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ABSTRACT 

The formability of automotive magnesium sheet at room temperature is limited due 

to its HCP crystalline structure with limited slip systems. To improve the formability at 

room temperature, a new method of pre-strain annealing and subsequent forming (PASF) 

has been assessed. Uniaxial tensile tests are conducted on fully annealed AZ31 sheets as 

well as on a range of pre-strain annealed samples at an annealing temperature of 250 C . 

The test data is used to characterize improvements to tensile elongations as well as 

changes in the work hardening behaviour arising from the PASF process as well as for 

prediction of forming limit diagrams. 

The formability improvements from PASF process are further assessed by 

conducting interrupted hemispherical punch stretching tests at room temperature, 

annealing, and then continuing the dome stretching process to fracture. Several different 

specimen geometries are tested to analyze the punch load versus punch displacement 

characteristics. Further, the tests are used to construct the room temperature forming limit 

diagrams (FLD) of fully annealed sheets as well as PASF process dome samples. The 

improvement in limit strain by PASF process is strongly dependent on the pre-strain, 

annealing temperature and time. An improvement of 20% in limit strain values could be 

achieved with one annealing step under optimized conditions of annealing and 

pre-straining. Experimental FLDs are also compared with theoretical FLDs based on 

well-known Marciniak-Kuczynski (M-K) analysis and an existing anisotropic yield 
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criterion with appropriate modifications for anisotropic characteristics and changes in the 

work hardening behavior of AZ31 sheet from the PASF process. The M-K theory is also 

used to calculate FLD of AZ31 sheet at 300 C  and compared with an existing FLD 

determined in the McMaster Metal Forming Laboratory. Domes test samples are also 

examined by optical metallography to rationalize the differences in fracture behavior of 

fully annealed and PASF samples. 
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CHAPTER 1                             

INTRODUCTION 

1.1 Background 

Thin gauge formable steel and aluminum sheet constitute a large majority of 

materials for automotive stamping applications. High strength thin gauge steels and low 

density aluminum sheets are both being increasing utilized for weight reduction and 

consequently to reduce fuel consumption and greenhouse gas emissions. In recent years, 

there is increasing interest in magnesium sheet as it offers even more weight reduction 

possibility due to its lower density and higher specific strength compared to both steel and 

aluminum [1, 2]. Among various wrought magnesium alloys, AZ31 Mg sheet, is most 

commonly available today. Various research groups around the world are engaged in 

assessing the processing, microstructure and mechanical properties, including the forming 

behaviour, of this sheet material. It is now well know that this material has limited 

formability at room temperature due to its hexagonally closed packed (HCP) crystal 

structure which offers limited possibility of accommodating large plastic strains of 

forming operation by dislocation slip. Therefore, much of the research has focussed on 

high temperature formability of AZ31 sheet. Since cost and formed part quality remain 

significant impediment to acceptance of AZ31-like wrought magnesium sheet materials, 

the present study is largely focused on room temperature formability assessment and 

enhancement of AZ31 magnesium sheet. 
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1.2 Literature Review 

1.2.1 Material 

At room temperature, HCP magnesium sheet exhibits poor formability due to 

limited number of independent active slip systems, where only two basal-slips and one 

non-basal slip system (twinning) are active. Furthermore, the c/a ratio of Mg is such that 

deformation is accommodated by twinning and basal slip rather than the prismatic slip. 

Twinning is a shear deformation process with movement of several unbroken atomic 

layers and occurs to a limited extent within the grain. Compared to dislocation slip, where 

fewer atomic bonds are broken, twinning reduces ductility by breaking more atomic 

bonds [3]. 

When the temperature is high enough (greater than 200 C ), the critical resolved 

shear stress for non-basal slips system is decreased significantly. Therefore, additional 

non-basal slips are active, which results in significantly higher formability [4-12]. 

Presently, magnesium alloys are mainly formed at high temperature (well above 200 C ). 

However, forming at room temperature has some remarkable advantages, such as saving 

in energy, easier lubrication, higher productivity, and better surface finish. 

As the process costs and part quality remain significant issues at high temperature, 

there is considerable interest in pursuing lower temperature forming methods for Mg 

sheet. However, before a suitable and commercially viable method for forming Mg sheet 

at lower temperatures below 150 C  can be developed, a basic understanding of the 
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underlying mechanisms and their relationship to formability limiting processes such as 

strain localization for a range of strain paths encountered in practice is needed. Grain 

structure and forming process optimization through well controlled and novel 

experiments hold the promise of expanding the forming capability of Mg to lower 

temperatures. 

Many researchers have experimentally studied the response of materials to the 

amount of prior deformation and annealing temperature by following changes in yield 

strength, tensile strength, uniform and total elongation, and microstructural parameters 

such as recrystallized grain size. Strength properties of materials typically decrease with 

rising annealing temperature whereas the plastic properties or ductility of the material 

improves. Pre-form annealing is a process where a panel is partially formed and then 

annealed at a pre-determined temperature to eliminate cold work (or strain hardening) 

from the first step. This intermediate shape with recovered microstructure is subsequently 

formed to the final shape using the same die. This process has been demonstrated as a 

feasible process for an aluminum door panel that could not be formed in a single 

continuous operation. This process will be referred to as Preform Annealing and 

Subsequent Forming (PASF) process in the rest of this thesis. Such an approach, in 

principle, can be applied to improve the formability of Mg sheet at ambient temperatures. 

In terms of large strain deformation behavior, some data has started to appear in the 

open literature on true stress versus true strain curves and strain rate sensitivity of AZ31 

sheet from uniaxial and hydraulic bulge tests at a range of temperatures (including below 
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200 C ) and strain rates. Stress-strain curves and strain rate sensitivity are both rather 

sensitive to grain size, strain rate and temperature as observed for many superplastic 

materials. Macroscopic strains in the range of 0.25 have been attained for AZ31 at 

150 C  (although the value drops to 0.15 at 50 C ). AZ31 alloy tubes deformed at room 

temperature have yielded strains up to 0.08. The data in the form of LDH and FLD is still 

scarce at temperatures below 200 C . In general, however, the LDH and FLDs decrease 

with a reduction in temperature, and with an increase in strain rate, as typically observed 

in many wrought sheet materials. 

1.2.2 Forming Limit Diagram 

While tensile test is a good indicator of formability under uni-axial loading 

condition, a forming limit diagram (FLD) can describe formability of material under the 

variety of strain conditions. FLD, also known as forming limit curve (FLC), is perhaps 

the most accepted measure of formability of sheet materials and is being increasing used 

in stamping die design and forming trials to predict excessive thinning or splits in the 

formed part. By constructing a plot of major versus minor principle strains at the onset of 

material localized thinning (i.e., necking) under a range of forming conditions such as 

uniaxial, biaxial and plane strain stretching and drawing, a forming limit curve can be 

constructed. A schematic of typical forming limit diagram for steel sheet is shown in 

Figure 1.1. While material can be formed safely with strain conditions below the FLC, it 

may result in failure to form material with strain state lies above the FLC. 
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Figure 1.1. A typical FLD of steel sheets [13]. 

 

The FLD concept was first developed by Keeler and Backofen in 1964 [14]. By 

plotting experimental results as two principal strains in Cartesian coordinate system, 

Keeler and Backofen constructed the right side of FLD (ε2 > 0). This idea was extended 

by Goodwin in 1968 [15], where the left side of FLD (ε2 < 0) was completed. Since the 

work of Keeler et al. and Goodwin, many other attempts had been made to obtain 

experimental FLDs of range of industrially useful sheet materials. Also, the procedure for 

determining the FLDs has been studied extensively and in recent years much 

standardization of the test procedure has occurred leading to an ISO standard around FLD 

related testing and establishment of FLC curves from localized strain region on the 

sample surface [16]. The ISO standard is based on the work of Hecker [17] and Nakazima 

[18] who utilized a hemispherical punch, a clamped blank in circular upper and lower 
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dies with a hole and various specimen geometries to achieve various strain paths to 

generate the FLD. In Nakazima test, specimens were machined into different width, and 

then stretched to fracture by using a hemispherical punch (Figure 1.2). By varying the 

widths of specimen, limit strains locating in the left side of FLD could be obtained. For 

limit strains in right side of FLD, it could be obtained from full size specimens with 

different lubrication conditions. 

 
Figure 1.2. Nakazima test setup 

 

The in-plane method to determine FLD was firstly introduced by Marciniak in 1973 

[19]. Different from the Hecker and Nakazima methods, where the area of analysis was 

hemispherical dome, Marciniak test (Figure 1.3) utilized a flat circular punch to deform 

specimens. A double-blank specimen with the punch side blank consisting of a hole (the 

so-called driver blank) and the other side consisting of a test blank was utilized. The 

driver blank was typically made from a more formable material compared to the test 

blank. This feature combined with the presence of the hole allowed the material of the 

driver blank to flow outward from the hole and suppress the strain localization or failure 

of the driver blank and only the failure in the test blank occurred. Additionally, the failure 
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of the test blank was avoided at the punch profile radius (i.e., in the curved region of the 

test blank) resulting in the so-called in-plane failure of the sheet under biaxial stretching 

conditions. As in the case of Hecker`s test method, a range of test blank geometries were 

employed to attain the different strain paths and to construct the entire left and right sides 

of FLC. Since the region of large strain was kept in flat portion of the test blank during 

the forming process, deformation could be measured by a single camera, which could not 

be achieved by Hecker method. 

 

Figure 1.3. Marciniak method test setup [20]. 

 

Comparing the two methods of determining experimental FLD, it was widely 

believed that the forming limits determined from out-of-plane method were higher than 

those limits from in-plane method. This was caused by the different understandings on 

these two methods. For the in-plane method, it is generally believed that the localized 

necking occurs earlier in the unsupported region of the material. For the out-of-plane 

method of Hecker, however, the hemispherical punch supported dome region of the 
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deformed blank delays the onset of strain localization giving rise to higher forming limit 

strains [21]. 

As stated earlier, much of the work on AZ31 magnesium sheet has been carried out 

at temperature well above the room temperature where it exhibits good formability and 

can be used to produce many automotive body panels and other components [22]. In the 

present work, however, the effort has primarily focused on obtaining room temperature 

FLD, both experimentally and via the use of a predictive model. Therefore, a brief review 

of the literature on experimental FLD determination and its prediction for AZ31 sheet is 

in order. Kim [23] determined the FLCs of AZ31 Mg sheet at various temperatures from 

100 C  to 300 C  as well as at room temperature (Figure 1.4(a)) by the Nakazima test. 

The results clearly indicate much lower FLCs at room temperature. However, significant 

improvements in the plane strain limit (or FLD0 value) as well as over position of FLC do 

occur at temperature as low as 100 C . It is to be noted that the FLCs in their work do not 

quite cover the entire strain state up to equi-biaxial tension. Subsequently, Antoniswamy 

[24] obtained FLDs of AZ31 Mg in the temperatures range 250 C  to 450 C  by bulge 

and tensile tests as shown in Figure 1.4(b). The FLCs are highly simplified as they are 

based on 3 data points corresponding to uniaxial, plane strain and equi-biaxial (bulge) 

tests. Comparing the FLCs from Kim`s and Antoniswamy`s work at 300 C , substantial 

differences are observed in the shape and position of the right side of FLD. Other 

experimental and predictions of FLC of AZ31 at room temperature in the literature have 

presented the biaxial tension side of the FLD as a horizontal line to the right of FLD0 
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point. Therefore, no consistent results with regard to room temperature FLD of AZ31 

sheet are available in the literature. 

 

Figure 1.4. FLCs of AZ31 Mg at different temperatures determined from (a) Kim [23] and 

(b) Antoniswamy [24]. 

 

1.2.3 Methods for Prediction of FLCs of Sheet Materials 

Due to increased experimental effort and cost of determining FLDs of sheet 

materials, much effort has been devoted in the literature towards FLD prediction form 

basic sheet material mechanical properties and applicable constitutive relationship 

(stress-strain) and yield function of the material. Numerical prediction is attractive not 

just in terms of overall cost and effort but also because the calculation process can 

eliminate influence of experimental uncertainties of measurement and analysis [16]. On 

the other hand, the predictive models still lack suitable material models and accurate 

mechanics of hemispherical punch stretching process including the punch-sheet contact 
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conditions arising from sheet and punch surface topography and friction. Consequently, 

deviations in FLC prediction and experiments are observed even for extensively studied 

steels and aluminum alloys [25]. Models, however, do offer an opportunity for quite 

valuable systematic parametric studies of the effect of various material and process 

parameters on the shape and position of FLCs. 

Currently, there are two major methods developed to predict theoretical FLD, finite 

element method (FEM) and Marciniak-Kuczynski method. The FEM method involves 

using commercial finite element software such as ABAQUS or DYNA3D to simulate the 

experimental hemispherical punch stretching process for the various specimen geometries 

and lubrication conditions until the onset of necking (or fracture), so the corresponding 

limit strain could be obtained [26]. The data is analyzed in a manner similar to the 

experiments to yield the FLC. The other more common Marciniak-Kuczynski (or M-K) 

method is less rigorous and makes many simplifying assumptions. For example, it 

assumes the existence of a through-thickness groove or imperfection in the starting sheet 

material and treats the deformation process as an in-plane deformation [20]. In recent 

years, M-K method has been combined with the FE method to simulate test conditions 

similar to the experiments [27]. More on the M-K method is discussed in Chapters 4 and 

5. However, differences still persist in predicted and experimental FLCs due to limitations 

of the constitutive model employed as well as from tribological conditions (or friction) 

assumed at the punch sheet interface in the analysis. Crystal plasticity based approach (in 

combination with M-K method or FE method) has also been employed for FLC 



11 

 

predictions with varying level of success again due to its inability to suitably incorporate 

experimental tests conditions such as out of plane deformation and punch-sheet 

tribological conditions [28, 29]. There is very limited room temperature or high 

temperature predictive FLCs for AZ31 available in the literature. 

In spite of the many limitations of the M-K method as noted above, it is employed 

in the present work to predict the room temperature and 300 C  FLC of AZ31 sheet. The 

objective is to see to what extent the experimental FLC curves can be predicted based on 

this rather efficient and extensively studied method. When choosing between independent 

FE and M-K methods, the advantage of FEM method results in more accurate results. 

However, since more factors are included, much more input data is required as well as 

suitable constitutive materials need to be implemented in the FE code for analysis, which 

can raise the cost and effort significantly. Furthermore, the FEM method takes much 

longer time than the M-K method to complete the many simulations that are needed for 

generating the entire FLC. To compute FLD by a commercial FEM code, one needs to 

start with implementation of a suitable constitutive model of large deformation into the 

commercial code (if it does not already exist, which is typically the case for AZ31 sheet), 

followed by meshing each of the specimen test geometries to create several individual FE 

models, one for each specimen geometry [26]. For M-K method, one only needs to write 

one code for computing and the analysis is carried out for a large continuum domain 

rather than in the discrete and multiple domains of the FE method. While in the FEM 

method considerable effort is required to simulate and analyze the results to obtain a pair 
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of limit strains, it is only a matter of few hours for the M-K method to generate the entire 

FLC. The M-K methodology will be discussed further in detail in Chapters 4 and 5. 

1.3 Objectives 

A general objective of this present work was to assess the formability of AZ31 Mg. 

The formability assessment work focuses on studying the effects of pre-forming, 

annealing, and subsequent forming (i.e., PASF) process with different annealing 

conditions on the formability of AZ31 Mg at room temperature. 

The first objective was to utilize simple yet realistic forming experiments to explore 

the promise of PASF process. By conducting hemispherical punch tests and comparing 

limit dome heights, the optimum forming and annealing condition to maximize 

formability of AZ31 Mg at room temperature could be determined. 

The second general objective was to construct detailed experimental FLDs of fully 

annealed and PASF processed AZ31 Mg at room temperature. This objective was 

addressed by conducting hemispherical punch tests with different sizes of specimens, and 

by measuring the major and minor limit strains along different loading paths from the 

different specimen geometries for the two different „processing‟ conditions. By 

comparing the experimental FLCs, one could assess formability improvement from the 

PASF process, if any. 

The last general objective was to study the M-K theory and modify it to calculate 

theoretical FLDs of AZ31 Mg at room temperature with fully annealed, PASF condition, 



13 

 

and at 300 C . By comparing experimentally determined FLDs and calculated FLDs, the 

modified M-K theory could be assessed for AZ31. 

 

1.4 Organization of the Thesis 

The thesis is organized as follows. It starts with basic assessment of formability of 

AZ31 Mg sheet at room temperature in Chapter 2. During this process, the optimum 

PASF conditions to improve formability of AZ31 Mg at room temperature were 

determined. Chapter 3 presents the work on experimental determination of FLDs of 

annealed and PASF processed materials. A comparison of FLDs is then made to assess 

improvement in formability from the PASF process. Chapter 4 presents the details of the 

modified M-K method for room temperature prediction of FLDs of annealed and PASF 

processed materials. A comparison of the experimental and predicted FLD is then 

provided. Further modifications to the M-K method to account for high temperature 

deformation behaviour of AZ31 sheet are presented in Chapter 5. The new M-K 

methodology is then utilized to predict the FLD of AZ31 sheet at 300 C . The thesis then 

presents the conclusion of the research work in Chapter 6. 
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CHAPTER 2                              

ASSESSMENT OF PASF PROCESS FOR BASIC 

FORMABILITY IMPROVEMENT OF AZ31 MAGNESIUM 

SHEET AT ROOM TEMPERATURE 

2.1 Introduction 

Hemispherical punch stretching test is perhaps the most common method of 

assessing the formability of sheet materials. In this test, a sheet is clamped over a circular 

die opening and stretched using a hemispherical punch that moves perpendicular into 

clamped sheet and through the circular die opening (Figure 2.1). Dome height at fracture 

is taken as a measure of formability. 

 

Figure 2.1. A schematic of hemispherical punch tests. 

 

Annealing is one of the most common methods to improve the formability of AZ31 

Mg sheet. It involves heating a material to above its critical annealing temperature, 
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maintaining a suitable temperature, and then cooling to room temperature. Annealing can 

induce ductility, soften material by significantly reducing dislocation or twin density, 

relieve internal stresses, refine the structure by making it homogeneous, and improve cold 

working properties. Since the annealing temperature is one of the most critical factors in 

annealing, the primary goal of hemispherical punch tests was to test sheet material 

subjected to various annealing treatments to determine the optimal annealing 

temperatures to deform magnesium alloy AZ31 at room temperature. 

In a previously published paper [30], it has been suggested that reverse stretching 

of aluminum alloy AA5754-O increases the limit dome height in biaxial stretching mode 

of deformation. The reverse stretching used in the above paper was a two-step forming 

process. In the first step, a flat specimen was first formed into a hemispherical dome to a 

pre-determined height. In the second step, the specimen was reversed (i.e., turned upside 

down so that punch faced the dome surface from the other direction) and then the 

deformation was continued till the curvature of the specimen was completely reversed 

and subsequently onset of necking or failure of the specimen was observed. In the present 

study, there was interest in assessing the potential of the above two-step punch stretching 

on AZ31 Mg for improving formability. Thus hemispherical punch stretching tests with 

pre-stretching (step 1), intermediate annealing and subsequent stretching (step 2) have 

been conducted to evaluate biaxial tensile stretchability of AZ31 Mg sheet. In order to 

compare all the possible situations, both forward and reverse stretching were applied in 

step 2. 
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2.2 Experimental Methodology 

2.2.1 Annealing 

The annealing process typically consists of three stages: recovery, recrystallization, 

and grain growth. The first stage of recovery results in softening of the metal through 

removal of primarily linear defects. In the subsequent stage of recrystallization, new 

grains nucleate and grow to replace the previously deformed grains. The last stage 

consists of grain growth where the recrystallized grains start to coarsen and may cause the 

material to lose a substantial part of its original strength and diminish ductility of the 

material. Thus, recovery and recrystallization are the two stages that can improve the 

formability of material, which should be achieved during annealing. On the other hand, 

grain growth stage may be detrimental to the formability of material, which should be 

avoided during annealing. Based on this consideration, a temperature range of 250 C  - 

400 C  was selected as a viable annealing temperature range for AZ31 Mg for 

investigation and annealing temperatures of 250 C , 300 C  and 350 C  for 30 minutes 

and 400 C  for 2 hours were selected. For the intermediate-annealing temperature, it has 

been reported that 400 C  is too high for annealed AZ31 Mg, which can result in 

significant grain growth and decrease the formability of material [31]. Thus, specimens 

pre-annealed at 400 C  were subjected to intermediate-annealing at lower temperatures 

of 250 C , 300 C  and 350 C  for 30 minutes. For specimens pre-annealed at 

temperatures 250 C  – 350 C , the intermediate-annealing was done at the same 



17 

 

temperature as their pre-annealing temperatures for 30 minutes. 

Annealing atmosphere is another factor that affects the quality of the sheet. Since 

the as-received AZ31 Mg sheet had been covered by a lubrication layer, which could 

protect the material from oxidization, annealing could be carried out in ambient air 

atmosphere inside the furnace (see Figure 2.2). This furnace was equipped with 

temperature control and measurement capability to within ±1 C . 

 

 

Figure 2.2. Furnace used for annealing of material. 

2.2.2 Hemispherical Punch Stretching Tooling (HPS) 

HPS tooling available in the laboratory did not allow for reverse stretching of a 

pre-stretched specimen. Therefore, a new set of tools were designed and fabricated for a 

small manually operated hand press (Carver laboratory press, load capacity, 25 kips). The 

Temperature controller 
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tooling and the press are shown in Figure 2.3 (a) and (b) respectively. Samples tested with 

this tooling were 127 mm diameter machined disks. 

 

(a)                             (b) 

Figure 2.3. HPS test set-up, (a) tooling utilized for hemispherical punch tests, and (b) 

press with HPS tooling. 

 

To utilize this set of tooling, the first step was to insert a blank in the gap between 

the upper and lower dies, and place the bottom die on the upper die by aligning the pins in 

the bottom die with the mating holes in the upper die. The second step was to place the 

closed dies (without punch) on the press and apply a load of about 22240 N, which 

resulted in a lock-bead imprint on the blank from the bottom die. A lock bead is utilized to 

exclude the material outside of the bead in the punch stretching process. The third step 

involved adding the punch guide bushing to the back side of the upper die, and inserting 

the punch through the bushing. The last step was to place the whole tooling on the 

platform of Carver press and operating the press to perform the punch stretching process. 

Press 

Upper die 

Bottom die 

Punch 

Punch guide bushing 

 

Punch 

Blank dia. 

=127 mm 

 

Punch guide bushing 
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The platform was then pushed upwards during the test so the top flat surface of the punch 

came in contact with the rigid upper plate of the press and the punch moved downward to 

stretch the blank into the dome shape. To perform reverse punch stretching, the punch 

guide bushing was attached to the back side of the bottom die, so the punch could be 

inserted from the other side and stretch the specimen in reverse direction. 

2.2.3 HPS Test Procedure 

The hemispherical punch stretching tests were classified into 4 different “modes” as 

described below: 

Mode 1: Annealed blank was stretched in one direction to fracture. 

Mode 2: Annealed blank was stretched in one direction to an intermediate dome height 

(set at 90% of load at fracture in mode 1) then stretched in reverse direction until 

fracture. 

Mode 3: Annealed blank was stretched in one direction to an intermediate dome height 

(again, 90% of load at fracture in mode 1), annealed at one of 3 temperatures 

(250 C , 300 C  and 350 C ) for 30 minutes, and then stretched in reverse 

direction until fracture. 

Mode 4: Annealed blank was stretched in one direction to an intermediate dome height 

(90% of load at fracture in mode 1), annealed at one of 3 temperatures (250 C , 

300 C  and 350 C ) for 30 minutes, and then stretched in the same direction 

until fracture. 
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     Schematics of each of the above deformation modes are provided in Figure 2.4. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2.4. A schematic representation for each mode of hemispherical punch stretching 

tests, (a) mode 1, (b) mode 2, (c) mode 3, and (d) mode 4. 

2.2.4 Limit Dome Height (LDH) Measurement 

LDH value is perhaps the simplest and quite useful measure of forming 

performance of sheet materials. To measure the LDH accurately, deformed samples were 

placed on a milling machine as shown in Figure 2.5 (a). Instead of a milling tool, a 

micrometer dial indicator was inserted into the tool holder. By moving tip of the dial 

indicator to bring it into contact with the sample surface, the relative height of the contact 

point could be read from the digital output screen of the machine as shown in Figure 
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2.5(c). LDH value was obtained as the difference between the height of the sample at the 

pole (highest point) and the height of flat region of sample next to the lock bead (lowest 

point). 

 

 

(a) 

     

(b)                           (c) 

Figure 2.5. LDH measurement equipment details, (a) set-up for LDH measurement, (b) 

close-up of the specimen and the dial indicator region, and (c) screen display showing 

dial indicator data. 
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2.2.5 Specimen Preparation for Optical Microscopic 

Observations 

In order to analyze microstructures of the failed samples, each disk was sectioned 

as shown in Figure 2.6. The slice cut from the sample was cold mounted using a mixture 

of 25gm epoxy and 3gm hardener. After grinding with silicon carbide discs (600 to 1200 

grit in US standard), each sample was polished by 3μm and 0.5μm cloths with 3μm 

diamond suspension and 0.5μm alumina suspensions respectively. After etching with 6% 

acetic acid (a mixture of 2.1gm picric acid, 3ml acetic acid and 45ml ethanol) for 5 

seconds, microstructure of each sample was observed by Nikon Eclipse LV100 optical 

microscope (Figure 2.7). The microscope had a maximum magnification limit of 100X. 

 

Figure 2.6. A dome specimen showing cut regions for microstructural examination. 
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Figure 2.7. Optical microscopy (Nikon Eclipse LV100) used for microstructure 

observation. 

2.2.6 Average Grain Size Measurement 

Recorded microstructure images from the optical microscopy were analyzed for 

grain size. For this purpose, straight lines of length 80 μm were plotted both vertically and 

horizontally on each microstructure image (Figure 2.8). By counting the number of grains 

that were intersected by each line, the average grain diameter D was determined from the 

equation: 

D =
L

N
 

where L equals 1000µm and N is the number of intercepts which the grain boundary 

makes with the lines [32]. 
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Figure 2.8. Measurement of average grain size. 

2.3 Results and Discussion 

2.3.1 Hemispherical Punch Stretching Tests 

     Figure 2.9 shows a typical punch stretched sample. All stretched samples failed by 

fracture between the pole and the lock bead. 

 

Figure 2.9. Typical hemispherical punch stretching sample. 

Pole 

Lock-bead 
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The results of the hemispherical punch stretching tests are summarized in Table 2.1. 

For easier comparison among the different pre-annealing, intermediate-annealing 

temperatures and deformation modes, the LDH results are also presented as a bar chart in 

Figure 2.10. 

Force applied at fracture for each sample is also presented in Table 2.1. As shown, 

the force at fracture increased with an increase in the LDH value. 

 

Figure 2.10. LDH for all hemispherical punch stretching tests. 

 

Table 2.1. Hemispherical punch stretching test data for magnesium AZ31. 

Pre-annealing 

Temperature 

( C ) 

Intermediate-annealing 

Temperature 

( C ) 

Mode 1 Mode 2 Mode 3 Mode 4 

Ff 

(kN) 

LDH 

(mm) 

Ff 

(kN) 

LDH 

(mm) 

Ff 

(kN) 

LDH 

(mm) 

Ff 

(kN) 

LDH 

(mm) 

250 250 22.69 13.043 21.35 13.005 22.24 14.249 32.03 17.120 

300 300 22.24 12.789 21.35 12.738 24.02 15.659 25.35 15.418 

350 350 20.46 12.459 22.69 13.437 23.13 15.900 24.02 15.418 

400 None 24.91 13.675 16.01 12.344 - - - - 

400 250 - - - - 22.24 13.299 30.25 16.297 

400 300 - - - - 19.57 12.746 24.02 13.863 

400 350 - - - - 23.13 13.884 21.35 13.091 
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Amongst the samples stretched in mode 1, the one pre-annealed at a temperature of 

400 C  had the highest LDH value (13.675 mm). However, for samples stretched in 

mode 2, the one pre-annealed at temperature of 350 C  had the highest LDH value 

(13.437 mm). For one-step punch stretching (mode 1), sample pre-annealed with higher 

temperature resulted in better formability. For two-step punch stretching without 

intermediate-annealing, samples pre-annealed in the temperature range 250 C - 350 C  

showed better formability with an increase in temperature while those pre-annealed above 

350 C  resulted in reduced formability. The above observations suggest that, for two-step 

punch stretching, 400 C  is too high for any formability improvement in the material. 

This conclusion was consistent with microstructure observations presented later. 

For tests with intermediate-annealing (modes 3 and 4), there was significant 

increase in the LDH of most samples (pre-annealed below 400 C ). This is attributed to 

the effect of intermediate-annealing on recovery of the microstructure from preview 

punch stretching. However, samples pre-annealed at 400 C  in mode 3 and mode 4 

exhibited no significant improvement in their LDH values. Again, this confirmed that 

pre-annealing at 400 C  is not advantageous for formability for two-step stretching with 

intermediate-annealing (mode 3 and 4) due to significant grain growth. 

In the analysis of results of samples stretched in modes 3 and 4, LDH values of 

samples pre-annealed at 400 C  have been compared in order to eliminate effects of 

different pre-annealing temperatures. In this data set, samples stretched in mode 4 show a 

decreasing trend with increasing intermediate-annealing temperature, while samples 
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stretched in mode 3 show variable results with increasing intermediate-annealing 

temperature. These tendencies illustrate that two-stage stretching in same direction is 

sensitive to intermediate-annealing temperature, while two-stage reverse stretching is not. 

Among LDH results for the different annealing conditions, the largest LDH value 

resulted from the sample pre-annealed at 250 C , intermediate-annealed at 250 C , and 

deformed with stretching in the same direction. It was observed that all samples failed 

rather catastrophically and none could be stopped at the onset of necking. The reason is 

that AZ31 Mg is more brittle than most formable grades of Al alloy. This could explain 

why reverse punch stretching could improve the formability of Al alloy but not of AZ31 

Mg. For Al alloy, reverse punch stretching enabled a more uniform strain distribution thus 

delaying the onset of necking and consequently yielding higher LDH values. However, 

AZ31 Mg, being brittle, failed in bending before necking. 

2.3.2 Microstructure Observation 

As microstructure is dependent on heat treatment, microstructure images of 

samples at each of the annealing conditions were recorded and analyzed. Samples 

stretched in modes 1 and 2 with the same pre-annealing temperature resulted in the same 

microstructure. Thus, for each annealing condition, only samples stretched in modes 1 

and 4 were analyzed for microstructure image. All microstructure images at the location 

of fracture are shown in Table 2.2 with the average grain size data presented in Table 2.3. 

Samples without intermediate-annealing had significantly smaller average grain 
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size comparing to the intermediate-annealed samples suggesting that grain indeed grew 

during the annealing process. Another significant difference was the twinning that 

occurred during HPS process. While some twining appeared in samples without 

intermediate-annealing, there was no twining in the intermediate-annealed samples. This 

suggests that intermediate-annealing could recover defects (twining) caused by 

pre-stretching, which improved the formability of AZ31 sheet. 

Samples intermediate-annealed at 250 C  had the smallest grain size and the most 

even grain distribution, which resulted in the highest LDH values. This is indicative of the 

occurrence of grain recrystallization without dramatic grain growth, which made the 

material stronger and more formable. 

Samples intermediate-annealed at 350 C  had significantly larger grain size than 

the other samples. Sample pre-annealed at 400 C  and intermediate-annealed at 350 C  

exhibited significant grain growth and rather large grain sizes compared to the other 

annealed conditions and resulted in lower LDH values. With pre-annealing at 400 C  for 

2 hours, grains were fully recrystallized and dramatically grew resulting in lower strength 

of the material. This also explains why samples with 400 C  pre-annealing had smaller 

LDH values compared to samples stretched in the same mode and intermediate-annealed 

at the same temperature but pre-annealed at lower temperatures [33-37]. 
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Table 2.2. Microstructure for all samples. The two numbers labeled for each image 

represent their pre-annealing and intermediate-annealing temperatures. 

250 C  - N/A  

 

250 C  - 250 C  

 

300 C  - N/A 

 

300 C  - 300 C  
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350 C  - N/A 

 

350 C  - 350 C  

 

400 C  - N/A 

 

400 C  - 250 C  

 

400 C  - 300 C  

 

400 C  -350 C  
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Table 2.3. Measured average grain size of each annealing condition. 

Pre-annealing temperature 

( C ) 

Intermediate-annealing 

temperature ( C ) 

Average grain size (µm) 

250 N/A 7.03 

250 250 12.08 

300 N/A 8.21 

300 300 12.55 

350 N/A 8.89 

350 350 14.55 

400 N/A 9.70 

400 250 14.55 

400 300 14.55 

400 350 30.48 

2.4 Summary 

A two-step stretching with intermediate-annealing can increase the LDH values of 

AZ31 sheet significantly. To get maximum LDH, the optimum annealing temperature is 

250 C , and the optimal method is to impart large pre-strain, intermediate-annealing, and 

then deform it in the same direction until fracture. There was no significant improvement 

in LDH values of AZ31 sheet when using the reverse punch stretching method. 

The microstructure influences the LDH value significantly. Material with average 

grain size around 12µm resulted in the maximum LDH value. With 400 C  annealing 

following by intermediate-annealing, dramatic grain growth occurred leading to a 

decreased LDH value. 
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CHAPTER 3                           

EXPERIMENTAL DETERMINATION OF FORMING 

LIMIT DIAGRAMS OF ANNEALED AND PASF 

PROCESSED AZ31 SHEET 

3.1 Introduction 

In the last chapter, it was established that the pre-strain annealing and subsequent 

forming (PASF) process with annealing temperature of 250 C  resulted in best 

formability of AZ31 Mg sheet amongst the 4 different stretching conditions. However, 

this conclusion was based on hemispherical punch tests on fully clamped circular 

specimens that were deformed under equi-biaxial loading path. Therefore, further work 

was continued to assess the performance of PASF process under a broader range of 

loading paths (biaxial, plane strain and uniaxial). For this purpose, forming limit diagram 

(FLD) were determined to characterize formability of materials subjected to (i) initial full 

anneal and (ii) initial full anneal and subsequent anneal after one step of pre-stretching in 

the form of a full or partial hemispherical domes as discussed below. 

The hemispherical punch stretching tests described in Chapter 2 were performed on 

a small manually operated hand press. Thus there were some limitations to the test. First 

of all, the stretching speed was not constant due to the manual operation. As AZ31 Mg is 

strain rate sensitive material, stretching speed could affect the result. Secondly, the load 

versus displacement data during the deformation process could not be recorded 
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continuously as no computer control of the test equipment was available. This rather 

useful data provides not only an assessment of test-to-test reproducibility but also relative 

formability of sheet materials. Furthermore, as AZ31 Mg was not very ductile at room 

temperature, the necking in the dome region occurred rather catastrophically. 

Consequently, the press load needed to be controlled very precisely towards the end of the 

punch stretching process to stop the test at neck. Last but not least, it was hard to control 

the pre-strain amount as there was no indicator to show the position of the punch. That 

was also the reason why the pre-strain amount had been controlled by punch loading but 

not dome height in the earlier experiments. 

For the above reasons, the FLD related dome height testing was carried out on a 

modern computer-controlled servo-hydraulic forming press (Interlaken Servo-Press 150 

Ton). This press was able to provide precise clamping of the sheet in the lock-bead as 

well as continuous recording of the punch load versus punch displacement traces during 

the test. However, the existing room temperature tooling for the LDH test for the 

Servo-Press was designed primarily for aluminum sheet materials and steels. Preliminary 

LDH experiments using this tooling led to severe fracture of AZ31 sheet at lock-bead in 

both H24 (strain hardened and partially annealed) and fully annealed conditions as shown 

in Figure 3.1. Therefore, a new set of upper and lower die plates were designed for AZ31 

Mg sheet with a new lock bead design and fabricated as shown in Figure 3.2. These were 

utilized to conduct LDH tests on gridded blanks to obtain forming limit diagrams. 
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Figure 3.1. Fracture of fully annealed AZ31 specimen in the lock bead region prior to 

punch stretching. The specimen was clamped using the original lock-bead design using an 

existing LDH tooling in the laboratory. 

 

 

Figure 3.2. Revised lock-bead geometry and the aluminum insert for further softening of 

the radius of the lock-bead (photograph). 

3.2 Experimental Methodology 

3.2.1 Test Sample Preparation 

The FLDs of AZ31 Mg sheet in the fully annealed and PASF conditions were 

obtained using the hemispherical punch test tooling proposed by Hecker [17, 38, 39]. The 

Fracture 
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Hecker method for obtaining FLD uses blank of different widths clamped with a circular 

lock bead. 

Based on the draft ISO standard for the hemispherical punch stretching test, 

specimens were designed with dimensions shown in Figure 3.3. Specimen widths of 12.7 

mm, 50.8 mm, and 76.2 mm (based on standard ASTM B557M-94) in the narrow 

hour-glass region were used to obtain the strain path in the negative minor strain side of 

the FLD. Specimen width of 127 mm was used to obtain the strain path closer to the plane 

strain condition. Circular specimens of 177.8 mm diameter with various lubrication 

conditions, such as dry, grease, and polyurethane pad between the punch and blank were 

used to construct the stretch (biaxial tension) side of the FLD (i.e., positive minor strains). 

 
Figure 3.3. Specimen dimensions for various LDH tests (in mm). (Continued on page 36) 
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Figure 3.3. Specimen dimensions for various LDH tests (in mm). 

 

A periodic solid dot grid pattern with 2 mm spacing between dots was 

electrochemically etched using a standard stencil on sheet specimens prior to LDH testing 

to enable subsequent strain mapping of the dome surface (Figure 3.4). 

 

 

Figure 3.4. A periodic pattern of solid dots electrochemically etched on a test specimen. 

3.2.2 Determination of Pre-strain 

For FLD of pre-strain annealed AZ31 Mg sheet, the amount of pre-strain is one of 

the most important variables which could affect the final dome height. The work by 
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Carter [40] on ZEK100 Mg sheet (similar in composition to AZ31) indicates better 

formability when the pre-strain amount is large (more than 70% of failure dome height). 

Thus, 70%, 80% and 90% fracture dome heights were utilized as the pre-strain amounts 

in the experiments. As the specimen failure location was rather sensitive under bi-axial 

tension state, the tests were conducted using circular specimens with 38 mm diameter and 

2mm thick polyurethane pad placed between blank and top of the punch, which resulted 

in failure close to the pole of the dome specimen (see Figure 3.5). 

The load versus displacement traces are plotted in Figure 3.6. Curves labeled 

“pre-strain” represent pre-forming loading. After the above pre-forming amounts were 

reached, the tests were interrupted, and the samples were removed for 

intermediate-annealing. Curves labeled “pre-strain annealed” represent loading paths of 

the subsequent stretching. For the pre-formed samples, the load was zero until the punch 

touched the pre-domed sample at a punch displacement value close to its interrupted 

value. It is to be noted that the slope of subsequent-stretching curve is higher than the 

slope of pre-strain curves, which indicates that the material has been softened by the 

intermediate-annealing. The difference of displacement value between the unloading and 

reloading points is likely come from the elastic deforming. It could be further verified by 

measure dome height before and after the annealing. 
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Figure 3.5. Deformed specimens with pre-strain value of 70%, 80% and 90% (from left to 

right). Samples tested using polyurethane pad between blank and punch. 

 

 

Figure 3.6. Load versus displacement traces for different pre-strain values. Two sets of 

curves correspond to (i) continuous pre-strain tests, and (ii) interrupted tests where the 

samples were removed from the press for annealing. 
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Figure 3.7. Relationship between pre-strain amount and failure dome height. 

 

The effect of the amount of pre-forming on the total formability of material is 

shown in Figure 3.7. The dome height increased steadily from about 27.5 mm to about 29 

mm as the pre-strain was varied from 70% to 90% of the dome height. Therefore, 90% of 

dome height was selected for all FLD work on pre-stretched materials. 

0

5

10

15

20

25

30

35

0 5 10 15 20 25

F
a

il
u

re
 D

o
m

e 
H

ei
g

h
t 

(m
m

)

Dome Height of Pre-strain (mm)



40 

 

3.2.3 Test Equipment and Test Details 

 
(a)                                    (b) 

Figure 3.8. Formability test set up; a) Interlaken 150-Ton press, and b) Test configuration. 

 

As mentioned earlier, a new lock bead design was implemented in the LDH tooling 

to avoid failure of the blank at the lock bead and to ensure no material flow occurred from 

region of the blank outside of the lock bead into the die. A schematic of the formability 

test setup is shown in Figure 3.8. The experimental set up consisted of LDH tooling 

mounted on the test bed of Interlaken 150 Ton double action servo-hydraulic press to 

carry out the punch stretching experiments. The stretching experiments were performed at 

a speed of 15 mm/min up to the onset of necking (or fracture, where the neck could not be 

captured). Punch load versus displacement data was continuously recorded during the test. 

A 50.8 mm radius hemispherical punch was utilized for the FLD tests. The specimens 

were clamped by employing a clamping load in the range of 62 kN – 80 kN depending 

upon specimen geometry. A larger clamping force was applied to the narrower width 
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specimens. 

The various strain paths were achieved by modifying the friction behavior at the 

punch sheet interface. Three “friction states” used to obtain different strain paths on the 

bi-axial side were: (i) a high friction state (punch un-lubricated), (ii) an intermediate 

friction state by using a semisolid lubricant like grease, and (iii) a low friction state by 

placing a polyurethane pad between the blank and punch. The number of specimens for 

each strain path varied from 2 to 3. The tests were manually stopped at the onset of 

necking or at the initiation of fracture. Photographs of various test specimens are shown 

in Figure 3.9. 

 
(a) 

 

 

(b) 

Figure 3.9. Photographs of various AZ31 Mg specimens, (a) side view, (b) top view. 
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3.2.4 Strain Measurement 

A non-contact (optical) strain mapping system, ARGUS, manufactured by GOM 

Germany, was utilized to obtain a strain map of the surface of deformed dome specimens. 

This system consists of a high-resolution CCD camera, a frame grabber card, and the 

image processing and evaluation software (Figure 3.10). The identification and the 

calculation of 3D coordinates for each dot used the photogrammetric principle (Figure 

3.11). Photogrammetric principle is a science of determining qualitative and quantitative 

characteristics of objects from the images [41]. The accuracy of the strain calculation is 

typically in the range of 0.5%. 

 

Figure 3.10. ARGUS system set-up. 
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Figure 3.11. Illustration of photogrammetric principles for full-field strain mapping [42]. 

 

During the post-test specimen imaging with ARGUS, a scale bar and a series of 

bar-coded markers were placed around the dome sample as shown in Figure 3.12. The 

CCD camera captured a series of images of the specimen from the various positions. 

These images from different perspectives were utilized with dedicated post-processing 

software in ARGUS. 

 

Figure 3.12. Specimen with bar codes recorded by ARGUS. 
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A schematic diagram of the location of the CCD camera around the sample is 

shown in Figure 3.13. After recording the images from the different perspectives, the 

strain calculations were carried out using the post-processing software available with the 

ARGUS system. The software has a menu driven interface that allows for many options 

for plotting various 3D strain component in suitable orientations, much like the capability 

of commercial finite element analysis post-processing packages. A typical major strain 

map for a full dome sample is shown in Figure 3.14. 

 
Figure 3.13. Schematic diagram of the camera movement around the dome specimens. 
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Figure 3.14. Major strain map of a full dome specimen. 

3.2.5 Procedures for FLD Determination 

To construct FLD, the region around the neck or fracture of each specimen was 

classified as necked or partially necked, un-necked, and safe (Figure 3.15). The strains 

were determined from the grid (circular dots) in the vicinity of localized deformation 

zone or fracture. The major and minor strain data points from all of the test samples of 

various specimen geometries were then plotted on a single major strain versus minor 

strain graph. The forming limit curve (FLC) was constructed ("hand drawn") as a lower 

bound to the necked or fractured grid strain data. 
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Figure 3.15. A classification scheme for the dots in the neck or fracture region of dome 

samples [43]. 

3.3 Results and Discussion 

3.3.1 Punch Load Versus Displacement Characteristics 

Punch load and corresponding punch displacement results from various fully 

annealed specimens geometries and lubrication conditions are presented Figure 3.16. This 

includes some repeat tests as well in Figure 3.16 (a) for full dome specimens. The results 

for all strain paths (i.e., biaxial tension and tension-compression) are shown in Figure 

3.16 (b). As expected, the load and displacement values at dome failure depend on the 
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lubrication conditions that were used, i.e., dry or no lubricant between sheet and punch, 

grease and polyurethane pad were used. On average, the use of polyurethane pad did 

result in failure at the top of the dome and higher punch loads and dome heights. 

However, variability was observed from test-to-test, perhaps due to some microstructural 

inhomogeneity in the AZ31 sheet. This was typically more evident on the biaxial side of 

the forming limit space due to increased damage development from larger hydrostatic 

stress component. The results for the tension-compression side of Figure 3.16 (b) were 

consistent with the general trends for most sheet materials, i.e., the punch displacements 

(or dome heights) was lower in the plane strain state (5 in width specimen) compared to 

the other narrowest width test specimens, with the exception of 76.2 mm specimen. The 

dome heights for the different specimens (corresponding to different strain paths) are also 

shown in the form of a bar chart in Figure 3.17. It was noted that samples with 76.2 mm 

width have the largest dome height and failure loading force. This phenomenon can not 

be explained currently. It may be caused by the geometry, as the edge around the 

narrowest width of sample exhibited anticlastic curvature (Figure 3.18). 
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(a) 

 

(b) 

Figure 3.16. Punch load versus punch displacement traces from LDH tests of fully 

annealed AZ31 Mg, (a) full dome stretching with different lubrication conditions between 

the punch and blank, (b) narrower specimens. 
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Figure 3.17. Dome heights data from different specimen geometries for fully annealed 

AZ31 Mg. 

 

 

Figure 3.18. A failed 76.2 mm sample. The area in red circle indicates the anticlastic 

curvature development. 
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conditions are shown in Figure 3.19. The discontinuity corresponds to the pre-strain step 

when the specimen was removed from the press and annealed. The specimen was placed 

back into the press after annealing and the stretching continued until the onset of necking 

or fracture. The drop in the punch load at the intermediate step was indicative of the 

softening that occurred as a result of intermediate annealing of the specimen. It was also 

noted that the slope of intermediate step is different from the pre-strain step. If the loading 

of intermediate step is connected to its corresponding loading path of pre-strain step, it 

shows an inflection of the slope at the interruption point. The slope of intermediate step is 

lower than slope of pre-strain step indicative of the softening effect (i.e., increased work 

hardening effect) of intermediate annealing. A comparison of dome heights for the 

annealed and pre-strain annealed conditions is shown in Figure 3.20. In the pre-strain 

procedure, several specimens failed before they could be stretched to 90% of failure dome 

height. This could be caused by material variability in AZ31. Therefore, the number of 

specimens for each strain path is limited, so that there is no error bar shown in Figure 

3.20. Compared to fully annealed material, the dome heights of pre-strain annealed 

material was improved by about 20% for most samples (with the exception of 12.7 mm 

wide sample). This exception may be caused by the geometry issue. As the narrowest 

width samples necked more significantly than the other geometries, the fracture limit 

strains measured from for these samples were higher. The limit strains at necking were 

also higher (as indicated by red square symbols) perhaps due to smaller contact area 

between the punch and the samples and consequently higher stress and strains in the 
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vicinity of the neck. 

 

(a) 

 
(b) 

Figure 3.19. Punch load versus punch displacement traces from LDH tests of pre-strain 

annealed AZ31 Mg; (a) full dome stretching with different lubrication conditions between 

the punch and blank, (b) narrower specimens. 
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Figure 3.20. Comparison of dome heights data from different specimen geometries for 

annealed and pre-strain annealed AZ31 Mg. 

3.3.2 FLD of Fully Annealed AZ31 Mg Sheet 

The room temperature FLD of fully annealed AZ31 Mg sheet is shown in Figure 

3.21. It was noted that instead of exhibiting the lowest limit strain at plane strain 

condition, AZ31 Mg sheet had the lowest formability on the biaxial tension side of FLD, 

where the major strain and minor strain were 0.07and 0.013 respectively. At plane strain 

condition, the limit major strain was about 0.08. The limit strain value at uniaxial was 

maximum at 0.14, while at equi-biaxial it was 0.114. Similar results have been noted from 

the numerical predictions of forming limits in Chapter 4. It appears that the shift may be 

related to material anisotropy of AZ31 (high r value). It was also noted that some safe 

data and fracture data mixed together. This may due to the difference on property of 

material along different orientations (RD and TD). 
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Figure 3.21. FLD and resulting FLC (in orange) for fully annealed AZ31 Mg sheet. 

3.3.3 FLD of PASF Processed AZ31 Mg Sheet 

Experimentally determined FLD of pre-strain annealed AZ31 Mg sheet is shown in 

Figure 3.22. Similar to the FLD of fully annealed specimens, the FLD of pre-strain 

annealed AZ31 Mg exhibited the lowest limit strain at bi-axial loading path, where the 

major and minor limit strains were 0.1 and 0.02 respectively. The major limit strain in the 

plane strain condition was slightly higher with a value of 0.116. The major limit strains of 

0.18 and 0.195 were attained for equi-biaxial and uniaxial loading paths respectively. A 

comparison of FLCs from fully annealed and pre-strain annealed specimens is provided in 

Figure 3.23. As shown, the improvement via the PASF process was slightly more 

significant for equi-biaxial and uniaxial loading paths compared to the plane strain path. 
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Figure 3.22. FLD and resulting FLC (in orange) for pre-strain annealed AZ31 Mg sheet. 

 

 

Figure 3.23. A comparison of FLCs between fully annealed and pre-strain annealed 

specimens. 
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Table 3.1. Summary of limit strains at various loading paths for both fully annealed and 

pre-strain annealed AZ31 Mg sheet 

Loading 

Paths 

Uniaxial 

Tension 

Plane Strain 

Tension 

Biaxial Tension 

(Lowest Major Strain) 

Equi-biaxial 

Tension 

 Major 

Strain 

Minor 

Strain 

Major 

Strain 

Minor 

Strain 

Location Major 

Strain 

Minor 

Strain 

Major 

Strain 

Minor 

Strain 

Fully 

Annealed 

0.14 -0.07 0.08 0 A 0.07 0.013 0.114 0.114 

Pre-strain 

Annealed 

0.195 -0.0975 0.116 0 B 0.10 0.02 0.18 0.18 

3.3.4 Fracture Characteristics 

The fracture characteristics varied with different loading paths when fracture edges 

(through-thickness sections) of deformed dome samples of width 12.7 mm (uniaxial dome) 

and 127 mm (full dome) were observed optically at a magnification of 5X (see Table 3.2). 

The thickness and crack angle were also measured by the software and labeled on each 

image. 

A comparison of thickness in the so-called “safe” region for different loading paths, 

showed a clear relationship between dome height and thickness. Samples with less dome 

height were deformed less, therefore resulted in larger thickness values. The sample under 

uniaxial tension loading path had the least dome height, and therefore yielded a thickness 

of 1.598 mm, close to the thickness of the initial sheet (1.60 mm). On the other hand, 

samples tested under plane strain tension and equi-biaxial tension loading paths had larger 

dome heights, and therefore exhibited lower thickness values of 1.48 mm and 1.33 mm 

respectively. 

A similar comparison of the thicknesses in the vicinity of fracture again showed 
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strong dependence of the loading path. For uniaxial tension, there was a significant 

decrease in thickness at fracture due to the necking. However, samples under plane strain 

tension and equi-biaxial tension had thickness values between fracture and safe areas 

indicative of lack of necking for these loading paths. The crack angle was a remarkable 

feature of fracture that was related to the failure characteristic. For the samples under 

uniaxial tension, where significant necking occurred, a crack angle of 45
o
 was obseved. 

However, for samples subjected to plane strain and equi-biaxial tensions, where almost no 

necking occurred, a lower crack angle of about 40 degrees was obseved. 

 

Table 3.2. High magnification images from fracture and safe areas. (Cont`d on next page) 

Loading Paths Fracture Safe 

Uniaxial Tension 

  

Plane Strain 

Tension 
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Equi-biaxial 

Tension 

  

 

3.4 Summary 

The experimental results from forming experiment clearly indicate improvement in 

the room temperature formability of AZ31 sheet from pre-strain annealing process. The 

plane strain forming limit was increased from about 0.08 to 0.10 by pre-strain annealing 

(an improvement of 20%). The limit strain data from the FLDs is consistent with the 

limiting dome height data. The dome heights at fracture of pre-strain annealed material 

were improved about 20% compared to the dome heights of fully annealed material. 
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CHAPTER 4                          

THEORETICAL DETERMINATION OF FLD OF AZ31 

SHEET AT ROOM TEMPERATURE 

4.1 Introduction 

In the last chapter, experimental FLDs of fully annealed and pre-strain annealed 

AZ31 Mg sheet were presented. While experimental FLDs are most reliable and preferred 

for industrial application of die design and stamping failure analysis, theoretically 

predicted FLDs are often desirable due to experimental cost and time savings, as 

mentioned earlier in Chapter 1. Punch stretching tests on a large number of samples as 

presented earlier as well as analysis of experimentally measured strains in the vicinity of 

the neck are both very time consuming. Also, the cost of experiments is high due to raw 

material and the need for specialized experimental equipment. Therefore, it is worthwhile 

to develop a reliable numerical procedure to construct theoretical FLDs of sheet materials. 

Research related to theoretical prediction of FLDs of automotive steels and aluminum 

sheet materials have been carried out for more than 5 decades and a reasonable level of 

accuracy in their prediction has been achieved. However, this is not the case with 

automotive magnesium sheet materials as these materials are more complex due to their 

hexagonally close packed (or HCP) crystal structure. In addition, their large deformation 

and sheet forming behavior is not well understood. Theoretical FLD predictions of AZ31 

magnesium sheet at most higher temperatures where the material is more formable have 
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been reported in the literature. However, very limited and often contradictory theoretical 

predictions are available at room temperature (see the literature review in Chapter 1). 

Since the present study is focussed on improving the room temperature formability of 

AZ31 sheet, a study of the theoretical prediction of FLD of annealed and pre-strain 

annealed AZ31 sheet at room temperature was considered important. 

To construct a theoretical FLD, there are several requirements. Firstly, a suitable 

material model needs to be chosen form literature (or a new one developed, if such a 

model is unavailable) for capturing stress and strain states encountered during sheet 

forming as well as a reliable criterion of localized necking. Secondly, yield criterion and 

hardening law are required to describe the anisotropic yield and hardening behaviour of 

AZ31. Marciniak and Kuczynski developed an in-plane forming theory (M-K theory, for 

short) that encompassed in a utilitarian manner the essential features noted above to 

calculate the theoretical FLDs of metallic materials [20, 44]. The theory has been 

improved upon over the years and applied to many metallic materials including numerous 

steels and aluminum sheet materials. Many of these studies have shown reasonably good 

agreement for specific sheet materials although work is still continuing to improve 

theoretical predictions. A few recent papers have reported the use of M-K theory for 

prediction of FLD of AZ31 at higher temperatures [45, 46]. However, it appears that very 

few studies have attempted FLD prediction of AZ31 sheet at room temperature due to 

inherent complexity of characterizing and incorporating the anisotropic yielding and work 

hardening of AZ31 sheet in the theoretical framework of M-K theory. This chapter 
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presents an attempt to implement M-K theory towards FLD prediction of annealed and 

prestrain annealed AZ31 sheet at room temperature. The predictions are compared with 

the experimental FLD results from the previous chapter. 

 

4.2 Marciniak-Kuczynski (M-K) Model 

4.2.1 Basic Mechanics 

M-K model is based on the hypothesis of the existence of an imperfection in the 

sheet metal. The authors in their initial work assumed that sheet metal has geometrical 

imperfections, such as thickness variation (or groove) within a sheet arising from sheet 

processing. During the forming process, the imperfection progressively evolves and the 

plastic deformation of the sheet metal gradually becomes concentrated in it, resulting in 

necking of the sheet metal. While the initial thickness variation is small, the deformation 

process in the groove is such that groove region approaches the yield surface first and 

begins to move along the yield surface to approach a plane strain state. Once the plane 

strain state in the groove is reached, the strain is highly localized in the groove region and 

the necking of the sheet specimen follows [47, 48]. This is further described in Figure 4.1 

where the specimen consists of two regions: region “a” of uniform initial thickness t0
a , 

and region “b” of lower initial thickness t0
b . The ratio of the initial thicknesses of the two 

regions is defined as the imperfection factor “f”, where f =
t0

b

t0
a . The model assumes 
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plane stress state and the specimen is subjected to a constant in-plane loading. Also, the 

strain components along the groove in the homogeneous and groove regions are assumed 

to be equal as the deformation proceeds. In other words, a constant ratio of in-plane σ1 

and σ2 principal stress components (also called stress ratio or 
σ2

σ1
 ) is applied to the 

specimen. The strain states in the two regions can be analyzed at each incremental stress 

step, by utilizing the chosen constitutive law and yield function. A certain ratio 
ε1

b

 ε1
a  of 

major strains in the homogenous and groove regions is considered as the criterion of 

necking. When the ratio is too large (infinitely large in theory, but typically greater than 

10 in the calculation) the region “b” is considered to be in plane strain state and the 

groove region “b” of the specimen is considered as “necked”. The corresponding major 

and minor strains in the homogeneous region “a” are considered as the limit strain of the 

material for that stress ratio. The M-K analysis is repeated for a range of stress ratios (or 

equivalently strain ratios or strain paths) covering uniaxial tension to biaxial tension to 

obtain a complete FLD. A detailed numerical procedure in the form of a flow chart 

illustrating the implementation of M-K theory is presented later in section 4.4 
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Figure 4.1. Schematic illustration of a sheet with an imperfection. 

 

The initial M-K theory assumed the groove (region “b”) orientation to be 

perpendicular to the direction of loading. However, it was realized by later researchers 

that this model could only be truly valid for right side of the FLD (i.e., bi-axial tension 

side). For the left side of the FLD (negative minor strain region), calculated limit strains 

showed values consistently higher than the experimental results. Consequently, M-K 

model was improved upon to calculate left side of the FLD by considering a range of 

possible orientations of the groove [49]. For a certain loading path (or stress ratio), the 

limit strain with every orientation of the groove (from 0
o
 to 90

o
) was calculated and then a 

major and minor strain pair representing the lowest limit strain value from the M-K 

calculation was chosen as the limit strain for that specific stress ratio (or strain path), as 

illustrated by Figure 4.2. 
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Figure 4.2. Schematic illustration of groove orientation [50]. 

 

4.2.2 Yield Model 

The yield model or criterion is one of the fundamental components in the M-K 

based calculation of FLD. The main function of the yield model is to relate stresses (or 

strains) in different directions to the effective stress (or effective strain) for analysis of 

stress state (or strain state) in the homogeneous and groove regions. Many yield models 

have been developed for anisotropic sheet metals over the years [51-55]. However, 

selection of a particular yield model is dependent on many factors, such as simplicity, 

accuracy in representing material behavior of a specific alloy, and the effort involved in 

yield model parameter determination. Considered all of the above factors, Hill`s quadratic 

yield criterion, first published in 1948, has been widely used in the literature. This yield 

criterion was selected for the present FLD calculation. Very few phenomenological yield 

criteria have been proposed for automotive magnesium sheet and their validity for sheet 

forming application is not yet fully known [56]. Also, Hill 1948 criterion is relatively 
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simple to visualize and implement in the M-K method compared to other proposed yield 

criteria. Further, Hill 1948 yield criterion includes through-thickness (or normal 

anisotropy) which can be easily represented with a single parameter plastic strain ratio 

parameter r that can be readily measured from uniaxial tension tests. As AZ31 sheet has 

significant anisotropy in the thickness direction [57, 58], Hill 1948 yield criterion was 

expected to describe its tensile plane stress yield locus (σ1 > 0, σ2 > 0), in a reasonable 

manner. Hill normal anisotropic yield criterion in plane stress state can be expressed as: 

σ 2 =
1

1+r
∗   σ22 − σ33 

2 +  σ11 − σ33 
2 + r ∗  σ11 − σ22 

2 + 6 ∗ τ12
2   (4.1) 

4.2.3 Constitutive Model 

The constitutive material model is another essential component in the calculation of 

FLD. The purpose of constitutive model (also referred to as hardening law) is to 

mathematically describe the experimentally measured true stress - true strain behavior of 

the material. Several constitutive material models have been developed for non-linear 

work hardening sheet materials based on their experimental deformation characteristics. 

Among them, the Holloman equation (also known as power law) is perhaps the oldest, 

most popular, and simplest. However, the prediction of power law is not always close to 

the observed material behavior for many metallic materials and especially for aluminum 

sheet materials. Another well-known material model is by Voce [59] that has been shown 

to represent experimental stress-strain curves of many sheet materials rather well. It was 

therefore assessed and subsequently selected as the constitutive model for AZ31 sheet for 
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FLD calculations. Voce hardening law in the form of effective stress and effective strain is 

expressed as, 

σ = a1 + a2 ∗ exp(a3 ∗ ε )                     (4.2) 

where the a1 a2 and a3 are non-linear regression fit parameters. It is to be noted that AZ31 

sheet exhibits quite different stress-strain characteristics in uniaxial tension and uniaxial 

compression. Since forming limit determination involves mostly tensile state of 

deformation, uniaxial tension test data (and not uniaxial compression data) was utilized 

for the assessment of a suitable constitutive law for M-K analysis. 

4.3 Determination of M-K Model Input Parameters 

4.3.1 Determination of Yield Model Parameter 

To determine the r-value parameter in the normal anisotropy version of Hill 1948 

yield criterion, uniaxial tension tests were utilized in conjunction with an optical strain 

measurement system ARAMIS [42]. Tensile test specimens were machined according to 

ASTM standard E8 (compact size) with 25.4 mm gauge length, 0.635 mm gauge width, 

and 0.635 mm fillet radius as depicted in Figure 4.3. All of the samples were machined to 

be pulled along the rolling direction, and the test speed was set as 1 mm/minute in the 

computerized test control software. 
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Figure 4.3. Specimen dimension for tensile tests (in mm). 

 

The ARAMIS system utilizes continuously recorded camera images of the gauge 

region of a deforming uniaxial tensile specimen for so-called full-field strain 

measurement. The gauge region is pre-applied with a random (or speckle) pattern for 

strain analysis of the deformed images, and the analysis within the ARAMIS system is 

based on the well-known digital image correlation (or DIC) method. As shown in Figure 

4.4, a high speed camera was positioned in the gauge region of the sample and continuous 

images with a speed of 1 frame/second were acquired during testing. ARAMIS divides 

the entire image region into smaller square or rectangular subspaces called facets. A facet 

size of 15 × 15 pixels was utilized within ARAMIS software to obtain strain map from 

the gauge region of the specimen to an accuracy of 0.01%. 
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Figure 4.4.Tensile test set-up with ARAMIS. 

 

In addition to uniaxial tensile true stress-strain curve from the uniaxial test data, the 

strains along the axial (εl) and width (εw ) directions of the test specimen from ARAMIS, 

along with the assumption of plastic incompressibility (εl + εw + εt = 0), were used to 

obtain the anisotropic coefficient r-value based on the following expression: 

r =
εw

εt
                              (4.3) 

where εw  and εtare true width and thickness strains in the homogeneous gauge region 

of the test sample. It is to be noted that both the width and thickness strains are negative 

in uniaxial tension, and therefore, r is a positive value. Also, instantaneous r value during 

the tensile tests could be calculated and plotted as a function of the axial (or major) strain 

to appreciate changes in the anisotropic behaviour of the sheet material with increasing 

deformation. For formable sheet materials, including automotive steels and aluminum 
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sheets, the r-value increases at first but reaches saturation after some plastic strain. In fact, 

ASTM-E517 standard calls for using an axial plastic strain of 0.10 to obtain an r-value 

when the r-value versus axial strain curve for the above sheet material has “flattened”. 

Unfortunately, the r-value versus axial strain curves for AZ31 sheet did not exhibit shape 

characteristics of the other well-known materials. The shape of the curve did indeed show 

“rise” at first like the other materials but then increased with a steady slope and finally 

rose steeply beyond a r-value of 2 (Figure 4.5). 

 

Figure 4.5. Anisotropic coefficient r-value versus true major strain from tensile test of a 

fully annealed sample. 

 

For the calculation of pre-strain annealed FLD, sheet samples were tested under 

both fully annealed condition as well as for several different pre-strain amounts (2%, 10%, 

14%, 16% 20% and 22%). These tests resulted in r-value versus axial strain curves shown 

0

0.5

1

1.5

2

2.5

3

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

r-
v

a
lu

e

True Major Strain

fully annealed



69 

 

in Figure 4.6. 

These curves show quite similar shapes and follow classic sigmoidal function, 

which can be expressed as follows: 

r =  (
a2∗b2

c 2

a2−ε1
− b2

c2 ) 
(

1

c 2
)

                       (4.4) 

where a2, b2, c2 are fit parameters. 

For each pre-strain amount, the r-value versus major strain data was fitted with the 

above sigmoidal function to determine the fit constants. The quality of the fit for a typical 

data set corresponding to a pre-strain of 14% in Figure 4.6 is presented in Figure 4.7. An 

R-square (goodness-of-fit parameter) value of about 0.97 was obtained indicating a good 

quality of fit. 

It has been reported that measured r-value for AZ31 Mg will increase dramatically 

when the localized necking occurs but in the pre-necking region, r-value stays almost 

constant [60]. As shown in Figure 4.6, from the present work on AZ31 sheet, the r-value 

starts to increase dramatically after reaching a value of 2 and in the axial strain range of 

about 0.20 – 0.3 for the various pre-strains. Therefore, two aspects of the experimental 

r-value data were applied to the Hill 1948 yield criterion. First, the r-value was not treated 

as a constant but allowed to vary as a function of strain in the M-K analysis. Second, as 

soon as the r-value increased to 2, it was assumed to stay constant at 2. 
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Figure 4.6. Anisotropic coefficient r-value versus true major strain from tensile test 

samples with different amount of pre-strain. 

 

 

Figure 4.7. The r-value versus true major strain for 14% pre-strain material. Blue 

diamond symbols are for experimental results and the red line is for a fit using sigmoidal 

function. 
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4.3.2 Determination of Constitutive Model Parameters 

To determine the constitutive model parameters, tensile tests with different amounts 

of pre-strain were utilized. The pre-strain amount was varied from 2% to 22%. All the 

samples were intermediate-annealed at 250 C  for 30 minutes. The recorded 

stress-versus-strain curves are plotted in Figure 4.8. All of the curves subsequent to 

pre-strain interruption, labeled with “_2”, were shifted to start from the origin and then 

fitted with the Voce hardening law to determine the constants. In Figure 4.9, Voce-law 

fitted stress-strain curve of fully annealed material is plotted along with the experimental 

results. The elastic component of deformation was neglected and the fitting was carried 

out in plastic deformation range only. The fit was deemed „good‟ except for the final stage 

of curve, where some drop in the stress value could be observed in the experimental data. 

The R-square value for this fitting was about 0.9991. 

 
Figure 4.8. True stress versus true strain from tensile test samples with different amount 

of pre-strain. 
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Figure 4.9. True stress-strain tensile response for fully annealed material. Dots are for 

experimental results and the line is for correlations using voce model. 

4.3.3 Determination of Surface Roughness 

The imperfection factor (or f-value) is known in the literature to significantly 

influence the calculated FLD in M-K analysis. To reduce the subjectivity in the selection 

of f-value no suitable reference in the literature could be obtained for AZ31 sheet. 

Considering the basic definition of f-value, which is the ratio of initial thicknesses inside 

the groove and outside the groove, it was decided to utilize the initial peak-to-valley 

surface roughness (RPV ) of the sheet to estimate the f-value [61]. This value could be 

readily obtained from 3D surface roughness measurement on the undeformed AZ31 sheet 

surface using a commercial surface roughness measurement system (ZYGO New-View 

5000). A sample area of 1 mm
2
 was measured and the resolution of the image was 0.01 
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nm. As shown in Figure 4.10, the RPV  value for the initial sheet surface varied in the 

range 17513 - 37748 nm. This value indicates the maximum difference in thickness of 

neighbouring regions of the sheet. 

 

Figure 4.10. Measurements of surface roughness 

 

By assuming the sheet has same surface roughness on both sides, the range of 

f-value was calculated using the following expression: 

f =
t0−RPV

t0
                             (4.5) 

The above expression yielded f-values in range 0.952 – 0.978 based on the range of 

experimentally measured RPV  values. 

4.4 M-K Theory Numerical Implementation 

Since a FLD consists of many pairs of limit strain values each corresponding to a 

chosen loading path, the procedure of calculating FLD can also be broken into many 

single step calculations of the limit strain along each loading path (each loading path has 

a constant stress ratio, αa , as noted earlier) [62]. In Figure 4.11, it shows a calculation 

flowchart for determining the room temperature FLD of AZ31 based on model 
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approximations and data presented in the earlier sub-sections. By imposing a strain 

increment in direction 1 outside the groove, ∆ε1a , corresponding strain increments in 

other directions, both inside and outside the groove, could be calculated according to the 

so-called flow rule. A flow rule relates plastic strain increment to the stress increment in 

the classical theory of plasticity. These increments were then added to the previous total 

strain values inside and outside the groove to obtain the current strain values as shown in 

the flow chart. It is to be noted that the elastic contributions being very small are 

neglected in this analysis, so the material has been assumed to be „work hardening 

plastic‟. As the calculation proceeds along a specific strain path, the difference in strain 

increment inside and outside the groove continued to increase. When the ratio of strain 

increment inside and outside the groove along the 1 direction reached a value of 10, the 

sample geometry in the model was considered as “necked”, and the current strain state 

outside was recorded as the limit strain for this loading path. By repeating the above 

procedure with different stress ratios, limit strains along different loading paths was 

obtained. By constructing a locus of the pairs of limit strain, FLD of fully annealed 

material could be obtained. 
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Figure 4.11. Flow chart for the calculations of theoretical FLDs for fully annealed 

material. 

Assume a constant stress ratio outside the groove, αa  

Assume an angle of orientation for the groove, θ 

Impose an increment strain in direction 

1 outside the groove, ∆ε1a  

Compute corresponding strain 
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∆ε1b , ∆ε2a , ∆ε2b , ∆ε3a , ∆ε3b  

Add strain increments to total 

strain values 

Check if ∆ε1b > 10 ∗ ∆ε1a  
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No 

Record ε1a  and ε2a  
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different value of αa  

Plot ε1a  vs ε2a  and connect 

all data points as FLC 

Repeat with 

different θ 



76 

 

To calculate FLD of pre-strain annealed (or PASF) material, the procedure needed 

to be revised (Figure 4.12). Firstly, the value of pre-strain amount for each loading path 

needed to be determined. In the experimental FLD determination process, all specimens 

were pre-strained to 90% of their failure dome height. As the punch was moved at a 

constant speed during the test, 90% dome height was considered equivalent to 90% of 

deformation time. Therefore, the true major strain versus time for tensile test of fully 

annealed material was plotted as shown in Figure 4.13. By dividing strain at 90% time by 

strain at failure, the ratio of pre-strain to fracture strain was determined. This calculation 

was repeated for several set of tensile test data, to yield a consistent value of 0.87. 

Therefore, 87% of limit strain values was assumed to correspond to a pre-strain with 90% 

of limit dome height. The effective strain of each loading path was then calculated. In the 

next calculation step, the limit strain was recalculated to reflect the deformation process 

after intermediate annealing. In this calculation, material constants were used according 

to its effective strain amount. For example, if the effective strain equaled a value of 0.1, 

the material constants from 10% pre-strain data were utilized. Finally, by adding limit 

strain values of pre-strain and after intermediate-annealing, limit strain value of pre-strain 

annealed material were obtained. All of above calculations were carried out in Matlab 

software (version R2010a). 
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Figure 4.12. Flow chart for the calculations of theoretical FLDs for pre-strain annealed 

material. 

Calculate limit strain values of fully annealed material, ε1a
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Figure 4.13. True strain versus time for fully annealed material. Data point indicated by 

dot lines is taken at 90% time of tensile test. 

 

4.5 Results and Discussion 
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and hardening but with different f-values. As shown in Figure 4.14, as the f-value was 

varied, the biaxial tension side of FLD became more sensitive to f-value than the 

tension-compression side. The f-value influenced both the shape and level of biaxial 

tension side of FLD, but influenced only the level of tension-compression side (and not 

the shape). For example, when f-value was increased from 0.96 to 0.99, the limit strain of 

uniaxial loading path increased only by 0.04, but the limit strain of equi-biaxial tension 

loading path increased by more than 0.3. 

The influence of f-value on FLD has been also analyzed in previously published 

work on steels and aluminum alloys. In Figure 4.15(a), Marciniak [20] has summarized 

relationship between equi-biaxial limit strain and f-value. These results show that the 

equi-biaxial limit strain value increases with an increase in f-value, and this relationship is 

more sensitive when f-value is closer to 1. Figure 4.15(b) presents the results of Lian et al. 

[49] on the influence of f-value on compression-tension side of FLD. The results show 

that when f-value is increased, the limit strain is also increased. Furthermore, f-value only 

influences the level of FLD but not the general shape of FLD. These effects of f-value are 

consistent with what has been studied in our FLD calculations. 
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Figure 4.14. Calculated FLD for same material constants but alternative f-value. 
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(b) 

Figure 4.15. Influence of f-value on FLD in (a) equi-biaxial tension loading path from 

Marciniak [20], and (b) tension-compression side from Lian et al. [49]. 

4.5.1.2 Effect of Groove Orientation 

The effect of groove orientation was analyzed by computing FLDs with the same 

material constants and f-value but by varying the orientations of groove for a given stress 

ratio. These results, as shown in Figure 4.16, indicate that without considering the groove 

orientation (θ = 0), there is no effect on biaxial tension side of FLD. However, for 

tension-compression side of FLD, calculated limit strain value is much higher than the 

experimentally measured value if θ = 0 [63]. Therefore, it is important to include 

groove orientation into FLD calculations. However, as this will increase computing time 

significantly, it is important to determine a reasonable range for groove orientation. 

Figure 4.17 shows a plot of major strain versus groove orientation for several loading 

paths. As shown, the stress ratio greater than 0.5 (biaxial tension side of FLD), the 
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minimum limit strain value is always given by θ = 0. When the stress ratio is between 0 

and 0.5 (tension-compression side of FLD), the minimum limit strain value is given by 

45° > 𝜃 > 0°. Therefore, the variation of groove orientation should be limited to the 

range 0
o
 - 50

o
 in FLD calculation for better efficiency. 

These effects of groove orientation were also noticed in a fracture mechanics study 

[64]. Figure 4.18 indicate the nature of plastic slip processes and the planes of maximum 

stress that occur under mode I (normal stress) loading for plane stress and plane strain 

conditions. For plane stress condition, it shows that the maximum stress occur along at 

45
o
 to the plate surface, which means the material should fail along this direction, and the 

minimum limit strain should also occur along this direction. As uniaxial loading (θ = 0) 

is a typical plane stress condition, this could explain why 45
o
 of groove orientation gives 

the minimum limit strain value for FLD calculation along uniaxial condition. For plane 

strain condition, it shows that the maximum stress occur on planes perpendicular to the 

plate surface, where the groove orientation is 0
o
 along this direction. This explains why 

the minimum limit strain in plane strain condition is given by θ = 0. 
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Figure 4.16. Calculated FLD for same material constants but alternative orientation of 

groove ( ). 

 

 

Figure 4.17. Variation of major strain with orientation of groove ( ) at different stress 

ratio ( ). 
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Figure 4.18. Slip-plane around a mode-I crack for (a) plane stress and (b) plane strain. It 

is to be noted that the sheet thickness is not to scale [64]. 

4.5.1.3 Effect of r-value 

The influence of r-value (or strain ratio) is shown in Figure 4.19. The increasing in 

r-value about unity results in a reduction in limit strain along all loading paths. Similar to 

the effect of f-value, r-value influence both level and shape of FLD on the biaxial tension 

side, but only the level of FLD on the tension-compression side. However, the effect of 

r-value is opposite to that of the f-value, which means the limit strains are decreased when 

r-value is increased. This effect of r-value was also discovered by Marciniak [20] as 

shown in Figure 4.20, where the limit strain along equi-biaxial loading path decreases 

when r-value is increased. Furthermore, another effect of increasing r-value was to shift 

the location of lowest limit strain towards the biaxial-tension side of FLD. This 

phenomenon was also observed in the experimental FLDs presented earlier in Chapter 3, 
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where the lowest limit strain was located on biaxial-tension side of FLD. 

 
Figure 4.19. Calculated FLD for same material constants but alternative r-value. 

 

 

Figure 4.20. Influence of r-value on FLD in equi-biaxial tension loading path from 

Marciniak [20]. 
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4.5.2 FLD Prediction of Fully-annealed AZ31 Mg 

Figure 4.21 presents the calculated FLD of fully annealed AZ31 Mg sheet along 

with the earlier experimental FLD. In general, slope of the curve on right side of the plane 

strain limit of calculated FLD matches well with the experimental FLD. However, slope 

of the curve on uniaxial loading side of plane strain limit is slightly lower than the 

experimental FLD for most of the tension-compression region and then crosses over to a 

higher value near pure uniaxial tensile strain path. Furthermore, both calculated and 

experimental FLDs have the lowest limit strain slightly to the right of the plane strain 

limit, in the biaxial loading region. For the level of FLD, calculated limit strain values is 

quite close to experimental results. However, the calculated limit strain value in plane 

strain condition is somewhat larger than experimental results, and the calculated limit 

strain value at uniaxial loading path is smaller than experimental result. The largest 

difference occurs in biaxial loading region closer to the plane strain region, which is about 

0.01. 
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Figure 4.21. A comparison between calculated and experimental FLDs of fully annealed 

AZ31 Mg sheet. 
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calculation for pre-strain annealed material is more complex. Some material properties 

have been changed during the pre-strain process. For example, the initial f-value used in 

the calculation of second-stage forming is difficult to determine accurately. Even when 

the f-value is adjusted according to the result in calculation of first-stage forming, it may 

still have errors, which could affect the accuracy of final result. 

 

Figure 4.22. A comparison between calculated and experimental FLDs of PASF processed 

AZ31 Mg sheet. 
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roughness of initial AZ31 sheet surface. The method has also been adapted to simulate 

pre-strain annealed AZ31 sheet where 90% pre-strain rule has been implemented. The 

calculated FLDs for fully annealed and pre-strain annealed material show a reasonably 

good fit to the experimental determined FLDs. For fully annealed AZ31 Mg, the 

prediction is more accurate in most loading paths. For pre-strain annealed AZ31 Mg, the 

prediction matches shape of experimental results, while it has a large mismatch in limit 

strains along biaxial loading path. 

During the FLD calculation with M-K theory, some features have also been verified 

for AZ31 sheet. Firstly, the influence of f-value and r-value on the FLD has been analyzed 

and compared with those presented in the literatures. Secondly, the effect of groove 

orientation on FLD calculation has been explored in detail and explained with fracture 

theory. Thirdly, a modified method of using M-K theory to calculate FLD of pre-strained 

material has been developed. However, this method may require further improvement for 

a better prediction of the tension-compression side of FLD. 
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CHAPTER 5                          

THEORETICAL PREDICTION OF FLD OF AZ31 

MAGNESIUM SHEET AT HIGHER TEMPERATURES 

5.1 Introduction 

In a recent experimental study at McMaster, currently under review for publication 

in a journal, the experimental FLD of AZ31 Mg at 300 C  has been determined by gas 

bulging tests using a novel specimen and die design [65]. Since all experimental details 

were provided in the above reference, they will not be repeated here. In this chapter, the 

M-K method developed in the previous chapter for FLD prediction of AZ31 at room 

temperature was utilized to calculate FLD at 300 C . As the basic M-K theory used for 

300 C  FLD calculation remained the same as room temperature FLD calculation, this 

procedure also will not be repeated here. However, revised yield and constitutive material 

model were implemented for FLD calculation at 300 C  as described below. 

5.2 Revised Calculation for High Temperature FLD 

Determination 

At 300 C , the mechanical properties of AZ31 Mg sheet are changed significantly 

from room temperature. Therefore, it is essential to re-consider the models and 

parameters for FLD calculations. Firstly, the AZ31 Mg sheet exhibited near isotropic 

stress-strain response at 300 C  [66, 67] as shown in Figure 5.1. The quality of fitting by 
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Mises and Hill`s quadratic yield criteria were very close. Therefore, Mises yield model 

was suitable to describe the yield locus in place of Hill quadratic yield criterion.  

 

Figure 5.1. Yield loci of AZ31 at 300 C . Triangle symbols are for experimental results 

and lines are for calculated results. 

  

Secondly, AZ31 Mg exhibited softening at 300 C . This softening phenomenon led 

to a decrease in yield stress as well as in reduction of slope of stress-strain curve 

immediately after the yield point. Consequently, the Voce hardening law could no long 

capture the stress-strain behaviour of the AZ31 sheet. Therefore, many other constitutive 

equations that include strain rate and temperature were attempted to fitting the 

stress-strain curve [68-78]. Among these equations, the one from Shida`s et al. [69, 70], 
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was assessed for its applicability to deformation of AZ31 sheet at higher temperature. 

Figure 5.2 shows a fit of the Shida`s equation (eqn. 5.1 below) to the experimental true 

stress-true strain data of AZ31 at 300 C . The Shida`s equation is expressed as follows: 

σ = a3 ∗ exp  
b3

T
− c3 ∗  d3 ∗ (

ε

e3
)n − g3 ∗ ε ∗  

ε 

h3
 

m

               (5.1) 

where a3, b3, c3, d3, e3, g3, h3, m and n are non-linear fit parameters. As shown, a rather 

good fit to the experimental data was achieved. Therefore, the Shida`s was selected as the 

constitutive model for 300 C  FLD calculation. 

     As the experimental FLD at 300 C  was determined by gas bulging tests that 

lacked adequate control of the gas pressure during the bulging process, the corresponding 

strain rates could not be exactly determined. In order to make a reasonable estimation, the 

following approach was followed. Since the constitutive model were fitted according to 

tensile test data, which were deformed along uniaxial loading path, the limit strain along 

uniaxial loading path was picked, which was 0.80. By dividing the strain over the total 

time of deformation (10 minutes), the average strain rate could be determined, which 

provided a value of 0.001333/second. Since the tensile test with strain rate of 

0.001/second had the closest strain rate value to the gas bulging test, this stress-strain data 

set was used for 300 C  FLD calculation and to compare with the experimental 

determined FLD. 
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Figure 5.2. True stress-strain tensile response for fully annealed material. Dots are for 

experimental results and the line is for fit Shida`s equation. 

 

Thirdly, at 300 C , AZ31 Mg becomes much softer and more ductile, which makes 

the material more formable (larger failure strain). As the deformation process becomes 

longer, the influence of the initial imperfection (f-value) on the calculated FLD also 

becomes less. Therefore, in the high temperature FLD calculation, a higher f value of 

0.999 was utilized. With above modifications, the procedure of FLD calculation for 

fully-annealed AZ31 Mg (of Section 4.4) was applied to calculate FLD of AZ31 at 

300 C . 

5.3 Results and Discussion 

Figure 5.3 compares the calculated and experimental determined FLDs of AZ31 at 
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300 C . In general, the calculated FLD matches well with the experimental FLD, with a 

small drop in the calculated FLD on the biaxial tension side. For the level of FLD, 

calculated limit strain values is quite close to experimental results in the 

compression-tension side and in the plane strain condition. Furthermore, both 

experimental and calculated FLD have the lowest limit strain in bi-axial tension side. 

However, lowest limit strain of calculated FLD is closer to the plane strain state than in 

the experiments. This may because the material was assumed to be isotropic in 

calculation while it was likely somewhat anisotropic. 

For the level of FLD, the calculated result is fairly close to the experimental result. 

The largest mismatch of about 0.05 occurred on bi-axial tension side. 

 

Figure 5.3. A comparison between calculated and experimental FLDs of AZ31 Mg sheet 

at 300 C . 
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To analyze the influence of temperature and strain rate on calculated FLD, two 

additional FLDs were calculated, one at 300 C  with strain rate of 0.1/second, and 

another one at 200 C  with strain rate of 0.001/second. All 3 FLDs are shown in Figure 

5.4. Since the purpose of this calculation was to gain a further insight into Shida`s 

equation and its effectiveness for representing the FLDs of AZ31 at different temperatures 

and strain rates, the f-value used in all calculations was kept the same as in the earlier 

calculation (f=0.999). Therefore, the calculated FLD at 200 C  may not closely match 

the experimentally determined FLD at 200 C . However, the results in Figure 5.4 

illustrate that when the temperature is lower, not only the level of FLD but also the slope 

of FLD could be decreased significantly. This appears consistent with the data reported by 

Kim [23] and Antoniswamy [24] (see earlier Figure 1.4). Also, when the strain rate is 

higher at 300 C  (predicted blue curve at 0.001/second versus red curve at 0.1/second), 

both level and slope of the predicted FLD is decrease. This phenomenon could be 

explained by a decrease in strain rate sensitivity of AZ31 at higher strain rates as shown in 

Table 5.1. As smaller strain rate results in increased ductility for Mg sheet, it also leads to 

better formability. 

Table 5.1. The variation of m-value with strain rate and true strain [79]. 

Temp. 

( C ) 

m-value at 3 certain strain and different base strain rates 

0.05 0.2 0.35 

0.001 0.01 0.001 0.01 0.001 0.01 

300 0.08 0 0.08 0.05 0.09 0.06 

500 0.33 0.16 0.31 0.18 0.28 0.2 
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Figure 5.4. Calculated FLD for same material constants but alternative temperatures and 

strain rates. 

 

5.4 High Temperature FLC Conclusions 

FLD calculation methodology for room temperature was successfully modified by 

incorporating a strain rate and temperature dependent material hardening law to calculate 

FLD of AZ31 at 300 C . Good agreement was observed between the predicted and 

experimental FLD. The trends with respect to shape and position of the FLDs as a 

function of strain rate and temperature are consistent with the data from literature. 
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CHAPTER 6                             

CONCLUSIONS 

In this research several experimental and theoretical studies were performed to 

understand the PASF method of improving formability of AZ31 Mg at room temperature. 

Results presented in this thesis confirm that PASF is an industrially viable method of 

improving the formability of AZ31 magnesium sheet at room temperature. Existing 

experimental and numerical methods of predicting forming limits in the literature have 

been expanded and adapted for the PASF process. The experimental and predicted FLCs 

for annealed and PASF processed materials have been compared and good agreement has 

been observed. Similarly, good agreement with experimental high temperature FLC data 

for AZ31 sheet has been obtained with the predictions made from Shida`s strain rate and 

temperature dependent constitutive model and M-K analysis. 

With respect to the 1
st
 objective of this research following conclusions can be 

drawn: 

1. PASF does affect the LDH value of AZ31 Mg. While two-step punch stretching 

in the same direction can improve the LDH value significantly, reverse punch 

stretching can only marginally improve the LDH value. 

2. The optimum annealing temperature of 250 C  with an annealing time of 30 

minutes appear to provide a suitable fully recovered and recrystallized 

microstructure consisting of evenly distributed uniform size grains in AZ31. 
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Annealing at 400 C  with 2 hours results in significant grain growth and 

consequent reduction in formability as measured by reduced LDH value. In 

other words, the microstructure of AZ31 sheet has a significant influence on the 

formability as measured by LDH value. 

With respect to the 2nd objective following conclusions can be drawn: 

1. The experimental FLDs of fully annealed and pre-strain annealed AZ31 Mg at 

room temperature were constructed by punch stretching of specimens with 

different geometries. 

2. A comparison of FLDs of annealed and PASF processed AZ31 magnesium 

sheet clearly indicate the room temperature formability improvement arising 

from the PASF process. The improvement in forming limit varies along the 

different loading paths, and typically, the maximum enhancement occurs along 

the equi-biaxial tension loading path. 

With respect to the remaining objectives of this research, following conclusions can 

be drawn: 

1. A modified M-K theory was coded in Matlab to incorporate the specific 

characteristics of AZ31 sheet such as its high r-value, PASF process, and strain 

softening at higher temperatures. The effects of f-value, r-value, and groove 

orientation on the calculated FLD were studied by comparing with results from 

the published literatures. 

2. The calculated FLD based on modified M-K theory for fully annealed AZ31 
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Mg is close to the experimental FLD. 

3. The calculated FLD for PASF processed AZ31 Mg is relatively close to the 

experimental FLD. While the shape of calculated FLD matches the 

experimental result, the level of calculated FLD has some deviation from the 

experimental results. 

4. Shida`s strain rate and temperature dependent constitutive equation fits the 

shape of the uniaxial stress-strain curve of AZ31 at 300 C  quite well. This 

equation in conjunction with the M-K theory yields good prediction of shape 

and level of experimental FLD of AZ31 Mg sheet at 300 C . The trends in the 

shape and position of the FLDs with respect to strain rate and temperature are 

also consistent with the experimental data in the literature. 
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FUTURE WORK 

Two additional activities as described below are suggested for further improving 

the FLD predictions for AZ31 sheet. 

1. The r-value along rolling direction has been used in Hill`s quadratic yield function for 

calculation of FLD of AZ31 sheet using the M-K method. However, it is preferable to 

use an average r-value in the following form: 

452

4

RD TDr r r
r

 
  

where RDr , 45r and TDr  are strain ratios (or plastic anisotropy) along rolling and 45
0
 

and transverse to rolling directions respectively. This would entail additional 

measurements of r-values along transverse and 45  directions and slight modifications 

to the Matlab code to incorporate the average r-value. By using the average r-value in 

Hill`s quadratic yield function, it may improve the FLD prediction compared to the 

experimental FLDs presented in this thesis. 

2. It has been noted that both the experimental and theoretical determined FLDs have a 

shift in their minimum limit strain to the biaxial tension side. For experimental FLDs, 

the shift may be caused by the non-linear loading path due the out-of-plane (punch) 

and possibly due to friction between punch and sheet. For the theoretical determined 

FLDs assume in-plane deformation, so the shift is likely from sources other than 

out-of-plane deformation and friction. In the present work, r-value above unity as well 

as f-value are shown to cause shift in the minimum limit strain to the biaxial tension 
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side. However, there could be other factors as well that can that can lead to the shift. 

This should be investigated. 
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