZEK100 alloy sheets were measured by Min et al. [13] to be 5.6 

µm and 15.3 µm, respectively. 

Table 7.1: The nominal compositions of the Mg alloy sheets used in this study are 

shown. 

Material  Al Zn Mn Zr Nd Mg 

AZ31B-H24 3.1 1.1 0.42 - - bal. 

ZEK100 - 1.3 - 0.25 0.2 bal. 

AZ31B-HR 2.9 1.1 0.44 - - bal. 
 

Interpretation of Uniaxial Tensile Data 

The material constitutive models were constructed using uniaxial tensile data 

obtained for all three Mg alloy sheets, see Chapter 4. The data often show a dependence 

of the true flow stress on true strain. In the AZ31B-H24 and AZ31B-HR alloy sheets, the 

true flow stress increases with increasing true strain during GBS creep through grain 

growth. In the ZEK100 alloy sheet, the true flow stress increases with increasing true 

strain during DC creep, which indicates that creep deformation did not reach steady-state. 

Voce strain-hardening law, of the form shown below in Equation 1, was fit to the stress-

strain data of each test in which true flow stress increased with true strain. 

( ))exp(1 εσσ 0 ca −−+=           (1) 
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In Equation 1, σ is the true flow stress, σ0 is the fitted initial yield strength, ε is the 

true strain and the fitting parameters are a and c. The flow stress is approximately 

constant at the fastest strain rates for AZ31B-H24 and AZ31B-HR alloy sheets at 450°C 

and 350°C, when DC creep is the dominant deformation mechanism. At such 

deformation conditions, a constant average true flow stress, σave is assumed for 

constructing the material constitutive models. Fits to the stress-strain data of all the three 

alloy sheets are given in Appendix 7.A. 

Accounting for Plastic Anisotropy 

The uniaxial tensile data, see Chapter 4, reveal normal plastic anisotropy in the 

AZ31B-H24 and AZ31B-HR alloy sheets, but the ZEK100 alloy sheet exhibits planar 

anisotropy. The plastic anisotropy in all three Mg alloy sheets of interest depends on the 

deformation mechanism(s) operating [9, 26, Chapter 4]. DC creep is the dominant 

deformation mechanism for ZEK100 at both 450°C and 350°C across all the six strain 

rates investigated, from 3×10-4 s-1 to 10-1 s-1. The R-value for ZEK100 is independent of 

the true-strain rate at both 450°C and 350°C. However, the AZ31B-H24 and AZ31B-HR 

alloy sheets deform by two independent creep mechanisms at both 450°C and 350°C. 

These mechanisms are GBS creep and DC creep [14, 27, Chapter 4]. Because GBS creep 

and DC creep exhibit different amounts of normal anisotropy [9, Chapter 4], the R-value 

depends on the true-strain rate for both AZ31B-H24 and AZ31B-HR. To account for this, 

an effective R-value, Reff, was calculated based on the work by Barnett et al. [28]. This 

Reff is a function of the individual R-values for GBS creep and DC creep, RGBS and RDC, 

and is written as 
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where fDC, the fraction of DC creep strain relative to the total true strain, is 
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where εGBS is the true strain attributable to GBS creep and εDC is the true strain 

attributable to DC creep. At 450°C, DC creep is rate controlled by lattice self-diffusion at 

for the strain rates investigated. At the lower temperature of 350°C, DC creep is rate 

controlled by lattice self-diffusion at slow strain rates and by pipe-diffusion at fast strain 

rates for all three Mg alloy sheets. Thus, εDC = εDC(l) + εDC(p) at 350°C, where εDC(l) is the 

true strain attributed to lattice self-diffusion controlled DC creep and εDC(p) is the true 

strain attributed to pipe-diffusion controlled DC creep. 

Because DC creep is the only dominant deformation mechanism in ZEK100 

under the deformation conditions of interest, fDC equals one and Reff  is simply equal to 

RDC. Deformation by GBS creep is isotropic [28], and the value of RGBS for AZ31B-H24 

and AZ31B-HR alloy sheets is unity [9, 28, Chapter 4]. RDC values, which are equivalent 

to Reff at fDC ≈ 1, of AZ31B-H24 at 350°C and of AZ31B-HR at 450°C and 350°C were 

estimated from the data in Table 4.1.4 of Chapter 4.1 and Table 4.2.1 of Chapter 4.2 

respectively. These data list the R-values measured from the specimens at different true 

strain rates. The fDC values for these tensile specimens were calculated by integrating the 

terms of the material model provided in the Material Constitutive Model Development 

section over strains from 0 to εf (final strain) for each specimen. RDC was estimated to be 
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1.44, 1.23 and 1.21 for AZ31B-H24 at 350°C, AZ31B-HR at 450°C and AZ31B-HR at 

350°C, respectively. The R-value data from Chapter 4 and the Reff values calculated using 

Equation 2 are plotted against fDC in Fig.7.1 for (a) AZ31B-H24 at 350°C, (b) AZ31B-

HR at 450°C and (c) AZ31B-HR at 350°C. The dependence of experimentally-

determined Reff on fDC agrees well with Equation 2. Hence, the Reff values calculated using 

Equation 2 are used to represent plastic anisotropy in the material constitutive models. 
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Figure 7.1: Effective R-value, Reff, is plotted against the fraction of true strain from 

dislocation-climb creep, fDC. Experimental data are plotted as open circles, while R-

values predicted by theory (Equation 1) are plotted as a solid curve. 

a 

b 

c 
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Quadratic Hill stress, σH, was used in the FEM simulations to account for plastic 

anisotropy. This simple anisotropic equivalent stress was successfully used by Carpenter 

et al. [9] to simulate the hot forming of AZ31B-H24 alloy sheet at 450°C. σH is given by, 

( ) ( ) ( ) 2
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where F, G, H, L, M, and N are coefficients that describe plastic anisotropy [29]. During 

deformation of a thin sheet with the third principal direction normal to the sheet, such as 

for the Mg alloy sheets of this investigation, σ33, σ23, and σ31 are negligibly small [30] and 

are assumed to be zero. Under this assumption, Equation 4 simplifies to 
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F, G, H, and N are given by 
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where R11, R22, R33 and R12 are anisotropic yield stress ratios, which can be calculated 

from the R-values. For deformation of Mg alloy sheets in this study, the anisotropic yield 

stress ratios are given by, 
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RRD, RLTD and R45 are the R-values measured from the tensile specimens with the 

tensile direction parallel to the RD, parallel to the LTD and at 45° to both the RD and the 

LTD, respectively. For ZEK100, which exhibits planar anisotropy, the anisotropic yield 

stress ratios were calculated using Equations (10), (11), (12) and (13). Because both 

AZ31B-H24 and AZ31B-HR exhibit only normal anisotropy , RRD = RLTD = R45 = R and 

equations (6), (7), (8) and (9) simplify to, 
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where R is equal to Reff and was calculated using Equation 2. Plastic anisotropy also 

affects the individual strain components during deformation. In FEM simulations, these 

strains are typically related to the equivalent stress by an associated flow rule, 
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where dεij are the increments in components of the strain tensor during a 

particular time step, dε is the uniaxial equivalent creep strain increment, σH is the 

appropriate Hill stress from Equation 5, and σij are the components of the stress tensor 

[31]. The method used to obtain dε is explained below, after the construction of the 

material model is presented. 

Methodology for Material Constitutive Model Construction, Application and Validation 

Separate material constitutive models were constructed for each of the three Mg 

alloy sheets at fixed temperatures across the range of strain rates studied in Chapter 4. 

The model fits were made to uniaxial tensile data presented as the logarithm of true strain 

rate against the logarithm of true stress at fixed values of true strain. The general material 

constitutive model form used is, 

εεεε DC(p)DC(l)GBS ɺɺɺɺ ++=         (18) 

where εɺ is the total true strain rate, GBSεɺ  is the true strain rate from GBS creep; )(lDCεɺ is 

the true strain rate from lattice self-diffusion controlled DC creep; and )( pDCεɺ is the true 

strain rate from pipe-diffusion controlled DC creep. Note that for the true strain rates 

investigated, the following approximations are made: )( pDCεɺ = 0 for AZ31B-HR at 450°C; 

GBSεɺ  = 0 and )( pDCεɺ = 0 for ZEK100 at 450°C; and GBSεɺ = 0 for ZEK100 at 350°C.   

The accuracy of each material model with respect to uniaxial tensile data is 

estimated using the root mean square (RMS) error at several discrete values of true strain. 
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The RMS error calculated from the difference in base 10 logarithm of true strain rate 

between the predictions of the material model and the discrete values taken from stress-

strain data is, 
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where n is the number of comparisons between two data sets, xexp is the base 10 logarithm 

of strain rate at a given stress and strain obtained from experimental data and xmod is the 

base 10 logarithm of the corresponding strain rate predicted by the material constitutive 

model. 

Each material constitutive model accounts for plastic anisotropy through Hill 

stresses calculated from the true strain rates of GBS creep and DC creep. The resulting 

value of the total true strain rate,εɺ , is then multiplied by the time increment to obtain dε 

in Equation 17. Finally, the individual components of the strain tensor are calculated 

using Equation 17, where σH is calculated using the effective R-value, Reff, from Equation 

2. The value of fDC is calculated from GBSεɺ  and DCεɺ = )(lDCεɺ + )( pDCεɺ  using the equation, 
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Thus, the stress tensor is fully related to the strain tensor, by the material constitutive 

model. 

Biaxial gas-pressure bulge testing was used as an independent testing method to 

validate the material constitutive models constructed from uniaxial tensile data. This is 

test configuration commonly used to evaluate the suitability of a material for superplastic 
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forming [32-34]. During deformation, a biaxial stress state is created near the pole of the 

specimen dome, while a plane strain state is created on the side of the specimen dome. 

Compared to the tension tests, these conditions are more representative of those that 

occur during forming of vehicle components [34].  

The biaxial gas-pressure bulge specimen blanks of this study were formed in an 

apparatus designed and fabricated by Moller [35] to acquire in situ measurements of 

dome height during deformation. Circular specimen blanks were machined from the Mg 

alloy sheets to a diameter of 90 mm and retained the as-received sheet thickness (1.95 

mm for AZ31B-H24, 0.68 mm for AZ31B-HR and 1.57 mm for ZEK100). The testing 

dies were contained in a three-zone resistance furnace that was preheated to the desired 

temperature (450°C or 350°C) prior to testing. The furnace provided uniform heating to 

±2°C or better. A K-type thermocouple placed near the die holder monitored the 

temperature during testing. Before each test, an anti-seize coating was applied to regions 

of die/specimen contact, and the blank was placed in the die holder. A loading ram 

clamped the upper and lower dies together, providing a gas-tight seal. After clamping, the 

blank was preheated for a time of 1 minute. A constant nitrogen gas pressure was then 

applied to the top of the blank to form it downwards. The gas pressures were chosen to 

provide comparable pressure/sheet-thickness ratios between the different sheet materials. 

The lower die into which the sheet forms is a cylinder with an inner diameter of 55.4 mm 

and an entry radius of 1.5 mm. As the blank forms into a dome shape, it displaces a rod 

attached to a digital micrometer. A computer reads the digital micrometer signal 

approximately five times per second. The tests were conducted till a fixed dome height 
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was reached for each Mg alloy sheet at a fixed temperature. This maximum dome height 

ranged from 12 mm for 0.68 mm-thick AZ31B-HR sheet at 350°C to 21 mm for 1.57 

mm-thick ZEK100 sheet at 450°C. The maximum dome heights were limited because the 

FEM simulations do not account for the localization of thinning (i.e., necking) at large 

strains. Once a bulge specimen reached the predetermined height, the loading ram was 

lowered and the specimen was removed and allowed to air cool. Fig. 7.2 shows (a) an Mg 

ZEK100 specimen blank and (b) an Mg ZEK100 dome formed at 450°C under a gas 

pressure of 0.85 MPa (124 psi) to a dome height of 21 mm.  

 
Figure 7.2: (a) A ZEK100 specimen blank and (b) a ZEK100 dome formed by biaxial 

bulge testing at 450°C and 0.85 MPa (124 psi) to a dome height of 21 mm are shown. 

Biaxial bulge tests were simulated for all three Mg alloy sheets using the 

commercial Abaqus/StandardTM FEM software [36]. The material models were 

implemented in the code as user-defined functions. CREEP and USDFLD user sub-

routines were used for this purpose. The CREEP sub-routine is adequate to implement a 

material model of the form shown in Equation 18 to predict plastic anisotropy during the 

operation of one deformation mechanism, e.g. ZEK100 in this study. However, the 
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CREEP sub-routine alone is not sufficient to account for the operation of two 

independent deformation mechanisms with different amounts of plastic anisotropy, e.g. 

AZ31B-H24 and AZ31B-HR in this study. So, the USDFLD sub-routine was used in 

combination with the CREEP sub-routine to account for the plastic anisotropy caused by 

the operation of two independent creep mechanisms through calculating Reff, see 

Equation 2.  Additional details of the user sub-routines are provided in Ref [37], and 

example codes are provided in Appendix 7.B. 

The AZ31B-H24 and AZ31B-HR alloy sheets exhibit only normal anisotropy. 

Thus, a 2-dimensional (2D) axisymmetric mesh developed by Carpenter [37] was adapted 

to simulate the biaxial bulge forming of AZ31B-H24 and AZ31B-HR alloy sheets. Both 

the specimen blank and die were modeled as axisymmetric two-node linear shell 

elements with an average size of 1.5 mm. A mesh sensitivity study by Carpenter [37] 

showed this element size to be sufficiently small for accuracy in this application. Note 

that the shell elements do not account for the localization of thinning (i.e., necking) at 

large strains. The bulge forming geometry reflects the experimental set-up with a die 

inner diameter of 55.4 mm and a die entry radius of 1.5 mm. During the simulations, the 

edge node of the blank was fixed, which mimics the effect of the sealing bead as it 

clamps down on the Mg sheet blank. Pressure was then applied to the top of the specimen 

blank, causing it to form downward into the die. The displacement and thickness of the 

blank element closest to the axis of symmetry, which represents the location of the dome 

pole, were recorded during the simulation. This 2D axisymmetric mesh, however, is 

incapable of accounting for planar anisotropy. Thus, a 3-dimensional (3D) mesh 
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developed by Sherek [25] was used to simulate the biaxial-bulge forming of ZEK100 at 

450°C and 350°C. The 3D mesh used for ZEK100 is equivalent to the 2D mesh used for 

AZ31B-H24 and AZ31B-HR revolved 360° through the axis of symmetry. A mesh-

sensitivity study by Sherek [25] showed the refinement of the 3-D mesh to be sufficient 

for reasonable accuracy. Fig. 7.3 presents (a) the 2D axisymmetric mesh used for 

simulating the bulge forming of AZ31B-H24 and AZ31B-HR alloy sheets and (b) the 3D 

mesh used for simulating the bulge forming of ZEK100 alloy sheet. 
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Figure 7.3: (a) The 2-dimensional axisymmetric mesh for sheet and die, revolved by 

180° around the axis of symmetry and (b) the 3-dimensional mesh for sheet and die used 

to simulate biaxial bulge forming are shown. The nodes are shown as red markers, and 

the axisymmetric elements are shown as red lines in (a).The 2-dimensional mesh in (a) 

was revolved by 180° to provide better visualization. 7.3(a) is a modified version of a 

figure from Ref[37] and 7.3(b) is a modified version of a figure from Ref[25]. 

 
The validity of the constructed material constitutive models was tested by 

comparing the dome-heights obtained from biaxial bulge forming experiments to the 

a 

b 
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predictions of simulations under several gas pressures. The difference between dome 

heights from simulations and experiments was quantified using the root mean square 

(RMS) error, given by, 
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where xRMS is the RMS error in mm, n is the number of comparisons between the two data 

sets, xexp is dome height obtained from experiment and xsim is the dome height predicted 

by the FEM simulation. 

7.4 Results and Discussion 

Crystallographic texture influences both the plastic anisotropy, which affects DC 

creep, and grain growth kinetics, which affects GBS creep. The texture is affected by the 

composition and processing history of materials. This is the reason why a universal 

material model could not be constructed for all three Mg alloy sheets. Because the texture 

depends on the recrystallization temperature, the material models are constructed for 

fixed temperatures.  

Mg AZ31B-H24 Alloy Sheet 

The logarithm of true strain rate is plotted against the logarithm of true stress at 

different true strains ranging from 0 to 0.5 in increments of 0.1 for the 1.95mm-thick 

AZ31B-H24 alloy sheet and are compared at (a) 450°C and (b) 350°C in Fig. 7.4. 

Experimental data are shown with the material constitutive model fit to these data. . Fig. 

7.4(a) is reproduced from the experimental data and fits obtained by Sherek [25] for 

AZ31B-H24 at 450°C. Fig. 7.4(b) shows the experimental data from AZ31B-H24 at 
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350°C, see Chapter 4.1, and the material model fit to these data. The material model is 

based on the phenomenological creep equation, 
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whereεɺ is the total true strain rate, σ is the true stress, AGBS(ε) is the pre-exponential 

factor for GBS creep, nGBS(ε) is the stress exponent for GBS creep, ADC(l) is the pre-

exponential factor for lattice self-diffusion controlled DC creep, nDC(l) is the stress 

exponent for lattice self-diffusion controlled DC creep, ADC(p) is the pre-exponential 

factor for pipe-diffusion controlled DC creep, and nDC(l) is the stress exponent for pipe-

diffusion controlled DC creep.  AGBS(ε) accounts for the dependence of true stress on true 

strain in GBS creep caused by grain growth. All the tests shown in Figs. 7.4(a) and (b) 

were conducted with the tensile direction parallel to the sheet rolling direction (RD). 

However, these data represent deformation along any in-plane direction because planar 

anisotropy in Mg AZ31B-H24 alloy sheet is negligible at 450°C [9] and 350°C [Chapter 

4]. GBS creep operates over a wider range of strain rates at 450°C than at 350°C because 

GBS creep is favored at higher temperatures [38]. The fit parameters for AZ31B-H24 

alloy sheet at 450°C and 350°C are tabulated in Table 7.2. Fig. 7.4(b) shows that 

Equation 22 describes the uniaxial tension data for AZ31B-H24 at 350°C well. This is 

despite the fact that three independent deformation mechanisms  (GBS creep, DC(l) creep 

and DC(p) creep) operate in AZ31B-H24 at 350°C, compared to the two independent 

deformation mechanisms (GBS creep and DC(l) creep) that operate at 450°C [25], see 
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Figs. 7.4(a) and (b). The RMS errors in the base-10 logarithm of true strain rate, see 

Equation 19, representing the goodness of the fits at 350°C, are presented in Table 7.3. 
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Figure 7.4: The logarithm of true-strain rate is plotted against the logarithm of true stress 

for Mg AZ31B-H24 tensile specimens at (a) 450°C and (b) 350°C. Tensile data are from 

stress-strain curves [Chapter 4.1], and the solid curves present fits of the material 

constitutive model, see Equation 22 and Table 2, to the data.  Fig. 4(a) is reproduced from 

Ref [25]. All tests are for the tensile direction parallel to the RD and represent 

deformation along any in-plane direction, since planar anisotropy is negligible. GBS is 

grain boundary sliding creep; DCl is lattice self-diffusion controlled dislocation climb 

controlled creep; and DCp is pipe-diffusion controlled dislocation climb controlled creep. 

a 

b 
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Table 7.2: The fit parameters in the material models for AZ31B-H24 alloy sheet at 

450°C and 350°C are shown. The fit parameters at 450°C are from Ref [25]. 

Fit Parameter 450°C 350°C 

AGBS(ε), s-1 MPa-nGBS(ε) exp(-9.97-12.59ε+17.85ε2-11.10ε3)  exp(-12.14-16.84ε+29.09ε2-19.08ε3) 

nGBS 1.333+0.667tanh(4.63ε) 1.419+0.615tanh(5.38ε) 
ADC(l) (s

-1 MPa-nDC(l)) 5.89×10-10 1.45×10-10 

nDC(l) 5.53 4.50 

ADC(p) (s
-1 MPa-nDC(p)) - 9.01×10-16 

nDC(p) - 7.85 

 
Table 7.3: The RMS errors representing the goodness of the fit of the material model for 

AZ31B-H24 at 350°C are shown for different values of true strain. 

True strain RMS error (log10(s
-1)) 

0 0.041 
0.1 0.044 
0.2 0.048 
0.3 0.048 
0.4 0.047 
0.5 0.047 

 

The final material model, accounting for plastic anisotropy, is of the form, 

)()(

)()(
)()( pDClDCGBS n

DCpDC

n

DClDC

n

GBSGBS AAA σσσεε ε ++=ɺ      (23) 

Where, σGBS and σDC in Equation 23 are Hill stresses calculated from the 

components of the stress tensor; see Equations (5), (14), (15) and (16). Specifically, σGBS 

is calculated with R = RGBS = 1.0, and σDC is calculated with R = RDC. RDC = 1.86 for 

AZ31B-H24 at 450°C [9], and RDC = 1.44 for AZ31B-H24 at 350°C, see Fig. 1(a). Note 

that Equation 23 is simply an expanded version of the generalized form shown in 

Equation 18. 
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The material constitutive model for AZ31B-H24 at 450°C was successfully 

validated by Carpenter et al. [9, 37]. The goodness of the fits are also due to similar 

microstructural evolution during uniaxial and biaxial testing of the AZ31B-H24 sheet. 

Microstructural evidence for this similarity is presented in Appendix 7.C. Validation of 

the material constitutive model for AZ31B-H24 at 350°C is presented through Figs. 

7.5(a), (b), (c) and (d), which compare the dome heights obtained from experiments and 

simulations of biaxial bulge forming at four different gas pressures. The RMS errors were 

calculated from Equation 21 and are presented in Table 7.4. All of the RMS errors are 

less than 1 mm, which corresponds to 1.5% of the die diameter of 55.4 mm, indicating 

good agreement between simulations and experiments. Simulations accurately predict the 

experimental results for all of these conditions, providing model validation against 

independent biaxial bulge test data for the AZ31B-H24 alloy sheet at 350°C.  
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Figure 7.5: Dome height is plotted against forming time at 350°C for the Mg AZ31B 

alloy sheet at gas pressures of (a) 1.37 MPa, (b) 1.64 MPa, (c) 1.93 MPa, and (d) 2.20 

MPa.  

Table 7.4: RMS errors calculated from dome heights showing the validity of the material 

constitutive model for the 1.95mm-thick A31B-H24 alloy sheet at 350°C are shown for 

different gas pressure/thickness ratios. 

Gas pressure/ thickness (MPa/mm) RMS error (mm) 

0.70 0.5 
0.83 0.4 
0.99 0.6 
1.12 0.8 

 

 

 

a b 

c d 
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Mg AZ31B-HR Alloy Sheet 

The AZ31B-HR alloy sheet has a similar composition to the AZ31B-H24 alloy 

sheets but has a different processing history; it was rolled at a higher temperature. This 

caused AZ31B-HR to have a smaller grain size and a reduced crystallographic texture 

compared to AZ31B-H24, see Chapter 4. Fig.7.6 presents the logarithm of true strain rate 

plotted against the logarithm of true stress at different true strains ranging from 0 to 0.5 in 

increments of 0.1 for the 0.68mm-thick AZ31B-HR alloy sheet at (a) 450°C and (b) 

350°C. Uniaxial tensile data are shown with the material constitutive model fit, see 

Equation 22, to the data. All the tests shown in Figs. 7.6(a) and (b) were conducted with 

the tensile direction parallel to the sheet rolling direction (RD). These data represent 

deformation along any in-plane direction since planar anisotropy is negligible. Similar to 

AZ31B-H24, GBS creep operates over a wider ranges of strain rates at 450°C than at 

350°C because GBS creep is favored at higher temperatures [38]. The average grain sizes 

for AZ31B-HR are 7.7 ± 0.3 µm and 6.8 ± 0.3 µm after annealing at 450°C and 350°C, 

respectively, see Chapter 4.2. For similar annealing times at 450°C and 350°C, the 

average grain sizes of AZ31B-H24 are 9.2 ± 0.5 µm and 7.8 ± 0.3 µm, respectively [39]. 

GBS creep operates over a wider range of strain rates in AZ31B-HR than in AZ31B-H24 

at both 450°C and 350°C, see Figs. 7.4 and 7.6, because of the smaller grain size in 

AZ31B-HR.  The fit parameters for the AZ31B-HR models at 450°C and 350°C are 

tabulated in Table 7.5. From Figs. 6(a) and (b), it is clear that the material models provide 

a good description of the uniaxial tensile data for AZ31B-HR at 450°C and 350°C. The 

RMS errors in the base-10 logarithm of true-strain rate, see Equation 19, representing the 



 197 

goodness of the fits, are presented in Table 7.6. The final material model, which accounts 

for normal anisotropy in AZ31B-HR alloy sheet, is of the form shown in Equation 23. 

The σGBS term in Equation 23 is calculated with R = RGBS = 1.0, and σDC in Equation 23 is 

calculated with R = RDC for AZ31B-HR. RDC = 1.23 at 450°C and RDC = 1.21 at 350°C, 

see Figs. 7.1(b) and (c). The reduced normal anisotropy (R-value) in AZ31B-HR 

compared to AZ31B-H24 is because of its weaker crystallographic texture. 

Figs. 7.7(a), (b), (c) and (d) present validation of simulations using the material 

constitutive models for the 0.68mm-thick AZ31B-HR at 450°C and 350°C. The dome 

heights obtained from experiments and simulations of biaxial bulge forming at different 

gas pressures are compared. The RMS errors were calculated from Equation 21 and are 

presented in Table 7.7. All of the RMS errors are less than 1 mm, which corresponds to 

1.5% of the die diameter of 55.4 mm, indicating good agreement between simulations 

and experiments. Simulations accurately predict the experimental results for all of these 

conditions. 
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Figure 7.6: The logarithm of true-strain rate is plotted against the logarithm of true stress 

for Mg AZ31B-HR tensile specimens at (a) 450°C and (b) 350°C. Tensile data are from 

stress-strain curves [Chapter 4.2], and the solid curves present fits of the material 

constitutive model, see Equation 22 and Table 5, to the data. All tests are for the tensile 

direction parallel to the RD and represent deformation along any in-plane direction, since 

planar anisotropy is negligible. GBS is grain boundary sliding creep; DCl is lattice self-

diffusion controlled dislocation climb controlled creep; DCp is pipe-diffusion controlled 

dislocation climb controlled creep. 

a 

b 
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Table 7.5: The fit parameters in the material models for AZ31B-HR alloy sheet at 450°C 

and 350°C are shown. 

Fit Parameter 450°C 350°C 

AGBS(ε), s-1 MPa-nGBS(ε) exp(-8.33-5.89ε+6.95ε2-5.64ε3)  exp(-11.70-17.53ε+44.29ε2-49.07ε3) 

nGBS 1.037+8.075tanh(0.093ε) 1.567+0.347tanh(9.18ε) 
ADC(l) (s

-1 MPa-nDC(l)) 3.98×10-10 1.89×10-10 

nDC(l) 5.60 5.00 

ADC(p) (s
-1 MPa-nDC(p)) - 3.68×10-15 

nDC(p) - 7.50 

 
Table 7.6: The RMS errors representing the goodness of the fit of the material models for 

AZ31B-HR are shown at 450°C and 350°C for different values of true strain. 

Temperature (°C) True strain RMS error (log10(s
-1)) 

 0 0.018 
 0.1 0.023 

450 0.2 0.020 
 0.3 0.018 
 0.4 0.017 
 0.5 0.021 
 0 0.074 
 0.1 0.053 

350 0.2 0.060 
 0.3 0.057 
 0.4 0.045 
 0.5 0.033 
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Figure 7.7: Dome height is plotted against forming time for the Mg AZ31B-HR alloy 

sheet at gas pressures of (a) 0.28 MPa and (b) 0.42 MPa at 450°C, and (c) 0.57 MPa, and 

(d) 0.76 MPa at 350°C.  

Table 7.7: RMS errors calculated from dome heights showing the validity of the material 

constitutive model for the 0.68mm-thick A31B-HR alloy sheet at 450°C and 350°C are 

shown for different gas pressure/thickness ratios. 

Temperature (°C) Gas pressure/ thickness 
(MPa/mm) 

RMS error (mm) 

450 
0.42 0.3 
0.62 0.7 

350 
0.83 0.1 
1.12 0.4 

 

 

 

a b 

c d 
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Mg ZEK100 Alloy Sheet 

The ZEK100 alloy sheet has a processing history similar to the AZ31B-H24 alloy 

sheet but has a different composition. The ZEK100 sheet has a larger grain size and 

reduced crystallographic texture compared to the AZ31B-H24 sheet, see Chapter 4. 

Because of its larger grain size, GBS creep does not operate in ZEK100 under the 

deformation conditions studied, temperatures of 450°C and 350°C and true strain rates 

ranging from 3×10-4 s-1 to 10-1 s-1. Additionally, the true flow stress for DC creep in 

ZEK100 increases with increasing strain. To account for this, a modified version of the 

phenomenological equation for creep,  

)()( )()( )()(
pDClDC n

pDC

n

lDC AA σεσεε +=ɺ
       (24)

 

was used to fit the uniaxial tensile data. The strain dependency of the ADC(l)(ε) and 

ADC(p)(ε) parameters account for strain hardening during DC creep. Fig.7.8 presents the 

logarithm of true strain rate plotted against the logarithm of true stress at different true 

strains ranging from 0 to 0.5 in increments of 0.1 for the 1.57mm-thick ZEK100 alloy 

sheet at (a) 450°C and (b) 350°C. The experimental data are shown with the material 

constitutive model fits based on Equation 24. The tensile direction for all the tests shown 

in Figs. 7.8(a) and (b) are parallel to the RD. The model fit parameters for ZEK100 alloy 

sheet at 450°C and 350°C are tabulated in Table 7.8. From Figs. 7.8(a) and (b), it is clear 

that the material models provide a good description of the uniaxial tensile data for 

ZEK100 at 450°C and 350°C. The RMS errors in the base-10 logarithm of true strain 
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rate, see Equation 19, representing the goodness of the fits, are presented in Table 7.9. 

Because ZEK100 exhibits significant planar anisotropy, the material model is, 

)()( )()( )()(
pDClDC n

pDC

n

lDC AA σεσεε +=ɺ
      (25)

 

where, σ is the Hill stress calculated from the components of the stress tensor; see 

Equations (5) through (13). RRD, RLTD and R45 for ZEK100 are 0.89, 0.87 and 0.81, 

respectively, at 450°C and 0.80, 0.79 and 0.65, respectively, at 350°C, see Chapter 4. The 

plastic anisotropy of ZEK100 is less than AZ31B-H24 because of texture randomization 

in ZEK100 from the rare-earth addition. 

Figs. 7.9(a), (b), (c) and (d) present the validation of simulations using the 

material constitutive model for the 1.57mm-thick ZEK100 at 450°C. Figs. 10(a), (b), (c) 

and (d) present the same at 350°C. The dome heights obtained from experiments and 

simulations of biaxial bulge forming at different gas pressures are compared. The RMS 

errors were calculated from Equation 21 and are presented in Table 7.10. All of the RMS 

errors are less than 1.2 mm, which corresponds to 2% of the die diameter of 55.4 mm, 

indicating good agreement between simulations and experiments. Simulations accurately 

predict the experimental results for all of these conditions, providing model validation 

against independent biaxial bulge test data for the ZEK100 alloy sheet at 450°C and 

350°C.  
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Figure 7.8: The logarithm of true-strain rate is plotted against the logarithm of true stress 

for Mg ZEK100 tensile specimens at (a) 450°C and (b) 350°C. Tensile data are from 

stress-strain curves [Chapter 4.3], and the solid curves present fits of the material 

constitutive model, see Equation 22 and Table 8, to the data. All tests are for the tensile 

direction parallel to the RD.  DCl is lattice self-diffusion controlled dislocation climb 

controlled creep and DCp is pipe-diffusion controlled dislocation climb controlled creep. 

a 

b 
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Table 7.8: The fit parameters in the material models for ZEK100 alloy sheet at 450°C 

and 350°C are shown. 

Fit Parameter 450°C 350°C 

ADC(l)(ε) (s-1 MPa-nDC(l)) exp(-19.72-2.15ε+1.71ε2-0.90ε3) exp(-22.57-6.47ε+7.46ε2-0.29ε3) 

nDC(l) 4.85 4.50 

ADC(p)(ε) (s-1 MPa-nDC(p)) - exp(-31.26-8.23ε+18.04ε2-18.12ε3) 

nDC(p) - 7.00 

 

Table 7.9: The RMS errors representing the goodness of the fit of the material model for 

ZEK100 are shown at 450°C and 350°C for different values of true strain. 

Temperature (°C) True strain RMS error (log10(s
-1)) 

 0 0.106 
 0.1 0.081 

450 0.2 0.070 
 0.3 0.068 
 0.4 0.078 
 0.5 0.100 
 0 0.170 
 0.1 0.126 

350 0.2 0.107 
 0.3 0.103 
 0.4 0.100 
 0.5 0.102 
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Figure 7.9: Dome height is plotted against forming time at 450°C for the Mg ZEK100 

alloy sheet at gas pressures of (a) 0.66 MPa and (b) 0.85 MPa, (c) 0.97 MPa, and (d) 1.08 

MPa. 

 

 

 

 

 

 

a b 

c d 
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Figure 7.10: Dome height is plotted against forming time at 350°C for the Mg ZEK100 

alloy sheet at gas pressures of (a) 1.31 MPa and (b)1.54 MPa, (c) 1.75 MPa, and (d) 2.07 

MPa. 

Table 7.10: RMS errors calculated from dome heights showing the validity of the 

material constitutive model for the 1.57mm-thick ZEK100 sheet at 450°C and 350°C are 

shown for different gas pressure/thickness ratios. 

Temperature (°C) Gas pressure/ thickness 
(MPa/mm) 

RMS error (mm) 

450 

0.42 0.5 
0.55 0.6 
0.62 1.0 
0.69 0.1 

350 

0.83 1.1 
0.99 1.0 
1.12 0.7 
1.32 0.3 

 

a b 

c d 
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7.5 Conclusions 

1. New material constitutive models describing the deformation behavior of Mg AZ31-

H24 alloy sheet at 350°C, Mg AZ31B-HR alloy sheet at 450°C and 350°C, and Mg 

ZEK100 alloy sheet at 450°C and 350°C were created from uniaxial tensile data and 

validated using biaxial bulge testing.  

2. The material models for Mg AZ31B-H24 and Mg AZ31B-HR alloy sheets 

successfully account for the operation of up to three independent deformation 

mechanisms: GBS creep, lattice self-diffusion controlled DC creep and pipe-diffusion 

controlled DC creep. Grain growth, which affects GBS creep, and normal anisotropy, 

which affects DC creep, were accounted for in the material models.  

3. The material models for Mg ZEK100 alloy sheet successfully account for the 

operation of up to two independent deformation mechanisms: lattice self-diffusion 

controlled DC creep and pipe-diffusion controlled DC creep. Strain hardening and 

planar anisotropy during deformation were accounted for in the material models. 

4. The material models were used in FEM simulations, and the results were compared to 

independent experimental data from biaxial gas-pressure bulge tests to validate these 

models. The RMS errors from the differences between dome heights from 

experiments and simulations are less than 2% of the die diameter. indicating good 

accuracy for the material constitutive models. 

5. The material constitutive models account for the operation of up to three independent 

creep mechanisms. They adequately capture the underlying physics of deformation 
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including grain growth, normal and planar anisotropy, and strain hardening during 

non-steady state creep. 
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Chapter 8: Conclusions and Future Work 

Material constitutive models for the deformation of AZ31B-H24 at 350°C and for 

AZ31B-HR and ZEK100 alloy sheets at 350 and 450°C were created and validated in this 

study. The success of the material models, constructed from uniaxial tensile data, in the 

prediction of biaxial bulge test data through finite-element-method (FEM) simulations is 

because the models adequately capture the underlying physics of deformation. These 

material models account for the operation of up to three independent creep mechanisms: 

grain boundary sliding (GBS) creep, lattice self-diffusion controlled dislocation climb 

(DC) creep, and pipe-diffusion controlled DC creep. Grain growth, which affects GBS 

creep, normal and planar anisotropy, and strain hardening during non-steady state creep 

are also accounted for in the material models. 

In the process of creating the material models, several key observations were 

made. At 450°C, GBS creep and lattice self-diffusion-controlled DC creep operate as 

independent deformation mechanisms in both AZ31B-H24 and AZ31B-HR alloy sheets, 

while lattice self-diffusion-controlled DC creep alone dominates in ZEK100. At 350°C, 

pipe-diffusion-controlled DC creep becomes another independent deformation 

mechanism in all three Mg alloy sheets. GBS creep operates across a wider range of 

strain rates in AZ31B-HR than in AZ31B-H24 because of the smaller grain size in the 

AZ31B-HR sheet. True stress increases with an increase in true strain during GBS creep 

because of increasing in grain size through dynamic grain growth. True stress is 

approximately constant during deformation by DC creep for both the AZ31B-H24 and 

AZ31B-HR sheets because DC creep does not have a general dependence on grain size. 
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However, strain hardening is observed during DC creep for the ZEK100 sheet because 

the creep deformation is not steady-state. Plastic anisotropy depends on the deformation 

mechanisms active in all three Mg alloy sheets. GBS creep is isotropic and produces an 

R-value of approximately unity. DC creep is anisotropic and produces an R-value either 

less than or greater than unity. So, when GBS creep and DC creep operate as competing 

deformation mechanisms, the effective R-value depends on the individual contributions 

of GBS creep and DC creep to deformation. The R-value for DC creep, RDC, is greater 

than unity for both the AZ31B-H24 and AZ31B-HR alloy sheets because of the strong 

basal texture of the sheets. The RDC for ZEK100 is less than unity. Because of their more 

random crystallographic textures, plastic anisotropy is less in the AZ31B-HR and the 

ZEK100 sheets than in the AZ31B-H24 sheet. While GBS creep favors cavity inter-

linkage as the rupture mechanism, DC creep favors necking as the rupture mechanism. 

Interestingly, a change in the rupture mechanism was also observed to cause a change in 

the rupture orientation during biaxial bulge testing of the AZ31B-H24 alloy sheet. 

Forming limit diagrams (FLDs) were constructed for the AZ31B-H24 and 

ZEK100 alloy sheets at true strain rates of 10-2 s-1 and 10-3 s-1 and at temperatures ranging 

from 250 to 450°C. The ZEK100 sheet exhibits higher formabilities, by up to 60%, than 

the AZ31B-H24 sheet. This is likely because of the more random texture of ZEK100 and 

the complex physics of deformation caused by the rare-earth element addition, which are 

not yet fully understood. For example, creep deformation in ZEK100 is not fully steady-

state even at a temperature as high as 450°C (> 0.75 Tm). Interestingly, the formabilities 

of both the AZ31B-H24 and ZEK100 sheets decrease only slightly (less than 35%) as the 



 215 

temperature is decreased from 450°C down to 250°C. This suggests that forming 

processes at 250 to 300°C are potentially viable for manufacturing complex Mg 

components. 

The success in creating material constitutive models based on the physics of 

deformation and the FLDs produced are expected to encourage a wider implementation 

of Mg alloy sheets in automobiles through hot-forming processes. Mg alloy sheets are 

also expected to be increasingly formed at temperatures lower than 450°C. Note that any 

decrease in the forming temperature is advantageous. This is because lower forming 

temperatures may offer several practical advantages, including considerable savings in 

energy, easier lubrication, reduced manufacturing process complexity, better geometric 

tolerances, reduced part distortion, prevention of abnormal grain growth, and easier part 

handling. The major temperatures of this investigation were 450°C and 350°C. In 

addition, a few preliminary investigations at temperatures lower than 350°C were 

conducted. These included the construction of FLDs at temperatures down to 250°C and 

study of plastic deformation, recrystallization and grain growth in the AZ31B-H24 alloy 

sheet. Future work in Mg alloy sheets should be directed toward forming at temperatures 

lower than 350°C. The first step in that investigation should be to understand the 

deformation behaviors and construct material constitutive models that can predict 

forming at these temperatures. Unless proven economically unfavorable, focus should be 

on the ZEK100 and AZ31B-HR alloy sheets, which exhibit generally higher formabilities 

and less plastic anisotropy than the AZ31B-H24 alloy sheet. 
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Appendix 4.1.A. Stress-Strain Data for AZ31B-H24  
 

 

 
 

Figure A1: Tensile data at 10-1 s-1 true strain rate are shown for room temperature 
(22°C), 50°C, 100°C, 150°C, 200°C, 250°C, 300°C, 350°C, 400°C and 450°C, for the TD 
parallel to the LTD. The stress decreases as temperature increases, while strain at rupture 
increases with increasing temperature up to 350°C and then decreases. Strain hardening is 
evident for T ≤ 300°C. 
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Figure A2: Tensile data at 10-2 s-1 true strain rate are shown for room temperature 
(22°C), 50°C, 100°C, 150°C, 200°C, 250°C, 300°C, 350°C, 400°C and 450°C, for the TD 
parallel to the LTD. Stress decreases as temperature increases. Strain at rupture increases 
as temperature increases up to 400°C and then decreases. Strain hardening is evident for 
T ≤ 250°C. 
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Figure A3: Tensile data at 10-3 s-1 true strain rate are shown for room temperature 
(22°C), 50°C, 100°C, 150°C, 200°C, 250°C, 300°C, 350°C, 400°C and 450°C, for the TD 
parallel to the LTD. Stress decreases as temperature increases. Strain at rupture generally 
increases as temperature increases up to 450°C. Strain hardening is evident for T≤100°C. 
Noise in the flow stress-data at 300°C is a result of limitations in the displacement-rate 
control of the servo hydraulic system used for tensile testing. 
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Figure A4: True stress at a strain of ε = 0.1 is plotted against temperature for all three 
strain rates examined, for the TD parallel to the LTD. 

 
Figure A5: Tensile data at 350°C are shown at 3×10-1 s-1, 10-1 s-1, 3×10-2 s-1, 10-2 s-1, 
3×10-3 s-1, 10-3 s-1, 3×10-4 s-1, and 10-4 s-1, for the TD parallel to the RD. The true strain at 
rupture increases with a decreasing strain rate for strain rates slower than 10-2 s-1. 
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Appendix 4.1.B. AZ31B-H24 Tensile Specimens  
 
 

 
Figure B1: Tensile specimens tested at different temperatures at a constant true strain 
rate of    10-1 s-1 are shown. The TD is parallel to the LTD. 
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Figure B2: Tensile specimens tested at different temperatures at a constant true strain 
rate of    10-2 s-1 are shown. The TD is parallel to the LTD. 
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Figure B3: Tensile specimens tested at different temperatures at a constant true strain 
rate of    10-3 s-1 are shown. The TD is parallel to the LTD. 
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Figure B4: AZ31B-H24 specimens tested to rupture at 350°C are shown. The specimens 
were tested with tensile direction parallel to the RD. Planar anisotropy is negligible. 
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Appendix 4.2.A AZ31B-HR Tensile Specimens 

 
 

 

Figure A1: AZ31B-HR specimens tested to rupture at 450°C are shown. The specimens 
were tested with tensile direction parallel to the RD. Planar anisotropy is negligible. 
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Figure A2: AZ31B-HR specimens tested to rupture at 350°C are shown. The specimens 
were tested with tensile direction parallel to the RD. Planar anisotropy is negligible. 
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Appendix 4.3.A. ZEK100 Tensile Specimens 

 
 

 

Figure A1: ZEK100 specimens tested to rupture at 450°C are shown. The specimens 
were tested with tensile direction parallel to the RD, parallel to the LTD and at 45° to 
both the RD and the LTD. 
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Figure A2: ZEK100 specimens tested to rupture at 350°C are shown. The specimens 
were tested with tensile direction parallel to the RD, parallel to the LTD and at 45° to 
both the RD and the LTD. 
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Appendix 5.A Annealed Microstructures of AZ31B-H24  
 
 

 
Figure A1: Microstructure after long exposure at 50°C. 
 

 
Figure A2: Microstructure after long exposure at 100°C. 
 

 
Figure A3: Microstructure after long exposure at 150°C. 



 229 

 

 
Figure A4: Microstructure after long exposure at 200°C showing recrystallized grains in 
region A and very small grains in region B.  (Note the larger magnification). 
 

 
Figure A5: Microstructure after long exposure at 250°C. 
 

 
Figure A6: Microstructure after long exposure at 300°C. (Please note the larger 

magnification). 

A 

B 
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Figure A7: Microstructure after long exposure at 350°C. (Please note the larger 

magnification). 
 

 
Figure A8: Microstructure after long exposure at 400°C. 
 

 
Figure A9: Microstructure after long exposure at 450°C. 
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Figure A10: Microstructure after short exposure at 250°C. 
 

 

Figure A11: Microstructure after short exposure at 300°C. 
 

 

Figure A12: Microstructure after short exposure at 350°C. 
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Figure A13: Microstructure after short exposure at 400°C. 
 

 

Figure A14: Microstructure after short exposure at 450°C. 
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Appendix 7.A. Fits to Stress-Strain Data 

 
( ))exp(1 εσσ 0 ca −−+=  

 
AZ31B-H24 

 

Temperature, °C Strain Rate, s-1 σ0, MPa a, MPa c 

 1×10-4 7.55 10.88 5.20 

350 
 

3×10-4 16.63 5.02 7.70 
1×10-3 25.51 229.17 0.029 
3×10-3 33.38 2.77 2.92 
1×10-2 42.81 - - 
3×10-2 51.98 - - 
1×10-1 60.66 - - 

 3×10-1 69.69 - - 

 
ZEK100 

 
Temperature, °C Strain Rate, s-1 σ0, MPa a, MPa c 

450 
 

3×10-4 10.94 2.77 2.23 
1×10-3 13.58 8.09 0.88 
3×10-3 17.78 20.08 0.35 
1×10-2 22.41 56.82 0.14 
3×10-2 29.10 15.59 0.75 
1×10-1 35.78 6.45 3.16 

350 
 

3×10-4 20.10 9.55 4.30 
1×10-3 27.31 17.67 2.48 
3×10-3 36.83 12.37 2.33 
1×10-2 46.18 12.05 3.81 
3×10-2 53.46 17.94 3.87 
1×10-1 64.76 14.51 6.50 
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AZ31B-HR 

 

Temperature, °C Strain Rate, s-1 σ0, MPa a, MPa c 

450 
 

3×10-4 1.20 256.58 0.027 
1×10-3 4.17 6.45 3.76 
3×10-3 10.24 4.35 6.88 
1×10-2 18.48 1.52 3.96 
3×10-2 24.70 0.87 2.87 
1×10-1 31.32 - - 

 3×10-1 36.55 - - 
 1×10-4 4.49 21.38 2.01 

350 
 

3×10-4 11.32 16.25 3.10 
1×10-3 22.26 11.52 0.67 
3×10-3 30.37 116.65 0.090 
1×10-2 38.83 4.72 8.89 
3×10-2 51.59 - - 
1×10-1 60.02 - - 

 3×10-1 69.42 - - 
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Appendix 7.B. Example Codes for FEM Simulations  
 

Example Creep File for AZ31B-H24 at 350°C 

 
      SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT, 
     1 TIME,DTIME,CMNAME,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER, 
     2 KSPT,KSTEP,KINC,NDI,NSHR,COORD,JMAC,JMATYP,MATLAYO,LACCFLA) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME,ORNAME 
      CHARACTER*3  FLGRAY(15) 
      DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3), 
     1 T(3,3),TIME(2) 
      DIMENSION ARRAY(15),JARRAY(15),JMAC(*),JMATYP(*),COORD(*) 
 
C Get the components of the stress tensor (stored in array ARRAY) 
      CALL GETVRM('S',ARRAY,JARRAY,FLGRAY,JRCD,JMAC,JMATYP,MATLAYO, 
     1 LACCFLA) 
 
C Input R-values for creep mechanisms 1 and 2 
      R1 = 1.0 
      R2 = 1.437 
      R3 = 1.437 
 
C Calculate Hill stress for creep mechanism 1 
C Assumes plane stress and normal anisotropy 
      STATEV(1) = SQRT(1/(1+R1)*ARRAY(2)**2+1/(1+R1)*(-ARRAY(1))**2+ 
     1 R1/(1+R1)*(ARRAY(1)-ARRAY(2))**2+2*(1+R1/(1+R1))*ARRAY(4)**2) 
 
C Calculate Hill stress for creep mechanism 2 
C Assumes plane stress and normal anisotropy 
      STATEV(2) = SQRT(1/(1+R2)*ARRAY(2)**2+1/(1+R2)*(-ARRAY(1))**2+ 
     1 R2/(1+R2)*(ARRAY(1)-ARRAY(2))**2+2*(1+R2/(1+R2))*ARRAY(4)**2) 
 
      STATEV(3) = SQRT(1/(1+R3)*ARRAY(2)**2+1/(1+R3)*(-ARRAY(1))**2+ 
     1 R3/(1+R3)*(ARRAY(1)-ARRAY(2))**2+2*(1+R3/(1+R3))*ARRAY(4)**2) 
 
 
C Stores the effective R-value as a field variable 
C Needed to calculate the appropriate stress ratios in the input 
file  
      FIELD(1)=STATEV(4) 
 
      RETURN 
      END 
c 
c 
c 
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      SUBROUTINE CREEP(DECRA,DESWA,STATEV,SERD,EC,ESW,P,QTILD, 
     1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND, 
     2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME 
C 
      DIMENSION DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*), 
     1 TIME(2),EC(2),ESW(2),COORDS(*) 
 
C===================================================================
==== 
C-------------------------------------------------------------------
---- 
C----------------  DEFINITION OF CREEP CONSITUTIVE LAW  ------------
---- 
C---------------------------   POWER MODEL  ------------------------
---- 
C-------------------------------------------------------------------
---- 
C===================================================================
==== 
C 
C VARIABLES TO BE DEFINED : 
C --------- 
C---  In all cases  
C  DECRA(1)  :   
C  DESWA(1)  :   
C---  For implicit creep integration (LEXIMP=1, see below) 
C  DECRA(2)  :   
C  DECRA(3)  :   
C  DECRA(4)  :   
C  DECRA(5)  :   
C  DESWA(2)  :   
C  DESWA(3)  :    
C  DESWA(4)  :   
C  DESWA(5)  :   
C 
C VARIABLES THAT CAN BE UPDATED : 
C --------- 
C  STATEV    : Array containing the user-defined solution-dependent 
state variables. 
C  SERD      : Magnitude of the strain energy rate density Wdot. 
C 
C VARIABLES PASSED IN FOR INFORMATION : 
C --------- 
C  EC(1)     : Creep `Ecr' at the start of the increment. 
C  EC(2)     : Creep `Ecr' at the end of the increment. 
C  ESW(1)    : Creep 'Esw' at the start of the increment. 
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C  ESW(2)    : Creep 'Esw' at the end of the increment. 
C  P         : Equivalent pressure stress. 
C  QTILD     : Mises or Hill equivalent stress. 
C  TEMP      : Temperature at the end of the increment. 
C  DTEMP     : Increment of temperature during the time increment. 
C  PREDEF    : Array containing the values of all of the predefined 
variables. 
C  DPRED     : An array containing the increments of all of the 
predefined variables during the time increment. 
C  TIME(1)   : Value of step time at the end of the increment. 
C  TIME(2)   : Value of total time at the end of the increment. 
C  DTIME     : Time increment. 
C  CMNAME    : Material name given on the *MATERIAL option. 
C  LEXIMP    : Explicit/implicit flag. 
C  LEND      : Start/end of increment flag. 
C  COORDS(3) : An array containing the current coordinates of this 
point. 
C  NSTATV    : Number of solution-dependent state variables 
associated with this material. 
C  NOEL      : Element number. 
C  NPT      : Integration point number. 
C  LAYER     : Layer number (for composite shells and layered 
solids). 
C  KSPT      : Section point number within the current layer. 
C  KSTEP     : Step number. 
C  KINC      : Increment number. 
C 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C----------------------------  DECLARATIONS  -----------------------
---* 
C-------------------------------------------------------------------
---+ 
      PARAMETER (dzero=1.D-20) 
C 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C-------------------  BEGINNING OF EXECUTABLE CODE  ----------------
---* 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C 
      A1 = exp(-12.1351-16.8382*EC(2)+29.0907*EC(2)**2-
19.0757*EC(2)**3) 
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 dn1 = 1.41895+0.614849*tanh(5.538384*EC(2)) 
      A2 = 1.44699D-10 
      dn2 = 4.5 
      A3 = 9.0D-16 
      dn3 = 7.8521 
C-------------------------------------------------------------------
---+ 
C-------- Metal creep: Equivalent (uniaxial) deviatoric creep strain 
increment. 
      DECRA(1)=(A1*STATEV(1)**dn1+A2*STATEV(2)**dn2+        
     1 A3*STATEV(3)**dn3)*DTIME  
 
C-------------------------------------------------------------------
---+ 
C-------- Metal creep: Derivative  
C-------- DECRA(2): D(de^cr)/D(e^cr) 
C-------- DECRA(5): D(de^cr)/D(q) 
 
C Calculate the appropriate derivatives of the creep strain 
increment 
      IF(LEXIMP.EQ.1) THEN 
      DA1De = A1*(-16.8382+2*29.0907*EC(2)-3*19.0757*EC(2)**2) 
 Ddn1De = 0.614849*5.538384*(1.D0-tanh(5.538384*EC(2))**2) 
      DECRA(2)=(DA1De+A1*log(STATEV(1)+dzero)*Ddn1De)* 
     1 STATEV(1)**dn1*DTIME 
 DECRA(5)=(dn1*A1*STATEV(1)**(dn1-1.D0)+ 
     1 dn2*A2*STATEV(2)**(dn2-1.D0) 
     2 +dn3*A3*STATEV(3)**(dn3-1.D0))*DTIME 
      END IF 
 
C Input R-values for creep mechanisms 1 and 2 
      R1 = 1.0 
      R2 = 1.437 
      R3 = 1.437 
 
C Calculate the effective R-value 
C Based on the ratio of strain rate by one mechanism to total strain 
rate 
C 
C 
      SRR1=(A1*STATEV(1)**dn1)/ 
     1(A1*STATEV(1)**dn1+A2*STATEV(2)**dn2+A3*STATEV(3)**dn3) 
      SRR2=(A2*STATEV(2)**dn2)/ 
     1(A1*STATEV(1)**dn1+A2*STATEV(2)**dn2+A3*STATEV(3)**dn3) 
      SRR3=(A3*STATEV(3)**dn3)/ 
     1(A1*STATEV(1)**dn1+A2*STATEV(2)**dn2+A3*STATEV(3)**dn3) 
      STATEV(4)= (R1*(1+R2)*(1+R3)*SRR1+R2*(1+R1)*(1+R3)*SRR2 
     1 +R3*(1+R1)*(1+R2)*SRR3)/((1+R2)*(1+R3)*SRR1+ 
     2 (1+R1)*(1+R3)*SRR2+(1+R1)*(1+R3)*SRR2) 
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      RETURN 
      END 

 

 

Example Creep File for ZEK100 at 450°C 
 

      SUBROUTINE CREEP(DECRA,DESWA,STATEV,SERD,EC,ESW,P,QTILD, 
     1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND, 
     2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME 
C 
      DIMENSION DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*), 
     1 TIME(2),EC(2),ESW(2),COORDS(*) 
 
C 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C----------------------------  DECLARATIONS  -----------------------
---* 
C-------------------------------------------------------------------
---+ 
      PARAMETER (dzero=1.D-20) 
C 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C-------------------  BEGINNING OF EXECUTABLE CODE  ----------------
---* 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C 
C-------------------------------------------------------------------
---+ 
C-------- Metal creep: Equivalent (uniaxial) deviatoric creep strain 
increment. 
      DECRA(1)=(A1*QTILD**dn1)*DTIME 
C-------------------------------------------------------------------
---+ 
C-------- Metal creep: Derivative  
C-------- DECRA(2): D(de^cr)/D(e^cr) 
C-------- DECRA(5): D(de^cr)/D(q) 
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C Calculate the appropriate derivatives of the creep strain 
increment 
      IF(LEXIMP.EQ.1) THEN 
      DA1De = A1*(-2.15346+2*1.71072*EC(2)-3*0.904128*EC(2)**2) 
 DECRA(2)=(DA1De*QTILD**dn1)*DTIME 
 DECRA(5)=(dn1*A1*QTILD**(dn1-1.D0))*DTIME 
       
      END IF 
      
      RETURN 
      END 

 

Example Creep File for ZEK100 at 350°C 
C constitutive equation 
      SUBROUTINE CREEP(DECRA,DESWA,STATEV,SERD,EC,ESW,P,QTILD, 
     1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND, 
     2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME 
C 
      DIMENSION DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*), 
     1 TIME(2),EC(2),ESW(2),COORDS(*) 
 
      PARAMETER (dzero=1.D-20) 
C 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C-------------------  BEGINNING OF EXECUTABLE CODE  ----------------
---* 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C 
      A1 = exp(-22.5684-(6.47465*EC(2)) 
     1 +(7.46323*EC(2)**2) 
     2 -(0.285375*EC(2)**3)) 
 dn1 = 4.5 
      A2 = exp(-31.2571-8.23125*EC(2)+18.0385*EC(2)**2-
18.1185*EC(2)**3) 
      dn2 = 7 
C-------------------------------------------------------------------
---+ 
C-------- Metal creep: Equivalent (uniaxial) deviatoric creep strain 
increment. 
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      DECRA(1)=(A1*QTILD**dn1+A2*QTILD**dn2)*DTIME  
C-------------------------------------------------------------------
---+ 
C-------- Metal creep: Derivative  
C-------- DECRA(2): D(de^cr)/D(e^cr) 
C-------- DECRA(5): D(de^cr)/D(q) 
 
C Calculate the appropriate derivatives of the creep strain 
increment 
      IF(LEXIMP.EQ.1) THEN 
      DA1De = A1*(-6.47465+2*7.46323*EC(2)-3*0.285375*EC(2)**2) 
 DA2De = A2*(-8.23125+2*18.0385*EC(2)-3*18.1185*EC(2)**2) 
      DECRA(2)=(DA1De*QTILD**dn1)*DTIME+(DA2De*QTILD**dn2)*DTIME 
 DECRA(5)=(dn1*A1*QTILD**(dn1-1.D0)+dn2*A2*QTILD**(dn2-
1.D0))*DTIME 
       
      END IF 
      
      RETURN 
      END 

Example Creep File for AZ31B-HR at 450°C 

 
      SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT, 
     1 TIME,DTIME,CMNAME,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER, 
     2 KSPT,KSTEP,KINC,NDI,NSHR,COORD,JMAC,JMATYP,MATLAYO,LACCFLA) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME,ORNAME 
      CHARACTER*3  FLGRAY(15) 
      DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3), 
     1 T(3,3),TIME(2) 
      DIMENSION ARRAY(15),JARRAY(15),JMAC(*),JMATYP(*),COORD(*) 
 
C Get the components of the stress tensor (stored in array ARRAY) 
      CALL GETVRM('S',ARRAY,JARRAY,FLGRAY,JRCD,JMAC,JMATYP,MATLAYO, 
     1 LACCFLA) 
 
C Input R-values for creep mechanisms 1 and 2 
      R1 = 1.0 
      R2 = 1.23 
 
C Calculate Hill stress for creep mechanism 1 
C Assumes plane stress and normal anisotropy 
      STATEV(1) = SQRT(1/(1+R1)*ARRAY(2)**2+1/(1+R1)*(-ARRAY(1))**2+ 
     1 R1/(1+R1)*(ARRAY(1)-ARRAY(2))**2+2*(1+R1/(1+R1))*ARRAY(4)**2) 
 
C Calculate Hill stress for creep mechanism 2 
C Assumes plane stress and normal anisotropy 
      STATEV(2) = SQRT(1/(1+R2)*ARRAY(2)**2+1/(1+R2)*(-ARRAY(1))**2+ 
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     1 R2/(1+R2)*(ARRAY(1)-ARRAY(2))**2+2*(1+R2/(1+R2))*ARRAY(4)**2) 
 
C Stores the effective R-value as a field variable 
C Needed to calculate the appropriate stress ratios in the input 
file  
      FIELD(1)=STATEV(3) 
 
      RETURN 
      END 
 
      SUBROUTINE CREEP(DECRA,DESWA,STATEV,SERD,EC,ESW,P,QTILD, 
     1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND, 
     2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME 
C 
      DIMENSION DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*), 
     1 TIME(2),EC(2),ESW(2),COORDS(*) 
 
C===================================================================
==== 
C-------------------------------------------------------------------
---- 
C----------------  DEFINITION OF CREEP CONSITUTIVE LAW  ------------
---- 
C---------------------------   POWER MODEL  ------------------------
---- 
C-------------------------------------------------------------------
---- 
C===================================================================
==== 
C 
C VARIABLES TO BE DEFINED : 
C --------- 
C---  In all cases  
C  DECRA(1)  :   
C  DESWA(1)  :   
C---  For implicit creep integration (LEXIMP=1, see below) 
C  DECRA(2)  :   
C  DECRA(3)  :   
C  DECRA(4)  :   
C  DECRA(5)  :   
C  DESWA(2)  :   
C  DESWA(3)  :    
C  DESWA(4)  :   
C  DESWA(5)  :   
C 
C VARIABLES THAT CAN BE UPDATED : 
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C --------- 
C  STATEV    : Array containing the user-defined solution-dependent 
state variables. 
C  SERD      : Magnitude of the strain energy rate density Wdot. 
C 
C VARIABLES PASSED IN FOR INFORMATION : 
C --------- 
C  EC(1)     : Creep `Ecr' at the start of the increment. 
C  EC(2)     : Creep `Ecr' at the end of the increment. 
C  ESW(1)    : Creep 'Esw' at the start of the increment. 
C  ESW(2)    : Creep 'Esw' at the end of the increment. 
C  P         : Equivalent pressure stress. 
C  QTILD     : Mises or Hill equivalent stress. 
C  TEMP      : Temperature at the end of the increment. 
C  DTEMP     : Increment of temperature during the time increment. 
C  PREDEF    : Array containing the values of all of the predefined 
variables. 
C  DPRED     : An array containing the increments of all of the 
predefined variables during the time increment. 
C  TIME(1)   : Value of step time at the end of the increment. 
C  TIME(2)   : Value of total time at the end of the increment. 
C  DTIME     : Time increment. 
C  CMNAME    : Material name given on the *MATERIAL option. 
C  LEXIMP    : Explicit/implicit flag. 
C  LEND      : Start/end of increment flag. 
C  COORDS(3) : An array containing the current coordinates of this 
point. 
C  NSTATV    : Number of solution-dependent state variables 
associated with this material. 
C  NOEL      : Element number. 
C  NPT      : Integration point number. 
C  LAYER     : Layer number (for composite shells and layered 
solids). 
C  KSPT      : Section point number within the current layer. 
C  KSTEP     : Step number. 
C  KINC      : Increment number. 
C 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C----------------------------  DECLARATIONS  -----------------------
---* 
C-------------------------------------------------------------------
---+ 
      PARAMETER (dzero=1.D-20) 
C 
C-------------------------------------------------------------------
---+ 
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C-------------------------------------------------------------------
---+ 
C-------------------  BEGINNING OF EXECUTABLE CODE  ----------------
---* 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C 
      A1 = exp(-8.3250-5.8923*EC(2)+6.9518*EC(2)**2-5.6438*EC(2)**3) 
 dn1 = 1.03691+8.07471*tanh(0.092505*EC(2)) 
      A2 = 3.975D-10 
      dn2 = 5.6 
C-------------------------------------------------------------------
---+ 
C-------- Metal creep: Equivalent (uniaxial) deviatoric creep strain 
increment. 
      DECRA(1)=(A1*STATEV(1)**dn1+A2*STATEV(2)**dn2)*DTIME 
C-------------------------------------------------------------------
---+ 
C-------- Metal creep: Derivative  
C-------- DECRA(2): D(de^cr)/D(e^cr) 
C-------- DECRA(5): D(de^cr)/D(q) 
 
C Calculate the appropriate derivatives of the creep strain 
increment 
      IF(LEXIMP.EQ.1) THEN 
      DA1De = A1*(-5.89231+2*6.95178*EC(2)-3*5.64378*EC(2)**2) 
 Ddn1De = 8.07471*0.092505*(1.D0-tanh(0.092505*EC(2))**2) 
      DECRA(2)=(DA1De+A1*log(STATEV(1)+dzero)*Ddn1De)* 
     1 STATEV(1)**dn1*DTIME 
 DECRA(5)=(dn1*A1*STATEV(1)**(dn1-1.D0)+ 
     1 dn2*A2*STATEV(2)**(dn2-1.D0))*DTIME 
       
      END IF 
 
C Input R-values for creep mechanisms 1 and 2 
      R1 = 1.0 
      R2 = 1.23 
 
C Calculate the effective R-value 
C Based on the ratio of mechanism 2 strain rate to total strain rate 
      SRR=(A2*STATEV(2)**dn2)/(A1*STATEV(1)**dn1+A2*STATEV(2)**dn2) 
      STATEV(3)=((R2/(1+R2)-R1/(1+R1))*SRR+R1/(1+R1))/ 
     1 ((1/(1+R2)-1/(1+R1))*SRR+1/(1+R1)) 
 
      RETURN 
      END 
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Example Creep File for AZ31B-HR at 350°C 

 
      SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT, 
     1 TIME,DTIME,CMNAME,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER, 
     2 KSPT,KSTEP,KINC,NDI,NSHR,COORD,JMAC,JMATYP,MATLAYO,LACCFLA) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME,ORNAME 
      CHARACTER*3  FLGRAY(15) 
      DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3), 
     1 T(3,3),TIME(2) 
      DIMENSION ARRAY(15),JARRAY(15),JMAC(*),JMATYP(*),COORD(*) 
 
C Get the components of the stress tensor (stored in array ARRAY) 
      CALL GETVRM('S',ARRAY,JARRAY,FLGRAY,JRCD,JMAC,JMATYP,MATLAYO, 
     1 LACCFLA) 
 
C Input R-values for creep mechanisms 1 and 2 
      R1 = 1.0 
      R2 = 1.21 
      R3 = 1.21 
 
C Calculate Hill stress for creep mechanism 1 
C Assumes plane stress and normal anisotropy 
      STATEV(1) = SQRT(1/(1+R1)*ARRAY(2)**2+1/(1+R1)*(-ARRAY(1))**2+ 
     1 R1/(1+R1)*(ARRAY(1)-ARRAY(2))**2+2*(1+R1/(1+R1))*ARRAY(4)**2) 
 
C Calculate Hill stress for creep mechanism 2 
C Assumes plane stress and normal anisotropy 
      STATEV(2) = SQRT(1/(1+R2)*ARRAY(2)**2+1/(1+R2)*(-ARRAY(1))**2+ 
     1 R2/(1+R2)*(ARRAY(1)-ARRAY(2))**2+2*(1+R2/(1+R2))*ARRAY(4)**2) 
 
      STATEV(3) = SQRT(1/(1+R3)*ARRAY(2)**2+1/(1+R3)*(-ARRAY(1))**2+ 
     1 R3/(1+R3)*(ARRAY(1)-ARRAY(2))**2+2*(1+R3/(1+R3))*ARRAY(4)**2) 
 
 
C Stores the effective R-value as a field variable 
C Needed to calculate the appropriate stress ratios in the input 
file  
      FIELD(1)=STATEV(4) 
 
      RETURN 
      END 
c 
c 
c 
      SUBROUTINE CREEP(DECRA,DESWA,STATEV,SERD,EC,ESW,P,QTILD, 
     1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND, 
     2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC) 
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C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME 
C 
      DIMENSION DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*), 
     1 TIME(2),EC(2),ESW(2),COORDS(*) 
 
C===================================================================
==== 
C-------------------------------------------------------------------
---- 
C----------------  DEFINITION OF CREEP CONSITUTIVE LAW  ------------
---- 
C---------------------------   POWER MODEL  ------------------------
---- 
C-------------------------------------------------------------------
---- 
C===================================================================
==== 
C 
C VARIABLES TO BE DEFINED : 
C --------- 
C---  In all cases  
C  DECRA(1)  :   
C  DESWA(1)  :   
C---  For implicit creep integration (LEXIMP=1, see below) 
C  DECRA(2)  :   
C  DECRA(3)  :   
C  DECRA(4)  :   
C  DECRA(5)  :   
C  DESWA(2)  :   
C  DESWA(3)  :    
C  DESWA(4)  :   
C  DESWA(5)  :   
C 
C VARIABLES THAT CAN BE UPDATED : 
C --------- 
C  STATEV    : Array containing the user-defined solution-dependent 
state variables. 
C  SERD      : Magnitude of the strain energy rate density Wdot. 
C 
C VARIABLES PASSED IN FOR INFORMATION : 
C --------- 
C  EC(1)     : Creep `Ecr' at the start of the increment. 
C  EC(2)     : Creep `Ecr' at the end of the increment. 
C  ESW(1)    : Creep 'Esw' at the start of the increment. 
C  ESW(2)    : Creep 'Esw' at the end of the increment. 
C  P         : Equivalent pressure stress. 
C  QTILD     : Mises or Hill equivalent stress. 
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C  TEMP      : Temperature at the end of the increment. 
C  DTEMP     : Increment of temperature during the time increment. 
C  PREDEF    : Array containing the values of all of the predefined 
variables. 
C  DPRED     : An array containing the increments of all of the 
predefined variables during the time increment. 
C  TIME(1)   : Value of step time at the end of the increment. 
C  TIME(2)   : Value of total time at the end of the increment. 
C  DTIME     : Time increment. 
C  CMNAME    : Material name given on the *MATERIAL option. 
C  LEXIMP    : Explicit/implicit flag. 
C  LEND      : Start/end of increment flag. 
C  COORDS(3) : An array containing the current coordinates of this 
point. 
C  NSTATV    : Number of solution-dependent state variables 
associated with this material. 
C  NOEL      : Element number. 
C  NPT      : Integration point number. 
C  LAYER     : Layer number (for composite shells and layered 
solids). 
C  KSPT      : Section point number within the current layer. 
C  KSTEP     : Step number. 
C  KINC      : Increment number. 
C 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C----------------------------  DECLARATIONS  -----------------------
---* 
C-------------------------------------------------------------------
---+ 
      PARAMETER (dzero=1.D-20) 
C 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C-------------------  BEGINNING OF EXECUTABLE CODE  ----------------
---* 
C-------------------------------------------------------------------
---+ 
C-------------------------------------------------------------------
---+ 
C 
      A1 = exp(-11.702-17.5348*EC(2)+44.2931*EC(2)**2-
49.0654*EC(2)**3) 
 dn1 = 1.56742+0.34732*tanh(9.17751*EC(2)) 
      A2 = 1.88996D-11 
      dn2 = 5.D0 
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      A3 = 3.6776D-15 
      dn3 = 7.5D0 
C-------------------------------------------------------------------
---+ 
C-------- Metal creep: Equivalent (uniaxial) deviatoric creep strain 
increment. 
      DECRA(1)=(A1*STATEV(1)**dn1+A2*STATEV(2)**dn2+        
     1 A3*STATEV(3)**dn3)*DTIME  
 
C-------------------------------------------------------------------
---+ 
C-------- Metal creep: Derivative  
C-------- DECRA(2): D(de^cr)/D(e^cr) 
C-------- DECRA(5): D(de^cr)/D(q) 
 
C Calculate the appropriate derivatives of the creep strain 
increment 
      IF(LEXIMP.EQ.1) THEN 
      DA1De = A1*(-17.5348+2*44.2931*EC(2)-3*49.0654*EC(2)**2) 
 Ddn1De = 0.34732*9.17751*(1.D0-tanh(9.17751*EC(2))**2) 
      DECRA(2)=(DA1De+A1*log(STATEV(1)+dzero)*Ddn1De)* 
     1 STATEV(1)**dn1*DTIME 
 DECRA(5)=(dn1*A1*STATEV(1)**(dn1-1.D0)+ 
     1 dn2*A2*STATEV(2)**(dn2-1.D0) 
     2 +dn3*A3*STATEV(3)**(dn3-1.D0))*DTIME 
      END IF 
 
C Input R-values for creep mechanisms 1 and 2 
      R1 = 1.0 
      R2 = 1.21 
      R3 = 1.21 
 
C Calculate the effective R-value 
C Based on the ratio of s-rate for one mechanism to total s-rate  
C 
C 
      SRR1=(A1*STATEV(1)**dn1)/ 
     1(A1*STATEV(1)**dn1+A2*STATEV(2)**dn2+A3*STATEV(3)**dn3) 
      SRR2=(A2*STATEV(2)**dn2)/ 
     1(A1*STATEV(1)**dn1+A2*STATEV(2)**dn2+A3*STATEV(3)**dn3) 
      SRR3=(A3*STATEV(3)**dn3)/ 
     1(A1*STATEV(1)**dn1+A2*STATEV(2)**dn2+A3*STATEV(3)**dn3) 
      STATEV(4)= (R1*(1+R2)*(1+R3)*SRR1+R2*(1+R1)*(1+R3)*SRR2 
     1 +R3*(1+R1)*(1+R2)*SRR3)/((1+R2)*(1+R3)*SRR1+ 
     2 (1+R1)*(1+R3)*SRR2+(1+R1)*(1+R3)*SRR2) 
 
 
      RETURN 
      END 
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Example Input File using 2D-Mesh used for AZ31B-H24 and AZ31B-HR Alloy 

Sheets 
 
**            
      
*NODE           
       
1 , 40  , 0  
2 , 37.5  , 0   
3 , 35  , 0 
4 , 33.75  , 0    
5 , 32.5  , 0 
6 , 30.8425  , 0    
7 , 29.185  , 0 
8 , 28.98921 , -0.01283    
9 , 28.79677143 , -0.051111 
10 , 28.61097 , -0.11418    
11 , 28.435  , -0.200962 
12 , 28.27186 , -0.30997     
13 , 28.12433983 , -0.43934 
14 , 27.99497 , -0.58686    
15 , 27.8859619 , -0.75  
16 , 27.79918 , -0.92597    
17 , 27.73611126 , -1.111771 
18 , 27.69783 , -1.30421     
19 , 27.685  , -1.5 
20 , 27.685  , -2.75     
21 , 27.685  , -4  
22 , 27.685  , -7  
23 , 27.685  , -10 
24 , 27.685  , -15     
25 , 27.685  , -20 
26 , 27.685  , -35      
27 , 27.685  , -50    
55000 , 0  , 0 
55001 , 1.5  , 0 
55002 , 3  , 0 
55003 , 4.5  , 0 
55004 , 6  , 0 
55005 , 7.5  , 0 
55006 , 9  , 0 
55007 , 10.5  , 0 
55008 , 12  , 0 
55009 , 13.5  , 0 
55010 , 15  , 0 
55011 , 16.5  , 0 
55012 , 18  , 0 
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55013 , 19.5  , 0 
55014 , 21  , 0 
55015 , 22.5  , 0 
55016 , 24  , 0 
55017 , 25.5  , 0 
55018 , 27  , 0 
55119 , 27.15  , 0 
55120 , 27.3  , 0 
55121 , 27.45  , 0  
55122 , 27.6  , 0 
55123 , 27.75  , 0  
55124 , 27.9  , 0 
55125 , 28.05  , 0  
55126 , 28.2  , 0 
55127 , 28.35  , 0  
55128 , 28.5  , 0 
55129 , 28.7  , 0  
55130 , 28.9  , 0 
55131 , 29.05  , 0  
55132 , 29.2  , 0 
55133 , 29.35  , 0  
55134 , 29.5  , 0 
55135 , 29.65  , 0  
55136 , 29.8  , 0 
55137 , 30.475  , 0  
55138 , 30.75  , 0 
55139 , 31.575  , 0 
55140 , 32.4  , 0     
*ELEMENT, TYPE=SAX1, ELSET=SHEET      
5000 , 55000  , 55001 
5001 , 55001  , 55002 
5002 , 55002  , 55003 
5003 , 55003  , 55004 
5004 , 55004  , 55005 
5005 , 55005  , 55006 
5006 , 55006  , 55007 
5007 , 55007  , 55008 
5008 , 55008  , 55009 
5009 , 55009  , 55010 
5010  , 55010  , 55011 
5011 , 55011  , 55012 
5012 , 55012  , 55013 
5013 , 55013  , 55014 
5014 , 55014  , 55015 
5015 , 55015  , 55016 
5016 , 55016  , 55017 
5017 , 55017  , 55018 
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5018 , 55018  , 55119 
5119 , 55119  , 55120 
5120 , 55120  , 55121 
5121 , 55121  , 55122 
5122 , 55122  , 55123 
5123 , 55123  , 55124 
5124 , 55124  , 55125 
5125 , 55125  , 55126 
5126 , 55126  , 55127 
5127 , 55127  , 55128 
5128 , 55128  , 55129 
5129 , 55129  , 55130 
5130  , 55130  , 55131 
5131 , 55131  , 55132 
5132 , 55132  , 55133 
5133 , 55133  , 55134 
5134 , 55134  , 55135 
5135 , 55135  , 55136 
5136 , 55136  , 55137 
5137 , 55137  , 55138 
5138 , 55138  , 55139 
5139 , 55139  , 55140 
*ELEMENT, TYPE=SAX1, ELSET=DIE  
1001 , 27  , 26 
1002 , 26  , 25 
1003 , 25  , 24 
1004 , 24  , 23 
1005 , 23  , 22 
1006 , 22  , 21 
1007 , 21  , 20 
1008 , 20  , 19 
1009 , 19  , 18 
1010 , 18  , 17 
1011 , 17  , 16 
1012 , 16  , 15 
1013 , 15  , 14 
1014 , 14  , 13 
1015 , 13  , 12 
1016 , 12  , 11 
1017 , 11  , 10 
1018 , 10  , 9 
1019 , 9  , 8 
1020 , 8  , 7 
1021 , 7  , 6 
1022 , 6  , 5 
1023 , 5  , 4 
1024 , 4  , 3 
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1025 , 3  , 2 
1026 , 2  , 1 
*SHELL SECTION,  ELSET = SHEET,  MATERIAL = AZ31     
  
1.95 , 
*SHELL SECTION,  ELSET = DIE,  MATERIAL = AZ31       
1.95 ,      
*RIGID BODY,  REF NODE = NREF,  ELSET = DIE       
*NSET,  NSET=EDGENODES       
55140 
*NSET,  NSET=POLENODE       
55000        
*NSET,  NSET=NREF       
3        
*ELSET,  ELSET=poleelement1       
5000        
*SURFACE,  TYPE=ELEMENT,  NAME=DIE_SURF      
DIE,   SPOS       
*SURFACE,  NAME=SHEET_SURF       
SHEET,   SPOS       
**        
*MATERIAL,  NAME=AZ31       
*ELASTIC        
35764, 0.33       
*CREEP,  LAW=USER       
*POTENTIAL, DEPENDENCIES=1 
1.0, 1.0, 1.000, 1.000, 1.0, 1.0, 0.0, 1.0 
1.0, 1.0, 1.025, 0.992, 1.0, 1.0, 0.0, 1.1 
1.0, 1.0, 1.049, 0.985, 1.0, 1.0, 0.0, 1.2 
1.0, 1.0, 1.072, 0.979, 1.0, 1.0, 0.0, 1.3 
1.0, 1.0, 1.095, 0.973, 1.0, 1.0, 0.0, 1.4 
1.0, 1.0, 1.118, 0.968, 1.0, 1.0, 0.0, 1.5 
1.0, 1.0, 1.140, 0.964, 1.0, 1.0, 0.0, 1.6 
1.0, 1.0, 1.162, 0.959, 1.0, 1.0, 0.0, 1.7 
1.0, 1.0, 1.183, 0.956, 1.0, 1.0, 0.0, 1.8 
1.0, 1.0, 1.204, 0.952, 1.0, 1.0, 0.0, 1.9 
1.0, 1.0, 1.225, 0.949, 1.0, 1.0, 0.0, 2.0 
1.0, 1.0, 1.245, 0.946, 1.0, 1.0, 0.0, 2.1 
1.0, 1.0, 1.265, 0.943, 1.0, 1.0, 0.0, 2.2 
1.0, 1.0, 1.285, 0.940, 1.0, 1.0, 0.0, 2.3 
1.0, 1.0, 1.304, 0.938, 1.0, 1.0, 0.0, 2.4 
*USER DEFINED FIELD 
*DEPVAR 
3     
**-------------------------------------------------------**       
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**-------------------------------------------------------**       
  
**         
** INTERACTION PROPERTIES        
**        
*CONTACT PAIR, INTERACTION=DIE_CONT,SMOOTH=0.2 
SHEET_SURF, DIE_SURF  
*SURFACE INTERACTION, NAME=DIE_CONT 
**-------------------------------------------------------**  
**-------------------------------------------------------** 
**-------------------------------------------------------**  
**  
** BOUNDARY CONDITIONS 
** 
*BOUNDARY,TYPE=DISPLACEMENT 
NREF,       1, 6, 
EDGENODES,  1, 2 
POLENODE,   1 
**-------------------------------------------------------** 
**-------------------------------------------------------**  
**  
** INITIAL CONDITIONS 
** 
**INITIAL CONDITIONS, TYPE=FIELD, VARIABLE=1 
**SHEET, 1.437 
*INITIAL CONDITIONS, TYPE=SOLUTION 
SHEET, 0.0, 0.0, 1.437 
*INITIAL CONDITIONS, TYPE=STRESS, UNBALANCED STRESS=STEP 
SHEET, 0.1, 0.1 
**-------------------------------------------------------**  
**-------------------------------------------------------**  
** STEP ANALYSIS 
**-------------------------------------------------------**  
**-------------------------------------------------------**  
*STEP, NAME=STATIC,NLGEOM=YES,UNSYMM=NO 
*STATIC 
1.E-04,1.0, 
**-------------------------------------** 
*DLOAD 
SHEET,  P,  -1.932 
**-------------------------------------** 
**MONITOR,DOF=3,NODE=SHEET.SHEET.4 
**-------------------------------------** 
*OUTPUT,FIELD,FREQUENCY=4 
*ELEMENT OUTPUT,ELSET=SHEET 
LE,S,STH,ER,CE 
*NODE OUTPUT 
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COORD, U, RF 
*Output, history,FREQUENCY=1 
*Node Output, NSET=POLENODE 
U1,U2,U3 
*Element Output, elset=poleelement1 
STH, ER 
*Node PRINT,FREQUENCY=1,nset=POLENODE 
U2 
*EL PRINT,FREQUENCY=1,elset=poleelement1 
S, LE, ER 
*EL PRINT,FREQUENCY=1,elset=poleelement1 
STH 
*END STEP 
**-------------------------------------------------------**  
**-------------------------------------------------------**  
*STEP, NAME=CREEP,NLGEOM=YES,UNSYMM=NO,INC=50000 
*VISCO, CETOL=0.05  
1E-7,   1055.0, 1E-11 , 6.0 
**DLOAD 
**-------------------------------------** 
**MONITOR,DOF=3,NODE=SHEET.SHEET.4 
**-------------------------------------** 
*OUTPUT,FIELD,TIME INTERVAL=2 
*ELEMENT OUTPUT,ELSET=SHEET 
LE,S,STH,ER,CE 
*NODE OUTPUT 
COORD, U, RF 
*Output, history,FREQUENCY=3 
*Node Output, NSET=POLENODE 
U1,U2,U3 
*Element Output,elset=poleelement1 
STH, ER 
*NODE PRINT,FREQUENCY=3,nset=POLENODE 
U2 
*EL PRINT,FREQUENCY=3,elset=poleelement1 
S, LE, ER 
*EL PRINT,FREQUENCY=3,elset=poleelement1 
STH 
*END STEP 
**-------------------------------------------------------** 
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Appendix 7.C Microstructure Evolution in AZ31B-H24 

 

The microstructures of AZ31B-H24 specimens tested at 450°C were observed 

near fracture, in a deformed region away from the fracture and in the undeformed region 

for both tensile (See Chapter 4.1) and biaxial-bulge geometries (See Chapter 6.1). 

Figures 7.C.A through 7.C.D show photomicrographs from tensile and biaxial bulge 

specimens tested at 0.001/s and 0.1/s, respectively.  Figures 7.C.A and 7.C.C show 

photomicrographs from the grip region, 5 mm from the fracture and at the fracture of 

tensile coupons. Similarly, Figures 7.C.B and 7.C.D show microstructures from the 

undeformed region, the middle region of the dome and at the fracture of biaxial-bulge 

specimens. 

The tensile specimens and biaxial bulge specimens tested at 0.001/s and 450°C 

(7.C.A and 7.C.B) show similar microstructures. Both have similar grain sizes at different 

stages of deformation and develop abnormally large grains, up to 1 mm in diameter, near 

the fracture; this creates a bimodal microstructure with interconnected cavities. Figures 

7.C.C and 7.C.D show tensile and biaxial-bulge specimens tested at 450°C and 0.1/s, 

which exhibit similar microstructures. These microstructures suggest that dynamic grain 

growth produces grains with diameters of 40 to 60 µm during the initial deformation. As 

strain increases, the grain size reduces to approximately 16 to 24 µm. The coarse grain 

structure developed during deformation leads to orange peel in biaxial-bulge specimens 

tested at 0.1/s and 450°C (see Figure 6.2.4b). 
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Figure 7.C.A: Photomicrographs are shown (a) in the grip region (mean grain size = 11.3 
µm), (b) at 5 mm from the fracture (mean grain size = 13.5 µm) and (c) at the fracture for 
an AZ31B-H24 tensile specimen tested at 450°C and 0.001/s. Note the different 
magnification in (c). 
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Figure 7.C.B: Photomicrographs are shown (a) in the undeformed region (mean grain 
size = 10.7 µm), (b) at the middle of the dome (mean grain size = 14 µm) and (c) near the 
fracture of an AZ31B-H24 biaxial bulge specimen tested at 450°C and 0.001/s. Note the 
different magnification in (c). 
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Figure 7.C.C: Photomicrographs are shown (a) in the grip region (mean grain size = 9.2 
µm), (b) at 5 mm from the fracture (mean grain size = 42.5 µm) and (c) near the fracture 
(mean grain size = 16.1 µm) of an AZ31B-H24 tensile specimen tested at 450°C and 
0.1/s. 
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Figure 7.C.D: Photomicrographs are shown (a) in the undeformed region (mean grain 
size = 10 µm), (b) at the middle of the dome (mean grain size = 54 µm) and (c) near the 
fracture (mean grain size = 24 µm) of an AZ31B-H24 biaxial-bulge specimen tested at 
450°C and 0.1/s. 
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