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Abstract 

 

The Construction and Use of Plasticity Models to Predict Elevated 

Temperature Forming of Magnesium ZEK100 Alloy Sheet Material 

 

 

Emre Yavuz, M.S.E 

The University of Texas at Austin, 2014 

 

Supervisor:  Eric M. Taleff 

 

Magnesium (Mg) alloys provide material properties that make them attractive for 

structural components. In particular Mg alloys can be used to produce components with 

lighter weight than most alloy sheets currently used. However, the insufficient ductility of 

Mg alloy sheet materials at room temperature can require these to be formed at elevated 

temperatures to achieve suitable formability. In this research, wrought Mg alloy ZEK100 

is studied at 300 °C and lower temperatures. Behavior at these lower temperatures is 

compared to behavior of 450 °C and 350 °C. A goal of this study is to determine the 

possibilities for future forming technologies at these lower temperatures. The 

deformation mechanisms at these temperatures are examined, including their relation to 

plastic anisotropy. Knowledge of the active deformation mechanisms is used to formulate 

descriptive models of plastic deformation. Material constitutive models are constructed 

and used in finite element method (FEM) simulations of gas pressure bulge tests. Finally, 
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results of FEM simulations are compared with experimental results, and the accuracies of 

the material constitutive models are validated. 
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Chapter 1: Introduction 

Magnesium (Mg) is the fourth most abundant element in the Earth behind iron, 

oxygen and silicon [1]. It is one of the most commonly used metals. Ions of magnesium 

are easily soluble in water, seawater contains 0.13% Mg by mass [1]. Thus, seawater is 

an important source of Mg. Another important feature of Mg is that it is recyclable.  

Starting from the 21
st
 century, a new oil crisis began to appear in the world. 

Because vehicles are a main consumer of fuel and oil, the automotive and aerospace 

industries aimed to find different ways to save fuel. One of the most efficient ways to 

decrease fuel consumption is to decrease the total mass of vehicles. To decrease mass, 

light-weighting alloys have been investigated. Since Mg is one of these potentially useful 

light-weighting materials, researchers recently focused on various Mg alloys. The low 

density of Mg alloys makes them attractive to the automobile and aerospace industries. 

Mg alloys have lower density than other metals used in these industries, such as 

aluminum (Al) and steel. The density of Mg is approximately two-thirds that of 

aluminum and one-fourth that of steel. Because of these advantages, researchers are 

looking for possible replacements of Al and steel with Mg alloys [2-7]. 

Mg alloys are considered for possible material replacements to reduce increasing 

environmental problems. Decreasing the total mass of vehicles will reduce green-house 

gas emissions [3-6].  

Among the Mg alloys, ZEK100 has many advantages over other more common 

Mg alloys, such as AZ31. Better room-temperature ductility than AZ31 is one example of 

these advantages. The composition of ZEK100 includes 1% Zn, 0.2 % Nd, 0.2% Zr and a 

balance of Mg, by weight. Since ZEK100 includes rare-earth elements, it has a weaker 

basal texture than AZ31 [2]. This weaker basal texture provides better room-temperature 
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ductility than AZ31. ZEK100 was studied before at temperatures close to those used in 

the commercial Quick Plastic Forming (QPF) process, 450°C, by Aravindha 

Antoniswamy [3]. However, the ductility of ZEK100 was not previously investigated for 

temperatures from 300°C to room temperature (22°C). In this study, deformation 

behavior of ZEK100 alloy sheet is studied at temperatures from 22 °C to 300 °C. Data 

obtained are compared with the data of Aravindha Antoniswamy [3].  

To understand the effects of temperature and strain rate on formability of 

ZEK100, experimental tests were performed. Uniaxial tensile tests were conducted at The 

University of Texas at Austin laboratories with a computer controlled servohydraulic test 

frame system (MTS 810). Tests were conducted for different strain rates at temperatures 

from 300°C to 22°C. By using the results of uniaxial tensile tests, material constitutive 

models were created [3, 8-9]. These models were used in finite-element-method (FEM) 

simulations. Forming of ZEK100 alloy sheet was simulated at different temperatures and 

pressures. By using the results of FEM simulations, dome height versus time and 

thickness versus time predictions were obtained. The results of FEM simulations were 

compared with the results of experimental biaxial bulge forming experiments. Related 

plots were created for these comparisons. These plots were used to understand the 

validity of material constitutive models. According to the results of these comparisons, 

the accuracies of material constitutive models were determined [8, 9].  
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Chapter 2: Literature Review 

2.1. MAGNESIUM ALLOYS, PROPERTIES AND PERFORMANCE 

Mg alloys possess many attractive properties, such as low density. Because of 

these attractive properties, Mg alloys are intriguing to the automobile and aerospace 

industries. Researchers also attach importance to Mg alloys. Although Mg ZEK100 is a 

new material, several reports on it are available in the literature [1, 2, 6, 25, 26, 27]. 

Reports and studies on other Mg alloys, such as WE43 [3], ZK60 [4, 5], AZ31 [6, 8], are 

present as well. In this section, literature on Mg ZEK100 alloy sheet is reviewed.  

The low density of Mg alloys brings with it potential for light weighting. Usage of 

light-weight alloys is desired by the automobile and aerospace industries to decrease the 

total mass of vehicles. These industries aim to use Mg alloys in their products to decrease 

fuel consumption and increase performance. It is also desired to decrease green-house gas 

emissions by using Mg alloys. However, manufacturers must consider the strength and 

the stiffness of these materials before using them. Any new material must meet all the 

required properties for any application. For the automobile industry, the parts produced 

from Mg alloys must resist yielding and deflection. While making weight-reduction 

comparisons, these features must be considered and evaluated together [7]. To this 

purpose, Luo et al. [9] created a performance chart by using the material performance 

index, M. They used M to describe the performance of different materials. Al AA5182, 

Mg AZ31 and the steel were compared in that study. To be able to compare all these 

three materials at equal bending strength and equal bending stiffness, material thickness 

was accepted as a free variable. The result of that study is shown in Table 2.1. Properties 

of Mg ZEK100, from Ref. 28, were also added to Table 2.1. Thus, all these four materials 

are compared. As can be seen from the data, Mg ZEK100 alloy sheet might be an 

attractive replacement for Al and steel. 
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Table 2.1: Comparison of Mg AZ31, Mg ZEK100, Al AA5182 and Steel. This table 

shows that Mg ZEK100 might be a possible replacement for Al and steel. 

Data are from Ref. 9. (*) data from Ref. 28. 

Material Density 

(g/cm3) 

Yield 

Strength 

(MPa) 

Elastic 

Modulus 

(GPa) 

Mass Ratio 

(equal bending 

stiffness) 

Mass Ratio (equal 

bending strength) 

Mg AZ31 1.77 220 45 0.38 0.22 

Mg ZEK100(*) 1.75 218 45 0.37 0.22 

Al AA5182 2.68 235 70 0.50 0.32 

Steel 7.80 200 210 1 1 

 

The room-temperature formability of a material can be partly understood through 

the Lankford coefficient, R. The plastic anisotropy of a material is quantified in the R-

value. During forming, sheet metal resists thinning when the R-value is high. This 

resistance to thinning behavior is a result of the plastic anisotropy of the material. 

Generally, larger R values provide better formability at room temperature. However, a 

high R-value is not necessarily an advantage in sheet forming at elevated temperature, for 

which resistance to thinning is typically controlled by the material’s strain-rate 

sensitivity. With the help of R values, plastic anisotropy of materials is compared. 

Equation 1 shows the calculation of the R value [6].  In this equation t0 is the initial 

thickness, t is the final thickness, w0 is the initial width and w is the final width [6]. To 

calculate an accurate R value, at least five different locations are measured for each 

specimen. The thickness and the width of the specimen are measured at these five 

locations, and an R value is calculated at each. The average of the R-values at these five 

locations is the R-value reported. 
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R =  
  

  
 = 

   (
  
 

)

   (
  
 
)
         (1) 

By measuring R-values, plastic anisotropies of ZEK100, AZ31B-HR and AZ31B-

H24 are compared at room temperature [11]. As a result, it was found that ZEK100 

shows less plastic anisotropy than the Mg AZ31 alloys. It is assumed that this is a result 

of the weaker basal texture of ZEK100 [6]. Since Mg ZEK100 includes rare-earth 

elements in its composition, it has a weaker texture than Mg AZ31 alloys in sheet form 

[6, 11]. This research also suggests that Mg ZEK100 might be an attractive replacement 

for Mg AZ31 alloys. 

The formabilities of ZEK100 and AZ31 were compared by Boba et al. [12] from 

room temperature to 300°C. For all temperatures, it was observed that ZEK100 provides 

better formability than AZ31. Antoniswamy [6] compared ductilities at elevated 

temperatures from 300°C to 450°C and observed that ZEK100 still provides better 

formability [6].  These researchers demonstrated that Mg ZEK100 alloy sheet generally 

has better formability than Mg AZ31 alloys. Because of that, ZEK100 might be formed at 

lower temperatures than Mg AZ31. Thus several advantages, such as easier part handling 

and energy savings, might be obtained. 

2.2. HIGH TEMPERATURE FORMING OF MG ALLOYS 

Although Mg alloys have several properties superior to Al and steel, they have 

lower formabilities at room temperature. This is a significant obstacle to the use of Mg 

alloys. This disadvantage can be overcome by forming at high temperatures, at which 

sufficient ductility can be achieved. Figure 2.1 shows the results from Antoniswamy [6] 

for ZEK100 tested at 350°C and 450 °C. As seen in Figure 2.1, the ductility of ZEK100 

increases with increasing temperature from 350 °C to 450 °C. 
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Figure 2.1: Tensile test specimens are shown with the tensile direction parallel to the RD 

for (a) an untested specimen, (b) a tensile specimen tested to rupture at 

350°C and 10
-2

 s
-1

 and (c) a tensile specimen tested to rupture at 450°C and 

10
-2

 s
-1

. This figure is from Ref. 6. 

Insufficient ductility of Mg alloys can be solved by forming at elevated 

temperatures. The Taylor criterion explains the reason for inadequate ductility of Mg 

alloys at low temperatures. According to the Taylor criterion, a ductile material must 

have at least five independent slip systems [6, 14]. Mg has an hexagonal-close-packed 

(HCP) crystal structure [8]. At room temperature, there are only two independent slip 

systems active, both are basal slip systems, for Mg alloys. With increasing temperature, 

the critical resolved shear stress of other slip systems decreases [6, 8, 14]. Thus it 

becomes easier to overcome the critical resolved shear stress of other slip systems, such 

as prismatic slip, and activate more slip systems [8]. Then, the ductility of Mg alloys 

increases as well. Because of this, commercial forming of Mg alloys can be conducted at 

elevated temperatures (450°C) [6].  

2.3. MATERIAL CONSTITUTIVE MODELS 

Deformation mechanisms in materials are defined by using material constitutive 

models. To create material constitutive models, uniaxial tension test results, stress-strain 

350 °C 

450 °C 
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data, are used. Deformation behaviors of a material can be predicted by an accurate 

material model. To validate the accuracy of a material model, the created model is used 

in a finite-element-model (FEM) simulation. The results of the FEM simulations are 

compared with the results of independent biaxial bulge tests. According to the results of 

this comparison, modifications can be made to the material constitutive model. In 

literature there are multiple material constitutive models for the high temperature 

deformation behavior of Mg alloys. However, almost all of these models are designed as 

single-term models that consider only one active creep mechanism [16 – 20].  

In recent years, researchers showed that the deformation in AZ31Mg alloy sheet 

is controlled by two creep mechanisms at high temperatures. One of these studies was 

conducted by Sherek et al. [21]. Sherek et al. [21] studied the deformation of AZ31B-

H24 alloy sheet at 450 ᵒC. They generated a new model that included both dislocation-

climb (DC) creep and grain-boundary-sliding (GBS) creep [6]. However, this new model 

did not consider normal anisotropy under DC creep [6, 21]. Thus, biaxial bulge forming 

at fast strain rates could not be predicted well using this model [6].  In this model, 

equation 2,   is the strain rate from both creep mechanisms together, σ is flow stress, A1 

and n1 are functions of strain, ε, that describe GBS creep; and A2 and n2 are constant 

values that describe five-power dislocation creep [6, 21, 22]. 

 

     21

21

nn
AA  

    (2)  

 

Another model was created by Taleff et al. [23] in 2010. Their model covered the 

deficiency of the previous models in literature. They found that GBS creep controls the 

deformation mechanisms at high temperatures and slow strain rates. However, DC creep 

becomes active at low temperatures and fast strain rates. Taleff et al. [23] considered both 
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of these conditions while they were creating the new model. Equation 3 shows the model 

improved by Taleff et al. [23], where T is temperature,   is true-strain rate, E is the 

elastic modulus of magnesium, σ is true stress, R is the ideal gas constant, AGBS, nGBS, and 

QGBS are constant values of the GBS creep, and ADC, nDC, and QDC are constant values of  

the DC creep. In this equation, the first term shows the contribution from GBS creep and 

the second term shows the contribution from DC creep. To predict an accurate true strain 

rate, both the GBS and DC creep terms are added to each other [23]. 
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Recently, another model was developed by Carpenter et al. [8]. Carpenter et al. 

[8] improved the model of Sherek et al. [21]. Their model also included two creep 

mechanisms for Mg alloys. This model considered the grain growth and normal 

anisotropy of the material as well. The new model is shown for a constant temperature in 

equation 4, where is the true strain rate, σ is the true stress, AGBS(ε) is the pre-

exponential factor for GBS creep, ADC is the pre-exponential factor for DC creep, nGBS 

and nDC, are the stress exponents [8]. The validity of this model was proved by 

Antoniswamy [6] and Carpenter et al. [8] in their studies about MgAZ31 alloy sheet.   

 

DCGBS n

DC

n

GBS AA )()(
)(  
     (4)   

 

Antoniswamy [6] also studied the deformation mechanisms of Mg ZEK100 alloy 

sheet at elevated temperatures. Antoniswamy [6] used the model developed by Carpenter 

et al. [8] for Mg ZEK100 alloy sheet as well. However, the deformation of Mg ZEK100 
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alloy sheet is controlled by only DC creep at high temperatures. Furthermore, depending 

on the temperature, lattice self-diffusion and/or pipe diffusion controls the DC creep 

mechanism of ZEK100 alloy sheet. To consider all of these effects together, 

Antoniswamy [6] modified the previous model as shown in equation 5 [6]. In this 

equation for a constant temperature, σ is the true stress, ADC(l) is the pre-exponential 

factor for lattice self-diffusion controlled DC creep, ADC(p) is the pre-exponential factor 

for pipe-diffusion controlled DC creep, nDC(l), and nDC(p) are the stress exponents [6]. The 

validity of this model was proved by Antoniswamy [6] by running FEM simulation of 

ZEK100 alloy sheet at 350 °C and 450 °C. 
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n
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Chapter 3: Objectives and Methodology 

3.1. RESEARCH OBJECTIVES 

In this research, tests were conducted on a ZEK100 alloy sheet at 300 °C, 250 °C, 

200 °C, 100 °C, and room temperature (22°C) under strain rates from 3x10
-4

 to 10
-1

 s
-1

 to 

identify the deformation mechanisms in this material. To identify these mechanisms, it is 

necessary to complete uniaxial tension tests at different temperatures and strain rates and 

biaxial bulge tests at different temperatures and pressures. The data from these tests were 

analyzed to create informative plots. The results of uniaxial tension tests were used to 

create material constitutive models. To determine the accuracy of these material models, 

FEM simulations were used. The results of FEM simulations were compared to the 

results of experimental biaxial bulge tests for model validation. Using the results of these 

comparisons, the material models were modified as needed. Eventually, the accuracy of 

the material constitutive models were validated.  

3.2. RESEARCH METHODOLOGIES 

For this research, the methodology shown in Figure 3.1 was used.  The purpose of 

this methodology is to construct and validate material constitutive models for ZEK100 

alloy sheet. First of all, uniaxial tensile tests were completed to collect stress – strain data. 

All the tests were conducted at The University of Texas at Austin laboratories. Figure 3.2 

shows the uniaxial tension test machine in The University of Texas at Austin laboratories. 

Before beginning each test, a three-zone resistance furnace was heated to the desired 

temperature. All the tests were completed at the desired test temperature. Before and 

during the tensile tests K-type thermocouples were used to measure the temperature of 

the tensile specimen. Thus, temperature was controlled, and all the tests were completed 

with temperature controlled to within ±2.0 °C of the desired temperature. At the end of 
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each tension test, the specimen was quenched immediately to preserve the microstructure 

for possible future analysis.  
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Figure 3.1: The methodology followed in this study to create and validate new material 

constitutive models [1, 2]. 
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Figure 3.2: Tension test machine in The University of Texas at Austin laboratories 
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Figure 3.3: Biaxial bulge test machine in The University of Texas at Austin laboratories 

A computer-controlled servohydraulic test frame was used to perform uniaxial 

tension tests.  By analyzing the raw data of these tests, stress – strain curves were created. 

Width and thickness of each tested tensile specimen were measured from at least five 

different locations. By using these measurements, R-values were calculated. Stress- strain 

data and the R-value calculations were used to create mathematical models for material 

tested at different temperatures.  These models were applied to ABAQUS
TM

 FEM 
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simulations of bulge-forming experiments. To obtain experimental data against which 

simulation predictions could be compared experimental biaxial bulge tests were also 

completed. Figure 3.3 shows the biaxial bulge test machine in The University of Texas at 

Austin laboratories. Before biaxial bulge testing, the test furnace was preheated to the 

desired temperature. Then a specimen was mounted in the test machine. Before starting a 

test, the specimen was heated to the desired temperature for approximately one minute. 

The temperature of each specimen was measured by K-type thermocouples before and 

during the test. To form the sheet, a prearranged gas pressure was applied to the specimen 

from a bottle of compressed nitrogen (N2) gas. Figure 3.4 shows the mechanism of the 

biaxial bulge test machine and a picture of a tested specimen. 

 

 

Figure 3.4: Photographs show (a) the biaxial bulge test die holders in the furnace and (b) 

a specimen after the test was completed. 

a b 
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Simulation results were compared against the experimental data to verify the 

applied material model. Results of these comparisons were examined to correct and 

modify the models. Formabilities at the different temperatures were compared. From the 

result of these comparisons, needed graphs were created. On the graphs, data from the 

current study and the previous studies were compared. 
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Chapter 4: Material and Experimental Methods 

4.1. MATERIAL, ZEK100 ALLOY SHEET 

One of the greatest disadvantages of Mg alloys is low formability. Due to their 

HCP crystal structure, Mg alloys do not have enough active slip systems at low 

temperatures to achieve high ductility [1, 3, 4, 6]. As mentioned in Chapter 2, this 

inadequate number of active slip systems does not satisfy the Taylor criterion. The strong 

basal texture of many Mg alloy sheet materials further reduces ductility at low 

temperatures. To achieve ductilities equivalent to those of steels and Al alloys, Mg alloys 

must be formed at elevated temperatures. However, Mg ZEK100 contains rare-earth 

elements. Because of these rare-earth elements, ZEK100 has a weaker basal texture than 

most other Mg alloys. Thus, ZEK100 might be formed at lower temperatures than the 

other Mg alloys. Forming at lower temperatures generally produces more energy savings, 

better surface quality and easier part handling [2, 3, 5]. These potential advantages of 

ZEK100 are of interest to further explore. 

In this study, forming of ZEK100 was examined at elevated temperatures.  

ZEK100 was investigated at temperatures below the commercial forming temperature 

used in the QPF process (450 °C). Tests were conducted on a ZEK100 alloy sheet at 300 

°C, 250 °C, 200 °C, 100 °C and room temperature (22°C). Results of these tests were 

compared with those Antoniswamy [3]. The formabilities of ZEK100 were evaluated 

across a wide range of temperatures. For these tests, sheet material with a thickness of 

1.56 mm was used. For each test temperature, tests were conducted at six true-strain 

rates, ranging from 3×10
-4

 s
-1

 to 10
-1

 s
-1

. All the test results were compared. 
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4.2. EXPERIMENTAL PROCEDURE 

Automobile and aerospace industries aim to use Mg alloys in their products for 

light weighting. However, the low formability of Mg alloys is an obstacle to their use. 

Thus, it is proposed to determine the best forming conditions for Mg alloys. For this 

purpose, the R-values were investigated at different temperatures and strain rates to 

measure plastic anisotropy. To understand the effects of temperature and strain rate on 

the R-value, several uniaxial tension tests were conducted at temperatures from 300 °C to 

room temperature (22 °C) for strain rates from 3×10
-4

 s
-1

 to 10
-1

 s
-1

. Tensile tests were 

conducted with the tensile direction (TD) parallel to the long transverse direction (LTD), 

parallel to the rolling direction (RD) and at 45⁰ to LTD and RD directions.  

4.2.1 Tensile Tests 

Figure 4.1 shows an untested dog-bone shaped specimen used for tensile testing. 

Specimens were machined using a water-jet machine in The University of Texas at 

Austin Mechanical Engineering machine shop. Specimens were machined with three 

different tensile directions: TD parallel to LTD, RD and 45⁰. The gage length of each 

specimen was 25 mm, with a gage width of 6 mm, a shoulder radius of 3.2 mm and a 

gage thickness of 1.56 mm. Tests were conducted at The University of Texas at Austin 

Laboratories. A photograph of the tensile test system is shown as Figure 3.2. 

 

 

 

 

 

Figure 4.1: An untested ZEK100 tensile coupon is shown. 
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Before testing each specimen, the dimensions of the specimen were measured 

using calipers. The furnace was preheated to the desired temperature before testing. 

Temperature was measured using K-type thermocouples. When the furnace reached the 

desired temperature, a test specimen was mounted in the furnace. The temperature of the 

specimen was measured at two locations in its gage region during the test. Thus 

temperature was controlled, and a uniform temperature was obtained to within ±2.0°C of 

the desired temperature. Depending on the test temperatures, preheating times varied 

from 19 to 30 minutes.  

Tensile tests were first conducted until rupture for the specimens in the LTD 

orientation. These tests were conducted at five different temperatures; 300 °C, 250 °C, 

200 °C, 100 °C and 22 °C, for constant true-strain rates of 3x10
-4

, 10
-3

,
 
10

-2 
and 10

-1 
s

-1
. 

To be able to understand better the strain rate effect on ductility, two more tests were 

conducted at strain rates of 3x10
-3

 and 3x10
-2 

s
-1

 for the temperature of 300 °C. By using 

the results of these tests, stress-strain curves were created, and R values were calculated. 

Figure 4.2 shows specimens tested until rupture for different strain rates at 300 °C.  
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To obtain more dependable R-value measurements, fixed-strain tests were 

performed at 300 °C, 250 °C, 200 °C, 100 °C for LTD, RD and 45⁰ oriented specimens to 

a true strain of approximately 0.2. For the LTD specimens, tests were also performed at 

room temperature. Through fixed strain tests, the effects of specimen orientation on 

forming were evaluated by comparing test data from RD, LTD and 45⁰ orientations. 

These comparisons will be shown in Chapter 5 in detail.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Specimens with the TD parallel to LTD, tested at a temperature of 300°C. 

The tested specimens demonstrate a diffuse neck.  
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R-value calculations were performed using the specimen thickness and width 

measurements. After tests were completed, the final width and thickness of each 

specimen were measured at 5 different locations along the gauge length. For each 

specimen, R-values were calculated at these five locations. The average of these five 

values is reported here as the R-value. R-values were measured from both specimens 

tested until rupture and to a fixed-strain of Ԑ=0.2. Since rupture tests were affected by 

necking, fixed-strain tests were used to calculate the reported R-values. R-value 

measurements were explained in detail at Chapter 2. 

The uniaxial tension data contained displacement, force and time data. By using 

these data, engineering stress-strain and true stress-strain data were calculated. These 

calculated data were used to create related plots for each temperature and strain rate. 

These plots will be compared with each other and previous studies in Chapter 5 and 6.  

4.2.2 Biaxial Bulge Tests 

Biaxial bulge tests were performed to obtain experimental data of forming dome 

height versus time. It was desired to use these data to make comparison with finite-

element-method (FEM) simulation results, thus testing material constitutive models.   

Biaxial bulge tests were performed at The University of Texas at Austin 

laboratories. Figure 3.3 shows the testing machine located at The University of Texas at 

Austin. For these tests, specimens with a 90 mm diameter and a 1.56 mm thickness were 

used. Tests were conducted at 300 °C for five different gas pressures, ranging from 300 

psi to 380 psi. 

Before testing, the furnace was preheated to the desired test temperature. Before 

and during the tests, K-type thermocouples were used to measure the temperature of the 

furnace and specimen. Temperature was controlled to within ±2.0°C of the desired test 
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temperature. After the furnace reached the desired test temperature, a specimen was 

mounted in the testing system. Then the upper and lower dies of the machine were 

clamped together. To form the specimen, a constant gas pressure was applied. The height 

of the dome formed was measured with a digital micrometer. Tests were run until the 

dome height reached approximately 20 mm. For 300 °C the forming time varied from 

approximately 1000 sec to 4000 sec, depending on the applied pressure. Figure 3.3 shows 

the die holders of the biaxial bulge test machine and the final picture of the specimen 

after a test was completed. 
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Chapter 5: Experimental Results 

5.1. TENSILE DATA 

Figures 5.1 – 5.5 show the strain rate effect on ductility while temperature was 

constant. Tests were conducted for LTD parallel TD at five constant temperatures from 

300 °C to 22 °C for strain rates ranging from 10
-1 

to 3x10
-4 

s
-1

. At 300 °C, tests were 

conducted for six different strain rates of 10
-1 

s
-1

, 3x10
-1 

s
-1

, 10
-2 

s
-1

, 3x10
-2 

s
-1

, 10
-3 

s
-1

 and 

3x10
-4 

s
-1

. For temperatures from 22 to 250⁰C, tests were conducted for four different 

strain rates of 10
-1 

s
-1

, 10
-2 

s
-1

, 10
-3 

s
-1

 and 3x10
-4 

s
-1

. Related plots were created by using 

the results of these tests. As can be seen from the figures, ductility generally increases 

with decreasing strain rate for all temperatures. For all temperatures, flow stress increases 

with increasing strain rate. This evidences a positive strain-rate sensitivity [1]. Necking 

was observed in all the specimens tested at temperatures from 300 °C to 100 °C. For the 

specimens tested at room temperature, necking was not observed. 
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Figure 5.1: For TD parallel to LTD specimens, tensile data at 300°C and six strain rates 

of 3×10
-1

 s
-1

, 10
-1

 s
-1

, 3×10
-2

 s
-1

, 10
-2

 s
-1

, 10
-3

 s
-1

 and 3×10
-4

 s
-1 

are shown.  
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Figure 5.2: For TD parallel to LTD specimens, tensile data at 250°C and four strain rates 

of 10
-1

 s
-1

, 10
-2

 s
-1

, 10
-3

 s
-1

 and 3×10
-4

 s
-1

 are shown. 
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Figure 5.3: For TD parallel to LTD specimens, tensile data at 200°C and four strain rates 

of 10
-1

 s
-1

, 10
-2

 s
-1

, 10
-3

 s
-1

 and 3×10
-4

 s
-1

are shown.  
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Figure 5.4: For TD parallel to LTD specimens, tensile data at 100°C and four strain rates 

of 10
-1

 s
-1

, 10
-2

 s
-1

, 10
-3

 s
-1

 and 3×10
-4

 s
-1

are shown. 
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Figure 5.5: For TD parallel to LTD specimens, tensile data at room temperature (22°C) 

and two strain rates of 10
-1

 s
-1

 and 10
-2

 s
-1

 are shown. 

Figures 4.1, 5.6 – 5.9 also show the strain rate effect on ductility. The ductility 

increases with decreasing strain rate. These figures show the tensile specimens, TD 

parallel to LTD, tested at strain rates from 10
-1 

to 3x10
-4 

s
-1

 and temperatures from 300 °C 

to 22°C. It can be seen from the figures that all the tested specimens show necking, 

except for the specimens tested at room temperature.  
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Figure 5.6: Specimens with TD parallel to LTD tested at a temperature of 250°C. The 

tested specimens demonstrate diffuse necks. 
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Figure 5.7: Specimens with TD parallel to LTD tested at a temperature of 200°C. The 

tested specimens demonstrate diffuse necks. 
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Figure 5.8: Specimens with TD parallel to LTD tested at a temperature of 100°C. The 

tested specimens demonstrate diffuse necks. 
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Figure 5.9: Specimens with TD parallel to LTD tested at a temperature of 22°C.  

Figures 5.10 – 13 show the temperature effect on ductility while strain rate is 

constant. Tests were conducted with TD parallel to LTD at temperatures from 22 to 

300°C. Each figure shows data at a constant strain rate from 10
-1

 to 3x10
-4

 s
-1

. For all 

strain rates, the maximum stress obtained decreases as temperature increases. As seen in 

the figures, strain at rupture increases with increasing temperature for all temperatures at 

strain rates of 10
-1 

and 10
-2

 s
-1

. At strain rates of 10
-3

 and 3x10
-4

 s
-1

, strain at rupture 

increases only between 200 °C and 300 °C. 
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Figure 5.10: Specimens tested at a constant true-strain rate of 10
-1

 s
-1

 and the 

temperatures of room temperature (22°C), 100°C, 200°C, 250°C and 300°C 

are shown for TD parallel to the LTD. With increasing temperature, stress 

decreases and strain at rupture increases.  
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Figure 5.11: Specimens tested at a constant true-strain rate of 10
-2

 s
-1

 and the 

temperatures of room temperature (22°C), 100°C, 200°C, 250°C and 300°C 

are shown for TD parallel to the LTD. With increasing temperature, stress 

decreases and strain at rupture increases. 
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Figure 5.12: Specimens tested at a constant true-strain rate of 10
-3

 s
-1

 and the 

temperatures of room temperature (22°C), 100°C, 200°C, 250°C and 300°C 

are shown for TD parallel to the LTD. Stress decreases with increasing 

temperature. Strain at rupture increases as temperature increases between 

200 and 300°C. 

 

 

 

 

 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

100

200

300

400

500

600

True Strain

T
ru

e 
S

tr
es

s 
(M

P
a)

100 °C

200 °C

250 °C

300 °C

έ = 10
-3

 s
-1

 



 41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Specimens tested at a constant true-strain rate of 3x10
-4

 s
-1

 and the 

temperatures of room temperature (22°C), 100°C, 200°C, 250°C and 300°C 

are shown for TD parallel to the LTD. Stress decreases with increasing 

temperature. Strain at rupture increases as temperature increases between 

200 and 300°C. 

 

Table 5.1 provides tensile elongation and reduction in area at different 
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tensile elongation. This shows that, with increasing temperature and decreasing strain 

rate, better ductility can be obtained. 

 

Table 5.1: Tensile elongation and reduction in area for specimens tested with the TD 

parallel to the LTD. 

 

Temperature 

(°C) 

Strain 

Rate 

(s
-1

) 

Starting 

Length 

(mm) 

Final 

Displacement 

(to rupture) 

(mm) 

Elongation  

(%) 

Reduction 

in Area  

(%) 

300 

10
-1 

25 24.396 97.6 83.4 

10
-2 

25 24.567 98.3 88.1 

10
-3 

25 26.454 105.8 88.7 

250 

10
-1 

25 19.386 77.5 74.1 

10
-2 

25 23.566 94.3 80.5 

10
-3 

25 24.862 99.5 82.9 

200 

10
-1 

25 16.644 66.5 73.4 

10
-2 

25 20.951 83.8 75.3 

10
-3 

25 20.218 80.8 76.9 

100 

10
-1 

25 11.702 46.8 50.6 

10
-2 

25 17.458 69.3 59.3 

10
-3 

25 19.944 79.8 67.2 

RT (22) 
10

-1 
25 7.521 30.0 16.1 

10
-2 

25 7.851 31.4 17.8 
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Figures 5.14 – 15 compare data from specimens oriented with the TD parallel 

to LTD, RD and 45⁰ at 300 °C and 250 °C for a fixed-strain rate of 10
-2

 s
-1

. Fixed-strain 

tests were conducted to Ԑ=0.2 at 300 °C, 250 °C, 200 °C, 100 °C for TD parallel to LTD, 

RD and 45⁰ orientations. As can be seen from Figures 5.14 – 15, flow stress increases 

with increasing true strain for all specimens. It is assumed that this behavior is a type of 

strain hardening [1]. Flow stress of specimens with the TD parallel to RD is 

approximately 25% higher than the other orientations at both temperatures.  

Table 5.2 shows the R values obtained from fixed-strain (Ԑ=0.2)  tests for 

different specimen orientations. Since necking did not occur in fixed-strain tests, more 

reliable R-values were obtained than for tests to rupture. As can be seen from the data, at 

constant strain rate, the R-value increases toward unity with increasing temperature. This 

suggests that higher temperatures are less susceptible to plastic anisotropy from 

crystallographic texture than are lower temperatures [4].  

It is seen from Table 5.2 that R-values do not dependent significantly on strain 

rate at 350 °C and 450 °C. This is because, for 350 °C and 450 °C, DC creep alone likely 

controls the deformation [1]. However, at 300 °C the R-values depend more strongly on 

strain rate. For the same orientation, the R-value decreases with decreasing strain rate.  

At all temperatures, for a constant strain rate, the R-values for the TD parallel to 

RD are higher than for the TD parallel to LTD and 45⁰. This is because the RD is harder 

than the LTD and 45⁰ in-plane directions [1, 4]. 
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Figure 5.14: Fixed-strain test results are shown for specimens tested with the TD parallel 

to RD, LTD and 45⁰ at 300°C and 10
-2

 s
-1

 The RD is the hard in-plane 

direction for deformation at 300°C. 
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Figure 5.15: Fixed-strain test results are shown for specimens tested with the TD parallel 

to RD, LTD and 45⁰ at 250°C and 10
-2

 s
-1

 The RD is the hard in-plane 

direction for deformation at 250°C. 
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Table 5.2: R-values obtained from fixed-strain tension tests, for the TD parallel to the 

LTD, RD and 45⁰ at temperatures of 450 °C, 350°C, 300 °C, 250 °C, 200 °C 

and 100°C and strain rates of 3x10
-4

 s
-1

, 10
-3

 s
-1

, 10
-2

 s
-1

 and 10
-1

 s
-1

. Data at 

450°C and 350°C were taken from Ref. 1. 

 

Temp 

(°C) 

Strain Rate 

(s-1) 

Specimen 

Designation 
True Strain R Value 

450 

10
-3 

RD 0.24 ± 0.01 0.88 ± 0.07 

45ᵒ 0.27 ± 0.01 0.88 ± 0.05 

LTD 0.23 ± 0.01 0.81 ± 0.05 

10
-2 

RD 0.14 ± 0.01 0.90 ± 0.04 

45ᵒ 0.15 ± 0.01 0.86 ± 0.05 

LTD 0.14 ± 0.01 0.81 ± 0.04 

350 

10
-3 

RD 0.29 ± 0.01 0.82 ± 0.05 

45ᵒ 0.33 ± 0.01 0.79 ± 0.09 

LTD 0.31 ± 0.01 0.67 ± 0.06 

10
-1 

RD 0.17 ± 0.01 0.79 ± 0.08 

45ᵒ 0.15 ± 0.01 0.78 ± 0.06 

LTD 0.18 ± 0.01 0.63 ± 0.07 

300 

3x10
-4 

RD 0.18 ± 0.01 0.57 ± 0.09 

45ᵒ 0.18 ± 0.01 0.54 ± 0.07 

LTD 0.18 ± 0.01 0.51 ± 0.07 

10
-2 

RD 0.19 ± 0.01 0.73 ± 0.06 

45ᵒ 0.21 ± 0.01 0.71 ± 0.08 

LTD 0.18 ± 0.01 0.62 ± 0.07 

250 10
-2 

RD 0.19 ± 0.01 0.74 ± 0.06 

45ᵒ 0.22 ± 0.01 0.69 ± 0.06 

LTD 0.18 ± 0.01 0.56 ± 0.06 

200 10
-2 

RD 0.21 ± 0.01 0.65 ± 0.09 

45ᵒ 0.22 ± 0.01 0.61 ± 0.05 

LTD 0.21 ± 0.01 0.59 ± 0.06 

100 10
-2 LTD 0.22 ± 0.01 0.57 ± 0.08 
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5.2. BIAXIAL BULGE DATA 

Figure 5.16 shows the experimental results of gas-pressure bulge tests that were 

conducted at 300 °C. Tests were conducted at The University of Texas at Austin 

laboratory. Figure 3.2 shows the bulge test machine system used for the tests. Tests were 

conducted at five different pressures from 2.06 MPa (300 psi) to 2.62 MPa (380 psi). For 

each pressure, dome height is plotted against the forming time. As seen in Fig 5.2.1, 

forming time decreases with increasing pressure. Depending on the pressure, forming 

time ranges from approximately 1000 sec to 4000 sec.  

Biaxial bulge test results were used to validate the material constitutive models by 

comparing the FEM predictions with experimental results. These comparisons will be 

shown in chapter 7.  
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Figure 5.16: Dome height is plotted against forming time at 300°C for gas pressures of 

300 psi (2.06 MPa), 320 psi (2.20 MPa), 340 psi (2.34 MPa), 360 psi (2.48 

MPa) and 380 psi (2.62 MPa). Forming time decreases with increasing 

pressure.  
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Chapter 6: Material Constitutive Models Development 

6.1. ANALYSIS OF TENSILE DATA 

Figure 6.1 shows the calculated stress exponent, n, value for temperatures from 22 

°C to 450 °C. In this figure the true strain rate is plotted against the true stress on 

logarithmic scales. For each temperature above room temperature, tests were conducted 

for at least three strain rates. For room temperature, tests were conducted at two strain 

rates. For the temperatures of 450 °C and 350 °C, the data were taken from Antoniswamy 

[1]. On this plot, the slope of each line gives the stress exponent, n, value at that 

temperature. As seen in Figure 6.1, flow stress increases with decreasing temperature. 

The n values vary from 86.5 at low temperature to 4.8 at high temperatures. The n values 

are important to determine the deformation mechanisms active in the material at the 

different temperatures. When calculated n values were compared with the literature, it 

was determined that dislocation-climb (DC) creep controlled by lattice self-diffusion is 

the main deformation mechanism at 350 and 450 °C [1]. For 250 and 300 °C, it was 

concluded that DC creep controlled by pipe diffusion is the main deformation mechanism 

[2, 3]. From 22 °C to 200 °C, dislocation slip is thought to be the deformation mechanism 

that controls plastic deformation of Mg alloys [1, 4, 5]. The inverse of the n value is the 

strain-rate-sensitivity, m, value. For ZEK100 alloy sheet, the m values range from 0.208 

to 0.011 for the temperatures from 450 °C to 22 °C.  
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Figure 6.1: True strain rate is plotted as function of true stress (MPa) on logarithmic 

scales at temperatures from 450 °C to 22 °C (RT). The data are for 0.1 true-

strain.  The slope of the data at each temperature is the stress exponent, n. 

Data at 450 °C and 350 °C were taken from Ref. 1 

Figure 6.2 shows the change of n value with changing strain rate at a constant 

temperature of 300 °C. At slow strain rates the n value is close to 6. With increasing 

strain rate, the n value increases to 9. The increasing n value with strain rate suggests the 

increasing importance of pipe diffusion to dislocation creep, as was pointed out by 

Antoniswamy [1]. The data shown in Figure 6.2 were taken at two different strains, 0.1 

and 0.2. The flow stresses at Ԑ=0.2 are slightly stronger than those at Ԑ=0.1, and this is 

because of moderate strain hardening. This is the same effect identified by Antoniswamy 

at higher temperatures. 
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Figure 6.2: True strain rate is plotted as a function of true stress (σ) on logarithmic scales 

at 300 °C for two different true strains (ε), 0.1 and 0.2.  

Approximately steady state creep is observed for the temperatures above 0.75 Tm 

in wrought Mg ZEK100 [1]. Likely because ZEK100 contains rare-earth elements, some 

strain hardening was observed even at high temperatures [1, 3]. The Zener-Hollomon 

parameter, Z, considers the effects of both temperature and strain rate during steady state 

creep. The effects of the strain rate and temperature on Z are demonstrated in equations 1 

and 2 [9].  

     ̇                    (1) 

 

                  (
 

 
)        (2) 

where Z is the Zener-Hollomon parameter, ε  is the strain rate (s
-1

); n is the stress 
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is the flow stress (MPa) of the material; Q is the activation energy of deformation 

(J/mol); R is the universal gas constant (8.314 J/mol K); and T is the absolute temperature 

(K). Equation 1 is the definition of the Zener-Hollomon parameter [9]. Equation 2 

demonstrates the sinh relationship proposed by Garofalo to fit data into the regime of 

power-law-breakdown [18]. 

The displacement versus time data were obtained from uniaxial tension tests. 

These data were used to calculate stress-strain values for each test. The calculated stress-

strain data were corrected by using the machine stiffness [1]. For this correction, elastic 

modulus, E(T), was used for each temperature. Equation 4 shows the calculation of 

elastic modulus for each temperature. The slope of the elastic loading region was 

corrected by using E(T). In Equation 3, T is the temperature in K and E(T) is the elastic 

modulus in MPa [1]. 

 

E   =48666-8.587  -0.01 4  2     (3) 

 

The Z parameter was calculated at temperatures from 22 °C to 300 °C for the test 

data. The Z parameters at 350 °C and 450 °C were also calculated by using the data of 

Antoniswamy [1]. Figure 6.3 shows the calculated Z parameters versus true stress 

normalized by the elastic modulus on logarithmic scales for all temperatures from 450 °C 

to 22°C. For these calculations, the activation energy for creep was taken as 112 kJ/mol 

[8]. Since there is no single equation that can easily fit the data at all temperatures, the 

data of Figure 6.3 were separated into three categories: data from 450 °C to 22 °C, 450 

°C to 100 °C and 450 °C to 200 °C. For each category, the most accurate available 

equation was fitted to data [9].  The results were optimized by using the least-square 

fitting method. Fitted equations are shown in Figure 6.3 for each. The Z parameter ranges 



 54 

between approximately 10
5 

s
-1 

and 10
19

 s
-1

. The Z parameter increases with decreasing 

temperature and increasing strain rate. Figure 6.3 also shows that Z increases with 

increasing σ/E. For Z parameters from 10
5 

s
-1

 to 10
12 

s
-1

, the stress exponent increases 

from n= 4.8± 0.3 to n=10.2± 0.9. Figure 6.3 shows that power-law breakdown occurs at 

approximately Z=10
12 

s
-1

 [1]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: The Zener-Holloman parameter is shown as a function of σ/E (modulus 

compensated stress). Activation energy, Q, was taken as 112 kJ/mol for 

calculations of Z. Data were calculated for a true strain of ε = 0.1. Data for 

450 °C and 350 °C were taken from Ref. 1. 

Because of power-law breakdown, the equation for power-law creep cannot be 

accurately used at temperatures lower than 200 °C [1]. Thus, activation energies were 

σ/E 

Z
 (

s-1
) 

True Strain = 0.1 
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only calculated for the temperatures higher than 200 °C, T ≥ 200 °C. The activation 

energy, Q, values were calculated using the method shown in Figure 6.4. For each 

temperature, the experimental data were plotted as true-strain rate versus true-stress 

normalized by temperature-dependent elastic modulus at a constant true strain of Ԑ = 0.1 

on dual logarithmic scales. Then, a line was fit to these data for each temperature. For 

each temperature, error bounds were calculated using the root-mean-square (RMS) 

method. These error bounds are shown as dashed lines in Fig 6.1.4. For each region, 

constant σ/E values were chosen. Then, strain rates at each temperature were read from 

the plot at each constant σ/E value. These data were used to create a new plot of true-

strain rates as a function of 1/T at constant σ/E values. On this plot, each temperature was 

represented by a curve. The slopes of these curves are equal to -Q/R, where R is the 

universal gas constant. Thus, Q values were calculated at each σ/E value. The 

uncertainties of these slopes were calculated using the Monte Carlo Method [1]. Table 

6.1 shows the calculated Q values for different ranges of temperature.  Figure 6.5 shows 

the Q values plotted against T/Tm, where Tm is the melting temperature of the Mg ZEK100 

alloy sheet (650 °C). 
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Table 6.1: Activation energies are provided as a function of temperature. The errors 

shown were calculated from a Monte-Carlo simulation using 

Mathematica
TM

 software. 

 

Temperature Range 

(°C) 

Activation energy ± error 

(kJ/mol) 

450 - 300 128 ± 10.9 

350 - 250 129 ± 24.5 

300 - 200 109 ± 11.4 
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Figure 6.4: Data are shown for Mg ZEK100 at temperatures from 450 °C to 100 °C and 

a constant true strain value of 0.1. True-strain rate is plotted against the true 

stress compensated by the temperature dependent elastic modulus, σ/E, on 

logarithmic scales. The solid lines show the best fit to the data at each 

temperature and the dashed lines show the calculated error bounds. The 

vertical dashed lines show the chosen σ/E values. Data at 450 °C and 350 °C 

were obtained from Ref. 1. 
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Figure 6.5: Activation energies, Q (kJ/mol) are shown against temperature normalized 

by melting temperature (T/Tm) for Mg ZEK100. Error bars were calculated 

using a Monte Carlo simulation.  

The activation energy calculated for 200 °C to 300 °C is 109±11.4 kJ/mol, for 250 

°C to 350 °C is 129±24.5 kJ/mol and for 300 °C to 450 °C is 128±10.9 kJ/mol. 

Activation energies for diffusion in pure Mg are reported in the literature for several 

temperatures [1, 8, 9]. Values from Frost and Ashby are shown in Table 6.2 [8]. The Q 

value of 109 kJ/mol measured for 200 °C to 300 °C is close to the 92 kJ/mol reported by 

Frost and Ashby for dislocation pipe diffusion. This suggests that DC creep is rate 

controlled by dislocation pipe diffusion in this range of low temperatures. Likewise, for 

the 250 °C to 350 °C and the 300 °C to 450 °C temperature ranges, the calculated Q 

values are close to 135 kJ/mol, which is consistent with DC creep controlled by lattice 

self-diffusion [1, 8]. The Q values suggest the active deformation mechanisms in each 

temperature range.  
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Table 6.2: Activation energies for diffusion in pure Mg. Data were taken from Frost and 

Ashby, Ref. 8. 

Activation Energy (kJ/mol) Diffusion Mechanism 

92 Dislocation Pipe Diffusion  

135 Lattice Self Diffusion 

  

 

 

6.2. MATERIAL MODELS 

To describe the creep response, it was helpful to create material constitutive 

models [1, 15]. Axial tension test results, stress-strain data and the calculated R-values 

were used to construct material constitutive models. In this study, for Mg ZEK100, 

material models were constructed for temperatures of 300 °C and 250 °C. These models 

were used in finite-element-method (FEM) simulations. Results of these FEM 

simulations were compared with the experimental biaxial bulge test results. Thus, the 

material constitutive models were validated against independent data. 

In literature, most of the material constitutive models are constructed for only a 

single creep mechanism [10-14]. However, it was previously shown that deformation is 

controlled by dislocation-creep (DC) and grain-boundary-sliding (GBS) creep together 

for the AZ31Mg alloy at high temperature [1, 14, 15]. Recently, Carpenter et al. [15] 

constructed an accurate model for these Mg alloys at 450 °C. In this new model, DC and 

GBS creep were considered together. The effects of grain growth and normal anisotropy 

were also taken into account in their model. Then, Antoniswamy [1] modified that model 

for Mg ZEK100 alloy sheet. In the modified model, DC creep controlled by lattice self-
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diffusion and/or pipe diffusion was also considered. In this study, the model created by 

Carpenter et. al. [15] and modified by Antoniswamy [1] was used. The model was 

previously used and validated by Antoniswamy [1] for Mg ZEK100 at the temperatures 

of 350 °C and 450 °C. However, it was not previously applied to temperatures of 250 °C 

and 300 °C. 

During DC creep in the ZEK100 alloy sheet true flow stress increases with 

increasing true strain at 300 °C and 250 °C. R values at 300 °C and 250 °C also change 

with changing strain rate. These effects are because of anisotropy differences between the 

creep mechanisms [1]. Effects of normal anisotropy in Mg AZ31 were taken into account 

by calculating Reff, as shown in Equation 4 [15]. In this equation, fDC is the fraction of DC 

creep strain as a proportion of the total true strain; as shown in Equation 5 [1, 15]. 
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where εGBS is the true strain from GBS creep and εDC is the true strain from DC creep. For 

temperatures from 250 ⁰C to 300 ⁰C, DC creep is controlled primarily by pipe diffusion, 

εDC(p). Since GBS creep is not active in ZEK100 at these temperatures, fDC was assumed 

to be one for these conditions [1]. The effects of plastic anisotropy on plastic flow were 

calculated using the Hill equation,  
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This calculated stress was used in FEM simulations to define the plastic 

anisotropy. In this equation F, G, H and N are the coefficients of the planar anisotropy 

defined in Equation 7, 8, 9 and 10 [1]. 
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where R12, R11, R22 and R33  were calculated by using the R-values from the uniaxial 

tension test results [1]. Since ZEK100 exhibits planar anisotropy, a single R-value cannot 

be used, as was previously the case for Mg AZ31 sheet alloys [1]. The R12, R11, R22 and 

R33 values need to be calculated separately. The R11 value is approximately equal to one 

from the experimental data. The R12, R22 and R33 values can be calculated by using 

Equations 11, 12 and 13 [1]. 
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where the RRD, RLTD and R45 values were previously calculated in chapter 5.  

For material constitutive models, Equation 14 was used as the general equation 

for strain rate. However, for the ZEK100 alloy sheet, DC creep controlled by pipe 

diffusion, εDC(p), is the only active deformation mechanism at 250 ⁰C and 300 ⁰C.  The 

reason for this was explained in Chapter 6.1. Because of that, εGBS and εDC(l) were assumed 

to be zero. Thus Equation 14 can be rewritten as Equation 15. 

 

εεεε DC(p)DC(l)GBS      (14) 

 

εε DC(p)      (15) 

 

Equation 15 was used in simulations. This equation leads to Equation 16 for 

ZEK100 alloy sheet, where A is the pre-exponential factor, n is the stress exponent for 

DC creep controlled by pipe diffusion and ε is the true-strain rate. [1]. 

)()()(
pDCn

pDCA      (16) 
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Calculated fit parameters at 300 ⁰C and 250 ⁰C are shown in Table 6.3 for DC(p). 

The error bounds of ADC(p) and nDC(p) were calculated by using the RMS method. Thus, the 

best fit parameters were calculated. 

 

 

Table 6.3: Fit parameters for ZEK100 alloy sheet at 250 °C and 300 °C. 

Fit Parameters 

A, n 250 °C 300 °C 

 

ADC(p) exp(-37.45-4.30ε+8.53ε
2
-8.99ε

3
) exp(-37.58-5.02ε+17.93ε

2
-30.24ε

3
) 

 

nDC(p) 
8.8 7.9 

   

 

Material constitutive models were constructed for ZEK100 at temperatures of 300 

°C and 250 °C. To validate these models, experimental results of biaxial bulge tests were 

used. FEM simulations were calculated with the Abaqus/Standard
TM

 FEM software. 

Results of these FEM simulations were compared against the experimental results. More 

information will be provided on these comparisons in Chapter 7. Material models were 

validated at a temperature of 300 °C. 
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Chapter 7: Finite-Element-Method Simulations 

7.1. SIMULATION METHODS 

FEM simulations were used to validate the material constitutive models 

constructed for Mg ZEK100 alloy sheet at 300 °C and 250 °C. To run the FEM 

simulations, commercial Abaqus
TM

 software was used. Material constitutive models were 

defined for FEM simulations by using the FORTRAN 77 language [1]. The two-term 

material models were defined by using the uniaxial tests results [2]. A CREEP subroutine 

was used to define the material models in FEM simulations. For each temperature, one 

CREEP file was created. To define how the material behaves at that temperature. An 

example CREEP.F file in the FORTRAN 77 language is provided in Appendix 7.1.A. 

Mg ZEK100 exhibits planar anisotropy at 300 °C and 250 °C [3]. Because of that, 

a 2-dimensional (2D) axisymmetric mesh is not appropriate for simulations at 300 °C and 

250 °C [3]. In this study, a 3D mesh was used for simulations at 300 °C and 250 °C. The 

3D mesh was developed by Sherek [4], and it was used before by Antoniswamy [3] for 

ZEK100 at 450 °C and 350 °C. For the FEM simulations, the specimen diameter was 

taken as 90 mm and the specimen thickness was taken as 1.56 mm. These values are the 

same as the biaxial bulge tests specimens. One example of the 3D mesh is shown in 

Figure 7.1. In this figure, Mg ZEK100 alloy sheet was formed in the FEM simulation.  
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Figure 7.1: FEM simulation of the biaxial bulge test is shown using a 3D mesh for the 

ZEK100 alloy sheet. 

FEM simulations were conducted at temperatures of 250 °C and 300 °C and 

pressures of 2.06 MPa (300 psi), 2.20 MPa (320 psi), 2.34 MPa (340 psi), 2.48 MPa (360 

psi) and 2.62 MPa (380 psi). Simulation times were chosen to be the same as the 

experimental tests. Thus, results of the FEM simulations and experimental tests could be 

compared on the same scales. From the FEM simulations, dome height versus time and 

pole thickness versus time predictions were obtained. Dome height versus time was 

obtained from simulations and compared to experimental results from biaxial bulge tests. 

Thus, the validity of the material constitutive models was proven for 300 °C. Since Mg 

ZEK100 exhibits the same deformation mechanisms at 250 °C as at 300 °C, simulation 

results at 250 °C were also expected to be good, although bulge test data were not 

available at 250 °C. Simulation predictions were also compared with the results of 

Die 

Formed 

Sheet 
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Antoniswamy [3] at 450 °C and 350 °C. The results of these comparisons are shown in 

Section 7.2. 

7.2. COMPARISON BETWEEN FEM SIMULATIONS AND EXPERIMENTS 

FEM simulations were conducted at temperatures of 250 °C, 300 °C, 350 °C and 

450 °C. For 300 °C, simulations were conducted at pressures of 2.06 MPa (300 psi), 2.20 

MPa (320 psi), 2.34MPa (340 psi), 2.48 MPa (340 psi) and 2.62 MPa (360 psi). Figures 

7.2 – 7.6 show comparisons of the predictions from FEM simulations against the 

experimental biaxial bulge test data. The validity of the material model was proven by 

these comparisons. In these figures, dome height versus time predictions from FEM 

simulations and data from experiments are compared. The error between the simulation 

predictions and the experimental data for dome height was calculated using the Root-

Mean-Square (RMS) method. The formulization of the RMS method is shown in 

Equation 1, where XRMS is the RMS error (mm), n is the total number of comparisons, 

Xexp is dome height of experiment and Xsim is the dome height of FEM simulation [3]. 
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Figure 7.2: Dome height versus forming time is shown for the temperature of 300 °C at a 

constant pressure of 2.06 MPa (300 psi) for Mg ZEK100 alloy sheet.  
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Figure 7.3: Dome height versus forming time is shown for the temperature of 300 °C at a 

constant pressure of 2.20 MPa (320 psi) for Mg ZEK100 alloy sheet. 
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Figure 7.4: Dome height versus forming time is shown for the temperature of 300 °C at a 

constant pressure of 2.34 MPa (340 psi) for Mg ZEK100 alloy sheet. 
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Figure 7.5: Dome height versus forming time is shown for the temperature of 300 °C at a 

constant pressure of 2.48 MPa (360 psi) for Mg ZEK100 alloy sheet. 
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Figure 7.6: Dome height versus forming time is shown for the temperature of 300 °C at a 

constant pressure of 2.62 MPa (380 psi) for Mg ZEK100 alloy sheet. 

  

For 300 °C, the effect of pressure on the forming time was investigated by 

comparing dome height versus time for all pressures. Figure 7.7 shows this comparison. 

Forming time decreases with increasing pressure at equal dome height.  
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Figure 7.7: The effect of pressure on the forming time at equal dome height is shown at a 

constant temperature of 300 °C for Mg ZEK100 alloy sheet using FEM 

simulation predictions. 

For 250 °C, simulations were conducted for the pressures of 2.06 MPa (300 psi) 

and 2.62 MPa (380 psi). Figure 7.8 shows dome height versus forming time obtained 

from FEM simulations at 250 °C.  
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Figure 7.8: FEM simulation predictions of dome height versus forming time are shown 

for the temperature of 250 °C and the pressures of 2.06 MPa (300 psi) and 

2.62 MPa (380 psi) for Mg ZEK100 alloy sheet. 

 

FEM simulations were conducted for the temperatures of 350 °C and 450 °C at a 

constant pressure of 2.06 MPa (300 psi) by using information from Antoniswamy [3]. 

Dome height versus forming time obtained from simulations is shown on Figure 7.9.  
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Figure 7.9: FEM simulation predictions of dome height versus forming time are shown 

for the temperatures of 350 °C and 450 °C at a constant pressure of 2.06 

MPa (300 psi) for Mg ZEK100 alloy sheet. The data for 350 °C and 450 °C 

were taken from Ref. 3. 

Pole thickness versus time was also examined for temperatures from 250 °C to 

450 °C at a constant pressure of 2.06 MPa (300 psi). Figure 7.10 shows a comparison of 

pole thickness versus forming time while the dome height increases from 0 mm to 10 

mm. The final pole thickness at a dome height equal to 10 mm occurs at the end of each 

simulation, and the change of pole thickness during forming is shown. Pole thickness at a 

10 mm dome height decreases slightly with decreasing temperature from 450 °C to 250 

°C. This shows the temperature effect on the pole thickness. The temperature effect on 

the forming time is examined in Figure 7.11. 
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Figure 7.10: FEM simulation predictions of pole thickness versus forming time are 

shown for temperatures of 250 °C, 300 °C, 350 °C and 450 °C at a constant 

pressure of 2.06 MPa for Mg ZEK100 alloy sheet. The end of each 

simulation occurs at a dome height of 10 mm. Pole thickness at a 10 mm 

dome height decreases slightly with decreasing temperature from 450 °C to 

250 °C. 

Pole thickness versus forming time was also examined at a constant temperature 

of 300 °C and pressures from 2.06 MPa (300 psi) to 2.62 MPa (380 psi). FEM simulation 

predictions of pole thickness at a 10 mm dome height and the total time to reach a 10 mm 

dome height are shown in Table 7.1 for each pressure from 2.06 MPa to 2.62 MPa at a 

constant temperature of 300 °C. In Figure 7.7, forming time decreases with increasing 

test pressure. Test pressure does not affect the pole thickness of the specimen at a given 

dome height for a constant temperature. Thus, it can be said that the pole thickness at a 
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given pole thickness is independent from the forming pressure but depends on forming 

temperature for the range of pressures considered.  

Table 7.1: FEM simulation predictions for pole thickness at a 10 mm dome height and 

total forming time to reach a 10 mm dome height are shown at a constant 

temperature of 300 °C and pressures of 2.06 MPa (300 psi), 2.20 MPa (320 

psi), 2.34MPa (340 psi), 2.48 MPa (360 psi) and 2.62 MPa (380 psi). 

Forming time decreases with increasing test pressure. However, final pole 

thickness at a 10 mm dome height does not change with changing test 

pressure. 

  

The effect of temperature on forming time is shown in Figure 7.11. Total time to 

reach a 10 mm dome height is plotted for temperatures from 250 °C to 450 °C. The 

predictions at 350 °C and 450 °C were taken from Ref. 3. In this figure, experimental 

results are also shown for 300 °C and 350 °C. Forming time decreases with increasing 

forming temperature.  

Forming 

Pressure 

(MPa) 

Total Time to Reach 

10 mm Dome Height  

(sec) 

Pole Thickness at  

10 mm Dome Height  

(mm) 

 

2.06 

2.20 

2.34 

2.48 

2.62 

 

215.5 

131.5 

81.2 

52.8 

34.8 

 

1.2646 

1.2645 

1.2642 

1.2641 

1.2645 
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Figure 7.11: The effect of temperature on the forming time at constant pressure, 2.06 

MPa (300 psi), is shown for FEM simulations of the Mg ZEK100 alloy 

sheet. The total time to reach a 10 mm dome height is plotted for 

temperatures from 250 °C to 450 °C.  The data at 350 °C and 450 °C were 

taken from Ref. 3. 

The material model was successfully validated at 300 °C by comparing simulation 

results with the experimental results of biaxial bulge tests. These comparisons are shown 

in Figures 7.2 – 7.6 for 300 °C and the pressures between 2.06 MPa (300 psi) and 2.62 

MPa (380 psi). Simulations at 250 °C were also conducted by using a material model 

constructed in the same way as the material model of 300 °C. FEM simulations were 

conducted at 350 °C and 450 °C  using information from Antoniswamy [3]. Results of 

these simulations were used to understand the temperature and pressure effects on pole 
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thickness and forming time. Forming time decreases with increasing test temperature. 

Pole thickness does not change with changing pressure for a given dome height while 

temperature is constant. However, while pressure is constant, pole thickness increases 

with increasing test temperature.  
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Chapter 8: Conclusions and Future Work 

This study shows that the material constitutive models constructed can be used to 

predict forming of Mg ZEK100 alloy sheet at temperatures of 250 °C and 300°C. It is 

expected that the material model is also accurate at 250 °C, but experimental data were 

not available to validate at this temperature. The Mg ZEK100 alloy sheet deforms by the 

same mechanisms at 250 °C and 300 °C. At the temperatures of 250 °C and 300 °C, the 

deformation mechanism is DC creep controlled by pipe diffusion.  Thus, DC creep 

controlled by pipe diffusion was taken as the dominant deformation mechanism. Since 

the validity of material model was verified at 300 °C, it is assumed that the material 

model at 250 °C is valid as well.   

To construct the material constitutive models, uniaxial tension test results, stress-

strain data and R value calculations were used. To construct models for 250 °C and 300 

°C, several steps were followed. First, deformation mechanisms were determined by 

using the stress exponent, n, values and the activation energies for creep, Q. It was 

observed that the active deformation mechanism for the Mg ZEK100 alloy sheet at 250 

°C and 300 °C is DC creep controlled by pipe diffusion. From this observation, the 

material models were constructed. These models were successfully used in FEM 

simulations. Since Mg ZEK100 exhibits planar anisotropy, 3D FEM simulations were 

conducted by using the Abaqus
TM

 software. The results of these simulations were used to 

validate the material models against independent experimental data. Furthermore, by 

using the results of FEM simulations several predictions were achieved related to the 

temperature and pressure effects on the pole thickness and the forming time. The pole 

thickness does not change with changing pressure for a given dome height at a constant 

temperature. However, at a constant pressure, increasing forming temperature increases 
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the pole thickness at a fixed dome height. Likewise, with increasing temperature forming 

time decreases.  

The R-values decrease with increasing temperature from 22 °C to 300 °C for a 

constant strain rate. For all temperatures, the TD parallel to RD specimens exhibit higher 

R-values than TD parallel to LTD and 45⁰ specimens at a constant strain. The TD parallel 

to RD is the hardest direction. 

In this study, accurate material constitutive models were constructed for 

temperatures of 250 °C and 300°C. However these models do not give significant 

information about the deformation mechanisms at temperatures lower than 250 °C. 

Forming at lower temperatures provides significant advantages, such as energy savings, 

avoiding abnormal grain growth and easier part handling. These advantages are attractive 

to the automobile and aerospace industries. Therefore, it will be useful to construct 

material models for lower temperatures in the future. Furthermore, in this study grain size 

and pre-heating effects on forming were not investigated. It will be useful to investigate 

grain growth and pre-heating effects on forming in the future. 
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Appendix A Biaxial Bulge Test Specimens 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1: Biaxial bulge tests were conducted at a temperature of 300 °C. Specimen (a) 

was tested at a pressure of 2.06 MPa (300 psi) and specimen (b) was tested 

at a pressure of 2.20 MPa (320 psi). Both of these tests were conducted until 

a dome height of 20 mm.  
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Figure A.2: Biaxial bulge tests were conducted at a temperature of 300 °C. Specimen (a) 

was tested at a pressure of 2.34 MPa (340 psi) and specimen (b) was tested 

at a pressure of 2.48 MPa (360 psi). Both of these tests were conducted until 

a dome height of 20 mm.  
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Figure A.3: A biaxial bulge test was conducted at a temperature of 300 °C and pressure 

of 2.62 MPa (380 psi). Testing was conducted until a dome height of 20 

mm.  
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Appendix B Abaqus CREEP.F Files 

EXAMPLE CREEP.F FILE FOR ZEK100 AT 250 °C 

C constitutive equation 

c     de/dt = A1(e)*sigma1^n1(e)+A2*sigma2^n2 

c             A1(e) = exp(-9.97333-12.5909e+17.8488e^2-11.0985e^3) 

c             n1(3) = 1.3325+0.667476tanh(4.6266e) 

 

      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) 

      INCLUDE 'ABA_PARAM.INC' 

      CHARACTER*80 CMNAME 

      DIMENSION DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*), 

     1 TIME(2),EC(2),ESW(2),COORDS(*) 

 

C----------------------------------------------------------------------+ 

C----------------------------------------------------------------------+ 

C----------------------------  DECLARATIONS  --------------------------* 

C----------------------------------------------------------------------+ 

      PARAMETER (dzero=1.D-20) 

C----------------------------------------------------------------------+ 

C----------------------------------------------------------------------+ 

C-------------------  BEGINNING OF EXECUTABLE CODE  -------------------* 
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C----------------------------------------------------------------------+ 

C----------------------------------------------------------------------+ 

C 

            A1 = exp(-44.1001-(9.01788*EC(2)) 

     1 +(27.3055*EC(2)**2) 

     1 -(32.0014*EC(2)**3)) 

 dn1 = 8.8 

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) 

 

C Calculate the appropriate derivatives of the creep strain increment 

      IF(LEXIMP.EQ.1) THEN 

      DA1De = A1*(-9.01788+54.611*EC(2)-96.0042*EC(2)**2) 

 DECRA(2)=(DA1De*QTILD**dn1)*DTIME 

 DECRA(5)=(dn1*A1*QTILD**(dn1-1.D0))*DTIME 

       

      END IF 

      

      RETURN 

      END 
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EXAMPLE CREEP.F FILE FOR ZEK100 AT 300 °C 

C constitutive equation 

c     de/dt = A1(e)*sigma1^n1(e)+A2*sigma2^n2 

c             A1(e) = exp(-9.97333-12.5909e+17.8488e^2-11.0985e^3) 

c             n1(3) = 1.3325+0.667476tanh(4.6266e) 

 

      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) 

      INCLUDE 'ABA_PARAM.INC' 

      CHARACTER*80 CMNAME 

      DIMENSION DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*), 

     1 TIME(2),EC(2),ESW(2),COORDS(*) 

 

C----------------------------------------------------------------------+ 

C----------------------------------------------------------------------+ 

C----------------------------  DECLARATIONS  --------------------------* 

C----------------------------------------------------------------------+ 

      PARAMETER (dzero=1.D-20) 

C----------------------------------------------------------------------+ 

C----------------------------------------------------------------------+ 

C-------------------  BEGINNING OF EXECUTABLE CODE  -------------------* 

C----------------------------------------------------------------------+ 
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C----------------------------------------------------------------------+ 

C 

            A1 = exp(-37.5887-(5.02089*EC(2)) 

     1 +(17.9394*EC(2)**2) 

     1 -(30.2486*EC(2)**3)) 

 dn1 = 7.9 

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) 

 

C Calculate the appropriate derivatives of the creep strain increment 

      IF(LEXIMP.EQ.1) THEN 

      DA1De = A1*(-5.02089+35.8788*EC(2)-90.7458*EC(2)**2) 

 DECRA(2)=(DA1De*QTILD**dn1)*DTIME 

 DECRA(5)=(dn1*A1*QTILD**(dn1-1.D0))*DTIME 

       

      END IF 

      

      RETURN 

      END 
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