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Abstract 

 

Effect of heat treatment on mechanical properties and edge 

cracking behavior of high strength 7075 aluminum alloy sheets 

 

Yumi Choi 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

As the automobile industry strives to increase fuel efficiency due to environmental 

regulations, various techniques for forming aluminum alloy 7000 series have been 

investigated. In this thesis, the formability of W temper, super-saturated by solution heat 

treatment followed by water quenching, is examined and the results are compared with 

peak-aged temper (T6). Immediately after quenching, the W temper sheet shows reduced 

strength and larger elongation than T6 temper, and up to 80% or more of the strength of 

the original material is recovered during the natural aging process. Still, studies on the 

experimental results, plastic deformation behavior, and especially numerical analysis 

results of W temper are lacking. 

The purpose of this thesis is to investigate the possibility of W temper forming 

through various experiments. Formability is evaluated using a forming limit diagram and 

the springback with a U-shaped draw/bending experiment, and examining the edge 

cracking behavior with a hole expansion experiment using conical and flat-headed punches 

is also conducted. The M-K model is used to predict the forming limit diagram, and non-

quadratic yield function (Yield 2000), chord modulus, and anisotropic hardening (HAH) 
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model are used to capture springback. The thickness profiles of the flat-headed hole-

expansion experiment are predicted using non-quadratic yield function and isotropic 

hardening. 

The experiments are conducted under T6 and W temper, respectively, and the results 

are compared to each other. In particular, -W shows serrated flow stress in the engineering 

stress-strain curve, called the Portevin-Le-Chatelier (PLC) effect, and the experimental 

results are analyzed by considering the influence of the PLC effect on each experiment. 

Based on finite element analysis verified through comparison with the experimental results 

of T6, the same experiment and finite element analysis are conducted with -W. 

By comparing the experimental results and finite element analysis results reflecting 

the material properties excluding the modeling of the PLC effect, the influence of the PLC 

effect on each experiment is investigated. Based on the comparison results, methods to 

reflect the characteristics of the PLC effect in finite element analysis and considerations for 

analyzing the results are suggested. The following PLC effect influences on each 

experiment are investigated:  

1) Overestimation of the strain hardening coefficient in hardening curve, 2) high 

roughness in the surface condition, 3) short post uniform elongation caused in the ductile 

material, and 4) appearance of PLC bands in the hole expansion experiment showing 

interactions with plastic anisotropy. 

In this thesis, the -W temper shows enhanced elongation, lower flow stress, larger 

forming limit diagram, smaller springback, and even greater stretch-flangeability than 

T6 temper.  
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1. Introduction 

 

1.1 Overview 

 

Aluminum alloys have been one of the major materials for aircraft structural 

components for more than 80 years, and one of the main groups of aluminum alloys is 

the aluminum 7xxx series, which has high strength due to precipitation hardening.[1–

3]. As automotive companies have recently been under increasing pressure to enhance 

fuel efficiency because of environmental issues, weight reduction is one of the 

important issues, and aluminum alloys have received great attention as an alternative 

structural material to steel [4]. In a Super Light Car project, Hirsch concluded that 

aluminum alloys can make weight savings of up to 50% in BIW parts while maintaining 

safety and performance [5]. In particular, the 7000 series aluminum alloys used in 

aircraft structural components have drawn great attention due to their superior 

mechanical properties, but the aluminum T6 alloys have limited application as 

automotive structural materials due to their inferior formability at room temperature 

(RT). To improve the formability of aluminum 7000 series aluminum, elevated forming 

technologies such as warm forming [6–8], hot forming[9–11], multi-stage forming [12] 

and hot stamping process [10,11,13,14] are used. Elevated forming techniques such as 

warm forming, hot forming, and hot quenching forming are investigated to overcome 

the poor formability of 7000 series aluminum. however, pre-brushing the lubrication on 

the surface of the tool and the post-cleaning process for removing lubrication from the 

formed part affect productivity, which causes high cost [15]. Adhesion between tool and 
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softened aluminum has a galling effect, which occurs frequently at high temperature 

and reduces the surface finish quality [16].  

The room temperature stamping process has been attempted in the forming of high 

strength aluminum alloys, wherein the sheet during stamping has a similar 

microstructure as the state of the supersaturated solid solution (SSSS) and the strength 

of the formed part can be further recovered by post-heat treatment. This process is called 

“W-temper (W) forming.” The detailed procedure for –W forming is illustrated in Fig. 

1, in the order of SHT, water quenching, cold forming, and natural and artificial aging. 

Microstructurally, -W temper improved the ductility and reduced the strength to less 

than T6 temp, as shown in Fig. 2, by dissolving the preexisting precipitates during SHT, 

as reported in previous papers [17,18]. In Fig. 2, the x-axis is presented as ∆𝐿 𝐿0⁄  , 

where 𝐿0 = 50 𝑚𝑚  is the initial length of the virtual extensometer and ∆𝐿  its 

extension, and correspondingly, the y-axis is described as Force/Area [N/mm2]. 

Typically, these quantities are reported as engineering strain and stress, respectively. 

Although -W temper is a long-standing heat treatment temper that was already referred 

to in 1966 by the U.S. Department of Defense [19] and other papers [20], W temper is 

rarely investigated because of its unstable properties.  

Rather than examining plastic and elastic behavior, the serrated flow curve shown 

in -W temper is heavily scrutinized, which is the feature of the Portevin-Le-Chatelier 

(PLC) effect as shown in Fig 2.  
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Figure 1. Schematic of W-temper forming process 

 

 

 

Figure 2. Force/area - ∆L/L0 curves of T6 and AA705-W  
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In the -W temper condition, the concentration of vacancies is increased by 

quenching and the diffusion rate may sufficiently increase to cause strain ageing during 

plastic deformation [21]. The PLC effect is published as being considerably sensitive to 

deformation conditions, such as stress state, specimen geometry, strain rate, temperature, 

etc. For example, strain rate [22–24], specimen geometry [25,26], stress state [27–29] 

and temperature [30,31] may result in different types of PLC bands appearing in the 

strain region, and transitions between band types occur and completely suppress the 

band shapes. Types of PLC bands are clearly defined based on the three types of serrated 

flow shape combined with the corresponding propagation feature of each PLC band in 

the stress-strain curve of a tensile experiment: type A, B, and C [22,32–34]. The W 

tempered aluminum 7075 used in this dissertation exhibits C type bands under 10-3/s 

strain rate in the uniaxial tensile experiment as shown in Fig. 3. In addition, numerous 

studies have been conducted to reveal the mechanism of the PLC effect, reproduce it 

through formulation, and verify the formulation through simulation [35–43].  
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Figure 3. PLC band observed in uniaxial tension experiment of AA7075-W: (a) major 

principal strain distribution and (b) major strain rate distribution  
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However, studies on the formability of w-temper are still lacking, and in particular, 

since the deep drawing process of sheet material is uncommonly used in the aviation 

industry, investigations related to deep drawing, which is widely used in the automotive 

industry, are needed.  

Aluminum 7075, which is used in the aviation industry, can have various advantages 

if w-temper forming is used in the automotive forming process. First of all, the forming 

process in the automobile industry is much faster than that in the aviation industry, and 

the sheets could sufficiently complete the forming process before precipitates are 

generated inside after quenching.  After the part is completely formed, more than 80% 

of the original ultimate tensile strength could be recovered by generating Guinier-

Preston (G.P.) zones at room temperature without additional treatment, which is called 

natural aging [7,44,45]. Furthermore, formed parts in the aviation industry are not or 

are rarely exposed to heat treatment, while paint baking is one of the inevitable 

processes in the automotive manufacturing process. The paint-baking process consists 

of two to five sequential steps and involves heating for about 2 hours in a temperature 

range of 120 to 185 ℃, with intermediate cooling between the steps. Natural aged 

aluminum 7075-W (similar to T4) or aluminum 7075-W achieves additional artificial 

aging during the paint-baking process. The downside of paint baking is the possibility 

of slightly reducing the ultimate tensile strength. However, the advantages are 

dramatically increased yield strength [46] and phase transformation from an unstable 

distributed G.P. zone or super-saturated solid solution to metastable eta prime or stable 

eta based on the aging process [14,18,47].  
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1.2 Theoretical background 

 

1.2.1 Aluminum 7075 

 

The main strengthening mechanism of aluminum 7075 is precipitation hardening. 

Therefore, the precipitation processes in the Al-Zn-Mg alloy system have been studied 

through many studies. The generally accepted aging sequence of aluminum 7075 is: 

Super-saturated solid solution (SSSS) → Guinier Preston (G.P.) zones → metastable 

phase 𝜂' (𝑀𝑔𝑍𝑛2) → equilibrium phase 𝜂 (𝑀𝑔𝑍𝑛2). 

 

The shape of 𝜂 and η' phases are both platelet or rod shapes [48]; however, there is 

a difference in coherency with the matrix. The equilibrium η phase with a hexagonal 

structure is incoherent with the main Al matrix, while the metastable η' phase, the main 

reason for the high strength, is semi-coherent with the matrix [49,50]. The G.P. zones, 

which is one of the main causes of precipitation for the strength of aluminum 7075-T4 

temper, also form coherence with the matrix with a spherical shape [48]. Since all these 

precipitations have a nanoscale size, transmission electron microscopy is commonly used 

to capture the size of precipitation. The G.P. zones can be classified G.P. zone (I) and G.P. 

zone (II) by high-resolution transmission electron microscopy (HRTEM) study [14]. G.P. 

zone (I) was thought to be formed from solute-rich material and could be formed at room 

temperature, while G.P. zone (II) was believed to be formed by vacancy-rich clusters or 

vacancy-related clusters [49].  

After solution heat treatment followed by water quenching, the matrix has a super-

saturated solid solution state and has vacancy-rich clusters induced by quick quenching 
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[51]. During the natural aging process, G.P. zones, especially G.P. zone (I), can be 

generated at room temperature [52], and the volume fraction and radius of the G.P. zones 

similarly increase with the increase in yield stress [53]. The G.P. zones are believed to be 

the precursor of the metastable η' phase and equilibrium η phase at elevated temperature, 

which could be causing the strengthening of the material. From the G.P. zones and matrix, 

the metastable η ' formation is caused at the early stage of artificial aging at peak-aged 

temperature. The dominant mechanism of η ' formation around 120 degree is the 

transformation of a small G.P. zone (I) [54] and the distribution of fine η ' phase is linked 

to the high strength [55]. On the other hand, the η phases cause hardening in the over-aging 

condition and enhance corrosion resistance properties [54,56]. Since the major 

precipitations of aluminum 7075 are temporarily dissolved in the W temper by solid 

solution heat treatment, the major difference in the strength level between T6 and -W 

temper is also related to the microstructure.  
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1.2.2 PLC effect 

 

The unstable plastic flow of material may display an irregular plastic flow with serration 

under certain deformation conditions, which is also referred to as repetitive yielding. It is 

commonly called the Portevin-Le Chatelier (PLC) effect, and sometimes called Savart-

Masson. In the experiments of Savart (1837) and Masson (1841), serrated flow curves were 

first observed in various specimens, showing a “staircase” phenomenon. Later, Le 

Chatelier (1909) reported plastic oscillations in tests using mild steel at elevated 

temperatures, and Portevin and Le Chatelier revealed the serrated flow curve phenomenon 

of aluminum alloys (Duralumins) at ambient temperature [60]. The PLC effect is observed 

in both substitutional and interstitial alloys such as austenitic steel, mild steel, low carbon 

steel, copper, and aluminum [34]. At room temperature, the diffusivity of solute atoms in 

an aluminum sheet is commonly too low to cause noticeable strain ageing. However, the 

higher concentration of vacancies and super-saturated solid solution formation induced by 

applied SHT in the W temper condition allow the rate of diffusion to increase sufficiently 

to trigger an appreciable strain ageing effect [21]. 

There are two obvious features of the PLC effect: the localization of strain in the 

specimen and the shift of localized strain along the specimen as stress increases.  

The types of PLC bands are phenomenologically classified based on the shape 

observed in the stress-strain curve. Novel investigation techniques such as laser 

extensometer and digital image correlation (DIC) have been applied to grasp the 

spatiotemporal characteristics of the PLC effect. Based on detailed investigations to 

understand the serration patterns with various measurement techniques, the spatiotemporal 

behaviors of deformation bands on the macro scale are classified as type A, B, and C as 
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shown Fig. 4.  

The type A PLC band displays a relatively small stress drop quasi-periodically 

interposed in the regular plastic flow curve. Type A is observed at relatively high strain 

rates or low temperatures accompanying continuous propagation of the band along the 

tensile axis. Type B propagates within the band by discontinuously hopping in an 

intermittent way, showing uninterrupted oscillation. Type B has a smaller amplitude than 

type C and higher frequencies than type A. Also, the type B bands are shown at an 

intermediate strain rate level and temperature range between type A and type C. The flow 

curve of type C is represented as sharp stress drops repeatedly showing relatively larger 

amplitude with steady frequency without specific spatiotemporal correlation, which means 

random nucleation and disappearing rather than continuously propagating throughout the 

specimen gauge section. Usually, the type C band appears at lower strain rates and higher 

temperatures. The behaviors of the PLC effect are commonly classified into these three 

types based on the serration patterns in flow curves; however, five types are suggested to 

distinguish the specific behaviors in detail [25,61]. Types D and E of PLC bands shown in 

stress-strain curves are less referred to as having generic behavior than the other types. The 

feature of type D in stress-stress curves shows as step-like behavior with less visible work 

hardening. The type E serrations appear at a large strain range of the stress-strain curve 

showing type A and display irregular fluctuations without work hardening. The types of 

PLC bands are transitional based on the deformation condition, as written in the previous 

section. Usually, a specific band appears at a certain strain rate and temperature range, but 

two bands could appear simultaneously at the critical temperatures and strain rates, which 

are called crossover regimes [62–64]. 
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Figure 4. Schematics of spatio-temporal appearance and stress-strain curves of the PLC 

bands: (a) type A, (b) type B, and (c) type C 
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The most conventionally accepted explanation for the origin of the PLC effect is based 

on the dynamic strain aging (DSA) model, which is defined as an interaction of mobile 

dislocation with diffusing solute atoms in a pinning and breaking process [35,65,66]. The 

mobile dislocations carrying the plastic deformation move discontinuously in the matrix 

because of being temporarily arrested at several local obstacles such as solute atoms. The 

mobile dislocations suffer additional pinning by solute atoms diffusing towards the 

dislocations during waiting time, which means spent time by being arrested at the localized 

obstacles [67]. The ageing hardening induced by mobile solute atoms and the unpinning 

of glide dislocations from the arrested solute clouds dynamically and repetitively compete 

with each other, which is manifested as a repeated plastic serration flow curve. Since the 

kinetics of the PLC effect are from this competition between the diffusion of mobile solutes 

and unpinning of dislocation, this PLC effect is mainly sensitive to strain rate and 

temperature. When the glide dislocations are arrested at localized obstacles, the solute 

atoms are diffused toward the dislocations, which allows the glide dislocations to be 

subjected to additional pinning. As waiting times increase, the additional strength from 

diffused obstacles is also increased. Because the larger dislocation gliding velocity 

corresponding to the higher global strain rate allows mobile dislocations to have shorter 

waiting time on obstacles, negative strain rate sensitivity may appear. Recently, forest 

dislocations have also been considered as local obstacles to take the local strain change 

within bands into account [68,69], and pipe diffusion is also commonly accepted to 

compensate the low diffusivity of solute atoms at room temperature [70–72].  

However, the precise interpretation of the PLC effect still needs further scrutiny. The 

interactions between dislocations from long-range stress fields are also observed (48,49) 

and recently the long-range interactions of dislocations have drawn attention as an 
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important reason for serrated plastic flow, with some papers saying that the DSA of 

noninteracting dislocations is independent on the rise in negative strain rate sensitivity 

[73,74]. Furthermore, an experimental study explained some features of the PLC effect by 

considering only the collective behaviors of dislocation without any solute diffusion, and 

supported the low correlation of solute contribution to the PLC effect. Mulford and Kocks 

reported that critical strain in a serrated flow and the vacancy population are independent 

[75]. However, Almeida [76] showed the contribution of vacancy concentration and 

thermally induced diffusion on the DSA. There are still difficulties with the precise 

theoretical explanations for the microscopic characteristics of the PLC effect to clarify all 

phenomena; however, the dislocation arrest model, where the diffusion of solute atoms 

through dislocations is arrested at forest intersections, is widely accepted. 

The PLC effect needs to be distinguished from similar plastic strain localization 

phenomena called Lüders band[77], which represents the tensile stress of local strain 

softening when material starts deformation by changing from an elastic regime to a 

plastic regime. Even though the interactions between solute atoms and dislocation are 

also linked with the Lüders band, this band is material behavior caused by a 

multiplication of dislocations. In the first yield condition, the Lüders band is represented 

as drop in yield stress followed by the stress induced by the propagation of deformation 

bands. Lüders bands are is not repetitive phenomena since the change in material is 

irreversible. Generally, the unexpected stretching by Lüders bands are prevented by pre-

deformation. Meanwhile, the PLC effect is a repetitive strain localization phenomenon 

and it occurs in various deformation conditions. The transition between Lüders band to 

PLC effect may occur, or even both phenomena may occur simultaneously during first 

yielding [78]. 
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1.2.3 Plastic anisotropy yield model 

 

The plastic anisotropy of material is mainly caused by crystallographic textures 

developed from the rolling processes. The macroscopic phenomenological anisotroipc 

yield model are used for characterizing the plastic anisotropy in forming analysis. For 

the aluminum, Anisotropic yield model using linear transformations of the stress tensor 

have been frequently used to analysis the sheet forming. A summary of the model is 

provided below, and the full derivation of the model appears in Ref. [79]. The yield 

function is expressed as follows: 
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σ                                         ( 1 ) 

with 

m
(1) (1)
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where 
( )

1,2S i
 (i = 1, 2) are the principal stresses of the second-order tensor 

(  )i
S  (i = 1, 

2) under the plane stress condition. These stresses are linearly transformed from Cauchy 

stress σ. 

 

(  ) (  ) (  ) (  )i i i i      S C s C T σ L σ  with i = 1, 2;               ( 3 ) 

 

where T is a transformation tensor relating σ to deviatoric stress tensor s. Also, the two 

other transformation tensors, L(1) and L(2) (or C(1) and C(2)), are introduced to complete 

Yld2000-2d. The matrix forms of the two linear transformations are expressed as 
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follows: 
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The material constants (a1–a8) in Eq. (5) can be obtained from the uniaxial tension 

and balanced biaxial tension tests, from which the yield stresses and R-values are 

measured. The value 8 is suggested for the exponent m for aluminum alloys in Eq. (1). 

The detailed procedure to calculate the anisotropic coefficients is reported in [79].  
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1.2.4 Anisotropic hardening model 

 

Accurate modeling for predictions of springback and formability requires 

advanced constitutive laws describing anisotropic hardening under non-proportional 

loading conditions [80,81]. Therefore, a recently developed anisotropic hardening 

model is employed, called the homogeneous-yield-function-based anisotropic 

hardening (HAH) model, which simulates the isotropic expansion and anisotropic 

distortion of the yield surface. The summary of the HAH model is shown below, but the 

detailed derivation can be referred to in Refs. [82,83]. The HAH model uses the 

distortional hardening concept during loading path changes. The core equation of the 

model is expressed as follows: 

 

     

1

1 2 iso
ˆ ˆ ˆ ˆ, ε : : : : σ ε 0

q q q
q q q  

 
       

  

s s s s
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where   is the yield function before distortion, s is the stress deviator, and  isoσ ε  

is the equivalent stress representing an isotropic hardening part. As mentioned in 

previous chapter, the Swift hardening law is used for both temper to model the isotropic 

hardening part. q is a material constant, and ˆ s
h  is a normalized microstructure deviator, 

defined as ˆ
8

:
3


s

s

s s

h
h

h h

. Initially, 
s

h  equals the deviatoric stress at the initiation 

of plastic deformation. The two functions 1   and 2   are defined using the state 

variables 1g  and 2g , which control the distortion of the yield surface. They are given 
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as 
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The evolution of 1g  and 2g  depends on the sign of ˆ :s
h s . More information 

on this aspect can be found in Ref. [82].  
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1.2.5 Marciniak – Kuczynski model 

 

The formabilities of the investigated materials are predicted using the Marciniak-

Kucynski(M–K) FLD, which incorporates the measured material properties and 

corresponding constitutive models [84,85]. In the M–K FLD approach, a preexisting 

inhomogeneity factor is introduced by the imperfection factor, which is defined as f0 = 

t0
b/t0

a, to initiate localized failure in the groove region. Fig. 5 shows a schematic of the 

M–K model geometry consisting of homogeneous and groove regions with thicknesses 

t0
a and t0

b, respectively. The stress and strain states in the homogeneous region are 

calculated by applying the elasto–plastic constitutive models. Then, the deformation 

state in the grooved region can be obtained by applying the force equilibrium and 

compatibility condition, which are solved using the Newton–Raphson (NR) method. 

Failure is assumed to occur when the ratio of the plastic strain rate in the homogeneous 

and groove zones becomes less than a critical tolerance. The principal loading direction 

is aligned along RD. 

 

 

Figure 5. Schematic illustration of the M–K model 
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1.3 Outline of the thesis 

 

A few papers have been published recently on the advantages of W-temper [1,79–

81], but there is still a lack of research on plastic behavior or numerical analysis. 

Moreover, studies on PLC effects in W-temper on formability have rarely been reported, 

which requires investigation because the PLC effects can similarly influence results by 

their own properties or variously by the properties of each material. 

Considering the lack of research, the purpose of this thesis is to investigate the 

influence of PLC effects on formability. First of all, mechanical material properties such 

as stress-strain curve, anisotropy, non-proportional deformation, and elastic behaviors 

are measured. Then, the overall formability of w-temper is examined through four kinds 

of experiments. Even though the w-temper still needs further development to overcome 

some problems such as embrittlement to adjust practically to the forming process, a 

study about the influences of the PLC effect on material properties could suggest further 

insights to investigate other material properties that exhibit PLC effects. 

In Chapter 3, a forming limit diagram experiment to verify formability is discussed. 

Springback is employed using the U-draw bending experiment since springback is one 

of the critical issues in the automotive sheet metal forming process. The lower elastic 

modulus of aluminum generally exhibits larger springback than steel, so the springback 

is also examined. Chapter 4 focuses on a hole-expansion experiment using a conical 

punch and flat-headed punch to investigate stretch-flangeability (edge crack behavior).   

Based on the implementation of experimentally characterized mechanical properties 

and associated constitutive law in a simulation, the simulation results for the T6 

condition are verified by comparing the experimental results. Then, the experimental 
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results of the W-temper and the finite element analysis results, in which only the 

mechanical properties are implemented without theoretical modeling of the PLC effect, 

are compared. Through the comparison of these experimental and simulation results, 

the influence of the PLC effect on the experimental and approaches to consider the 

consequences of the PLC effect in terms of numerical modeling are analyzed. The thesis 

is based on the published papers by the same author [89–91]. 
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2.  Material property and characterization 

 

2.1 Material preparation 

 

A commercially produced peak-aged (T6 tempered) as-received aluminum alloy 

7075 sheet, hereafter referred to as “T6,” is investigated in this thesis. The chemical 

composition of the T6 sheet is listed in Table 1. This alloy features the addition of Cu and 

Zn to achieve higher strength in comparison with other aluminum alloy grades.  

 

Table 1 Chemical compositios of the aluminum alloy T6 sheet (in wt.%) 

Zn Mg Cu Fe Si Mn Ti Cr Al 

5.1 2.1 1.2 0.5 0.4 0.3 0.2 0.18 bal. 

 

Sheets of 1.5 mm thick AA7075, in two different tempers, are investigated: one is the 

as-received condition in a peak-aged temper, i.e., T6, and the other one is solid solution 

heat-treated (SHT) followed by water quenching, i.e., AA7075-W. Hereinafter, this 

forming technology and temper is called W forming and -W, respectively. 

Microstructurally, in the W temper, precipitations are dissolved during SHT and 

temporarily frozen by the water quenching until they start segregating again by natural or 

artificial aging. In this W forming process, several process parameters should be 

determined and examined first, such as SHT time, quenching method, and time between 

quenching and forming, since the mechanical properties are affected by the process 

parameters mentioned above. 
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   For SHT time, Chen et al. (2020) and Omer et al. (2018) show that a solid solution 

heat treatment time between 8 and 30 minutes produced consistent results. Sensitivity tests 

are conducted to determine the solid solution heat treatment time, as shown in Fig. 6a, and 

then 15 minutes is chosen conservatively to avoid any uncertainties possibly caused during 

the heat treatment process. 

 The quenched high strength aluminum alloy shows different mechanical properties 

such as yield stress because of residual stress or microstructure based on the quenched 

conditions [84]. As shown in Fig. 6b, the quenched aluminum 7075 also shows different 

engineering curves, hence water quenching is used in this thesis.  

For the time between quenching and forming, called holding time in this thesis, a 

negligible difference is observed in the flow stress curves for the time between 30 and 90 

minutes, while the flow stress begins increasing after 2 hours. Therefore, the holding time 

between quenching and mechanical testing or forming is limited in this work to between 

15 and 30 minutes to reduce the scatter due to natural aging as shown in Fig. 7, and as Huo 

et al. (2016) mentioned. 

 The Figure 8 shows the overall temperature profile of WT forming in which the 

material in the -W temper is prepared through SHT at 470°C for 15 minutes followed by 

water quenching to rapidly cool down to RT. This microstructural change in -W temper 

alters the mechanical properties of the -T6 temper, i.e., it reduces flow stress and enhances 

ductility in RT forming.  
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Figure 6. (a) The effect of SHT time on engineering stress-strain curve of -W temper and 

(b) tensile test cooling curves for quench into water at room temperature and air cooling 
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Figure 7. Evolution of yield stress and ultimate tensile stress against time after quenching 

 

 

 

Figure 8. Temperature profile with respect to time of -W temper process 
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2.2 Bacis mechanical properties and anisotropy 

 

The basic mechanical properties are measured by uniaxial tension tests. The 

experiments are conducted following the ASTM E8 standard in quasi-static conditions. 

The strains are measured by a digital image correlation (DIC) technique. Table 2 

summarizes the anisotropic plastic properties of the T6 and WT sheets. The strain 

hardening exponent (n) is also reported by fitting true stress–strain curves along the rolling 

direction (RD) using the Swift hardening equation; that is,   n

0K( )      . Here, 

   and    are effective stress and strain, respectively, and 
0  , K, and n are material 

constants. Additionally, tensile tests with specimens aligned along 0, 45 (diagonal 

direction, DD), and 90° (transverse direction, TD) from the RD are performed. Lankford 

coefficients (or R-value, defined as 
dε

R = 
dε dε

w

L w




) are also listed in the table. Here, 

dεL and dεw  are plastic strain increments along the longitudinal and width directions, 

respectively. Figure 9(a) shows the engineering stress–strain curves along RD, DD, and 

TD for the T6 and W samples. As already shown in the Fig. 2, the x-axis is displayed as 

∆𝐿 𝐿0⁄ , with the initial length of the virtual extensometer 𝐿0, and its extension ∆𝐿, and 

correspondingly, the y-axis is designated as Force/Area [N/mm2]. Typically, these 

quantities are reported as engineering strain and stress, respectively. But they are not 

referred as such in Fig. 2 and Fig. 9(a) because the deformation in -W temper is spatially 

inhomogeneous, as measured by DIC and shown in Fig. 3. Regarding plastic anisotropy, 

no significant anisotropy in flow stress is observed in either temper, while the Lankford 

coefficient, or so-called R-value, shows clearer anisotropy, varying between 0.55 and 1.1 

in different orientations. In R-values, local minima appear at RD and TD lower than 1 
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(plastic isotropy in strain) and with a local maximum at 45o. This will be further discussed, 

along with the material modeling that it informs. A severe serrated flow stress pattern is 

noted only for the WT sheets; however, the similar inverse pole figures in Fig. 9(c) confirm 

similar anisotropy between the T6 and W sheets. The average grain size of T6 and W 

measured by SEM (SU-70) with EBSD also shows similar results at 19.3 𝜇𝑚 and 20.8 

𝜇𝑚, respectively. For the -W temper, a hydraulic bulge machine is used to evaluate equi-

biaxial data and a detailed experimental method following Lee et al. (2013) is identically 

implemented.  

The measured equi-biaxial flow stresses and ratio of plastic strain increments along 

RD and TD (𝑟𝑏 = 
dε𝑇𝐷

dε𝑅𝐷
 ) in an equi-biaxial state are as shown in Figs. 10 (a) and (b), 

respectively. The measured biaxial yield stress normalized by uniaxial yield stress in RD 

is 0.95, and the rb is 1.01. Again, negligible anisotropy between the uniaxial and biaxial 

tests is measured for the investigated materials under the W condition. 
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Table 2 Anisotropic properties of the T6 (T6) and 7075-W(W) alloy sheets 

Materials 
Orient

ation 

Yield 

stress 

[MPa] 

UTS 

[MPa] 

UEL* 

[%] 

TEL**

[%] 
n*** 

R-

value 
Rn

# ∆R## 

T6 

RD 532 592 18.3 14.7 0.122 0.55 

0.857 -0.23 DD 508 582    1.08 

TD 530 598    0.70 

W 

RD 166 376 10.4 18.8 0.362 0.58 

0.816 -0.19 DD 163 370    1.00 

TD 172 383    0.67 

* Uniform elongation, ** Total elongation at fracture, ***   n

0K( )        

# Rn= (R0+2 R45 +R90)/4, ##ΔR= (R0 -2 R45+R90)/2  
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Figure 9. Anisotropic properties of the T6 and 7075-W sheets. (a) Engineering stress–

strain curves, (b) R-values in three different directions, and (c) normal direction inverse 

pole figures of T6 (left) and -W (right) 
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Figure 10. (a) True stress-strain curves of AA7075-W under uniaxial tension in the RD and 

equi-biaxial tension experiments and (b) plastic strain ratio of TD to RD (𝑟𝑏𝑏) in equi-

biaxial tension. 
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2.3 Compression tesnsion test 

 

A compression-tension test equipped with an anti-buckling plate [87] is conducted to 

identify anisotropic hardening, including the Bauschinger effect. Figures 11 (a) and (b) 

show the test specimen geometry and Fig. 11(c) shows measured stress–strain curves with 

3 and 6% pre-strains under the compression–tension loading condition. To highlight the 

Bauschinger effect in the stress–strain curves, the flow stresses, which are assumed to 

follow the isotropic hardening law, are also plotted in the figure. Preliminary calibration of 

the compression–tension flow curves is done by compensating the friction and biaxial 

loading effects [87]. As shown in Fig. 11(c), both T6 and 7075-W show significant 

Bauschinger effects after load reversal. A small gap in flow stresses between the monotonic 

and reversed loadings (often denoted as “permanent softening”) is observed for the -W 

sheet, but is almost negligible for the T6 sheet. The experimental data justify the necessity 

of using the anisotropic hardening model for the springback simulation. 
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Figure 11. (a) Compression-tension of sheet testing machine, (b) specimen geometry 

(unit: mm), and (c) flow curves of compression–tension tests for the T6 and -W sheets. 
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2.4 Loading-unloading test 

 

The main advantage of W forming is enhanced formability at room temperature, 

which potentially enables conventional cold stamping. Then, in contrast to hot forming, 

which significantly lowers flow stress, springback after cold stamping might be a 

critical issue. For the springback simulation, the Bauschinger effect (i.e., lowered yield 

stress after load reversal [88,89]) in the cyclic loading and the degradation of the 

apparent elastic modulus are reported to be factors that affect the accuracy of springback 

prediction [87,89,90]. Therefore, flow stresses under compression-tension loading and 

the apparent elastic constant, defined as the “chord modulus” in the loading–unloading 

tests, will be measured for the T6 and 7075-W sheets. 

Fig. 12 shows the stress–strain curves under loading–unloading–reloading with 

different pre-strains. Fig. 12 shows the hysteretic loops, which have been observed for 

other metals as well, during the unloading and reloading cycles for both materials  

[90,91]. 
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Figure 12. Stress–strain curves of loading–unloading–reloading for the T6 and 7075-W 

sheets 
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3. Formability and springback 

 

3.1 Introduction 

 

Several researches are investigated about the feasibility of -W forming process to 

industrial applications for high strength aluminum alloys. Mendiguren et al. (2016) 

investigated formability of T6 to form a channel shape of automotive part using -W 

forming and hot stamping processes. The -W forming showed a comparable result to 

the hot forming process, and the part can be formed without cracks. Lee et al. (2019) 

evaluated formability of AA7075 in -W temper by Nakajima test and formed a center 

floor tunnel, an automotive component, successfully. Schuster et al. (2019) analyzed 

springback and hardness of a U-channel drawn part using -W forming and hot stamping 

of 7000 series aluminum alloy. Kumar et al. (2017) reported -W forming showed the 

greatest formability improvement for 7000 series aluminum alloy compared to other 

heat assisted forming processes. Still the investigations relatied to constitutive modeling 

and simulations are rarely reported [103,104]. 

As a reliable indicator for formability, the strain-based forming limit dagram is 

conducted for evlauating the formability, the Marciniak–Kuczynski (M–K) forming 

limit diagram (FLD) approach is used to predict the forming limit curve [105–107].  

Note that the analysis on the springback has been commonly disregarded in other 

elevevated formings due to its negligible amount [108], but springback will be more 

critical for W forming due to the nature of the room temperature process [109]. For 

evaluating the springback in the W forming, the U-draw bending test is employed and 

investigated.  
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For this purpose, based on the tests for the basic elastic–plasticity properties, 

mechanical tests under non-proportional loading paths and repeated loading–unloading 

experiments are conducted. Specifically, anisotropy in yield stress and anisotropic 

hardening models are employed because they are essential to accurately model the 

formability and springback in room temperature forming. The non-quadratic 

anisotropic yield function [79,110] and distortional yield surface-based anisotropic 

hardening model [82,83,111] are employed to simulate the effect of loading path 

changes. 

The objective of this chapter is to understand the formability and springback of WT 

high strength aluminum alloy, and to implement them into the FE simulations using 

properly modeled constitutive equations. [86,112,113]. 
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3.2 Formability of W-temper 

 

3.2.1 Forming limit diagram (FLD) experiment and results 

 

Figs. 13 (a) and (b) show the schematic set-up for the limit dome height (LDH) 

formability test and specimens for six different deformation paths, respectively. Note 

that samples 5 and 6 in Fig. 13 (b) have the same geometry but different lubrication 

conditions. The LDH tests are performed in a universal testing machine equipped with 

a hemispherical punch (radius of 25 mm), and the blank holding force is 134 kN. The 

punch velocity is 0.5 mm/min. In this study, the circular grid analysis (CGA) method is 

used for determining the failed points in the FLD [114], which is reported to be 

consistent enough to evaluate the surface strains[115–117]. According to the 

reference[116], the results obtained using the sophisticated DIC technique and CGA 

methods are comparable. To control the friction in the LDH tests, the blank and punch 

interface is lubricated using mineral oil and a thin polyethylene sheet. This lubricated 

condition aided to obtain the failure strain close to the equi-biaxial condition. Figs. 14 

(a) and (b) show the measured FLDs of the T6 and 7075-W sheets, respectively. It is 

observed that the formability of the W sheet significantly improved in the whole strain 

paths compared to that of the T6 samples. The forming limit values in the plane strain 

condition, FLD0, for T6 and 7075-W are 0.091 and 0.154, respectively. That is, 

formability improved by over 40% with WT. Fig. 14 (c) presents the dome heights at 

the onset of failure and Fig. 14(d) shows that the formability of the WT sheet improved 

significantly compared to that of the T6 temper sheet. Particularly, the difference in the 

formability is more pronounced for the sample with uniaxial condition, or sample 1 in 
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Fig. 13 (b). The experimental evidence with the formability test results also guarantees 

the potential application of the WT forming of high strength aluminum alloys at room 

temperature owing to the improved sheet formability. 

 

 

 

 

 

Figure 13. (a) Tool dimensions for the forming limit test, (b) specimens for different 

loading paths 
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Figure 14. Measured FLD for the (a)T6 and (d) W temper, (c) limit dome heights (LDHs) 

between the T6 and W sheets, and (d) comparison of the FLC curve between T6 and W 

  



 

３９ 
 

3.2.2 Forming limit diagram prediction 

 

3.2.2.1 Anisotropic plastic yield model 

 

The initial anisotropic properties of the T6 and W sheets are modeled using the non-

quadratic anisotropic yield function Yld2000-2d, which will be also used in anisotropic 

hardening model later. Fig. 15(a) shows the Yld2000-2d loci for the T6 and W sheets 

using the yield function parameters listed in Table 3. For comparison, the Von-Mises 

isotropic yield function is also plotted in the figure. The Yld2000-2d criteria for both 

materials have much sharper corners in the biaxial stress region than those in the Von-

Mises yield model. Figures 15(b) and 15(c) presents the results of T6 and W, 

respectively, about the R-value and yield stress variations with respect to the material 

orientation, and very similar trends in anisotropy are noted. The Swift hardening law, 

  n

iso 0K( )      , is used for both the T6 and W sheets to model the isotropic 

hardening part. 
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Figure 15. (a) Comparison of yield surfaces, and variations of R-value and yield stress 

along material orientation about (b) T6 and (c) 7075-W sheets 
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Table 3 Model parameters for isotropic hardneing and yield function 

Material Yield 2000 yield function Parameters 

 𝑎1 𝑎2 𝑎3 𝑎4 𝑎5 𝑎6 𝑎7 𝑎8 

T6 0.899 1.042 1.006 1.025 1.026 0.991 1.059 1.100 

-W 0.983 0.939 1.148 1.023 1.036 1.065 1.025 0.974 

Material Swift model parameter 

 K [MPa] ε0 n     

T6 853.1 0.02602 0.122     

-W 863.6 0.0104 0.362     
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3.2.2.2 Formability prediction 

 

The Yld2000-2d yield function and Swift hardening law are utilized for the M–K 

FLD calculations. Only isotropic hardening is used for the formability evaluation 

because the deformation paths are proportional. The hardening parameters used for the 

FLD calculation are mentioned in Table 3. The same imperfection factor f0 (= 0.998) is 

applied to the T6 and WT sheets to investigate the effect of the material on formability 

prediction. Figs. 16(a) and (b) show the calculated M–K FLDs for the T6 and WT sheets, 

respectively. As shown in Fig. 16(a), the forming limit strains from the plane strain 

(namely, FLD0) to the uniaxial tension states (or the negative minor strain range) could 

be better predicted than those in the biaxial region. However, for the 7075-WT sheet, 

the calculated M–K FLD curve significantly overestimated the measured FLD over all 

deformation paths even though the anisotropy of the sheet is considered in the 

calculation. A more thorough discussion on the discrepancy between the calculated and 

measured FLDs is provided in chapter 3.3.3. 

 

  



 

４３ 
 

 

 

 

Figure 16. Comparison of FLDs using the M–K theory for the (a) T6 and (b) 7075-W 

sheets. 
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3.3.3 Discussion 

 

The calculated FLDs based on the Yld2000-2d and isotropic Swift hardening law 

did not result in satisfactory predictions. The predicted forming limits are much higher 

than those of the experiments in the whole deformation paths for the 7075-W sheet and 

in the biaxial strain paths for the T6 sheet. Insufficient data on plastic deformation could 

be the cause for the discrepancy between the experiments and the predictions. For 

Yld2000-2d, most parameters are identified from the mechanical experiments, but the 

suggested value of 8 is used for exponent m for the FCC polycrystals. Therefore, the 

FLDs are recalculated by varying the yield function exponent m, which determines the 

sharpness of the locus in the biaxial stress region. Fig. 17(a) shows the M–K FLDs with 

different values of m, and these results show improved agreement with the experiment 

results as the value increases. Fig. 17(b) shows the shapes of the yield functions with 

different exponents, and once again confirms the sharper corners in the biaxial region 

as the exponent increases. Based on the above analysis, it is confirmed that the 

formability of the T6 sheet can be better predicted when using Yld2000-2d with an 

exponent of over 10 (i.e., m > 10). It is noticed that the forming limits in the negative 

minor strain region are not much influenced by the yield function exponent m. 
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Figure 17. (a) Calculated FLDs for different values of m using Yld2000-2d for the T6 

sheet, and (b) the corresponding yield surface shapes. 
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For the 7075-W sheet, the calculated forming limits extremely overestimated the 

experimental values in the whole deformation modes. In particular, the forming limit in 

the plane strain mode (FLD0) deviates too much from the experimental value. It is 

known that FLD0 is closely associated with the strain hardening exponent (or n value) 

of the Swift hardening law. Therefore, a change in the yield function exponent m alone 

did not improve the overall quality of the forming limit curve. In the experiment, the 

WT sheet is unique, given the severe serrations in the uniaxial tension stress–strain 

curve, as already shown in Fig. 2.   

Therefore, a more detailed investigation is conducted with the uniaxial tensile curve. 

The results showed clear Portevin–Le Chatelier (PLC) band propagation during the test, 

as already seen in Fig. 3. This phenomenon is associated with the dynamic strain aging 

(DSA) or interactions between solute and dislocations. The serrated flow is known to 

reduce ductility by triggering an early source of very localized necking in uniaxial 

tension [118,119]. To check the effect of the DSA on the flow stress curve, the strain 

hardening exponent n is evaluated using the classical Consìdere condition, which 

explains the limit of uniform elongation in the uniaxial tension test. The calculated strain 

hardening exponent n fitting for the Swift hardening law showed a value of 0.36, which 

is much larger than the measured uniform elongation of 0.22 for the 7075-W sheet. Note 

that the same analysis led to similar values of the fitted n value and measured uniform 

elongation for the T6 sheet, which does not present the serrated flow stress curve. 

Therefore, two different cases are further analyzed. The first case used the Swift 

hardening law identified from the best fitting parameters, and is denoted as Fitting 1. 

The other case involved the fitting by constraining the strain hardening exponent n as 

the measured uniform elongation, and is denoted as Fitting 2. The two sets of parameters 
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for Fittings 1 and 2 are listed in Table 4. The Swift hardening curves calculated by the 

two different fitting schemes are shown in Fig. 18(b), and their corresponding FLDs are 

presented in Fig. 18(c). Note that the fitted flow stress for Fitting 2 marginally 

overestimates the experimental curve for the strain range of less than 10%, but the 

overall fitting quality is as good as the best fit. Figure 18(c) shows that the Swift 

hardening law calibrated using Fitting 2 shows much better agreement with the 

measured FLD for the 7075-WT sheet. 

 

 

 

 

Table 4 Swift hardening parameters of the 7075-WT sheet for two fitting schemes 

 K[MPa] ε0 n 

Fitting 1 

(Best fitting) 
863.6 0.01044 0.367 

Fitting 2 

(with constrained n) 
644.3 0.000832 0.220* 

* This value corresponds to the uniform elongation and used as a constraint in the fitting 

of the Swift hardening law. 
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Figure 18. (a) The strain hardening curve with pointing the uniform elongation and 

hardening ratio, (b) two different fitting schemes with the Swift hardening law and their 

comparison with the experimental flow curve, and (c) the predicted FLDs with the two 

fitting schemes. 
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In the FLD calculations by the M–K model, the major strain in the plane strain mode 

is (theoretically) nearly similar to the n value of the Swift hardening law, which 

corresponds to the limit of uniform elongation by the Consìdere condition. Therefore, 

the calculated M–K FLD with Fitting 1 over-predicted the experimental FLD because 

it is based on the Swift hardening law fitted to the stress–strain curve. However, in the 

case of the sheet with serrated flow behavior (or DSA), the serration might lead to early 

initiation of diffuse necking, thereby decreasing ductility [118,119]. The improved 

prediction of the M–K FLD for the 7075-WT sheet by the Swift hardening parameters 

of Fitting 2 can be explained by considering the effect of the serrated flow behavior. In 

order to quantify the effect of this behavior on the uniform elongation and strain 

hardening exponent n, a new parameter (nratio) is defined in Eq. (8).  

 

exp

Considere
ratio

UEL
n

UEL
                                                ( 8 ) 

 

The parameter ration  is a ratio of the uniform elongation determined from the 

Consìdere condition ( ConsidereUEL ) to the measured uniform elongation corresponding 

to the ultimate tensile strength in the uniaxial tension curve ( expUEL ). The effect of 

serrated flow behavior on ration  is investigated by collecting material data from the 

open literature regarding the presence and absence of serrated flow stress behaviors in 

the uniaxial tension tests. The material group without serrated flow includes TRIP1180, 

DP490, aluminum alloy 6061-T6, and T6. The first two materials are advanced high 

strength steels represented by multi-phases and high tensile strength, while the 

aluminum alloys received peak aged heat treatment. The other material group with 
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serrated flow behavior includes aluminum alloys 5052-H32, 6061-W, 7075-W, and 

7075-W-H4. All the materials in the second group are aluminum alloys with different 

chemical compositions and heat treatment conditions. “H4” denotes the holding time 

of 4 h after the quenching in W process. Fig. 19 provides the three values of 

ConsidereUEL , 
expUEL , and ration  for all the investigated materials. The figure clearly 

shows that the serrated flow behavior represented by the PLC band formation and 

propagation can be highly correlated to higher ration  values than those of materials 

without serrated flow behavior. Therefore, the discrepancy in the FLD calculation based 

on the M–K approach might due to the over-estimated strain hardening exponent 

compared to the experimentally measured uniform elongation. This overestimation 

might be caused by the highly localized and inhomogeneous deformation patterns in 

the PLC bands, which cannot be modeled in the simple Swift hardening law (especially 

when it is identified by best fitting to the stress–strain curve). A more physically based 

hardening model that considers the microstructure effect during the DSA should be 

incorporated in the calculation of the FLD.   
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Figure 19. Collected data of uniform elongation determined from the Consìdere 

condition ( ConsidereUEL  ), uniform elongation corresponding to the ultimate tensile 

strength in the uniaxial tension curve (
expUEL ), and their ratio ( ration ). 
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3.3. Springback 

 

3.3.1 Experiment and results 

 

The U-draw bending springback proposed as a benchmark problem in Numisheet 

2011 is conducted. Fig. 20(a) shows the tool set-up and specimen geometry for the U-

draw bending test. The blank holding force is 5.8 kN, and the stroke is 40 mm. After 

each test, the profile of the springback is quantitatively analyzed using three springback 

parameters (𝜃1 , 𝜃2 , and  𝜌  indicated in Fig. 20(b)). 𝜃1 , 𝜃2  represent the angle 

change, and 𝜌is the radius of curvature. The specimens after springback, the detailed 

comparisons of the springback profiles, and the results of measured three parameters 

are provided in Figs. 21(a), (b), and (c), respectively. Notably, both the T6 and W sheets 

have considerable springback, but the magnitude of the springback of 7075-W is much 

less than that of T6. This is because the strength of the 7075-WT sheet is loared by the 

heat treatment while the elastic properties of both materials are similar. Fig. 21(c) also 

shows that while two parameters ( 𝜃1  and 𝜃2 ) are similar for both materials, a 

noticeable difference is observed in the sidewall curl 𝜌 . The experimental result 

indicates that compared to the room temperature forming for the T6 sheet, WT forming 

is also beneficial in terms of springback.   
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Figure 20. (a) Dimensions of the tools specimen geometry, and (b) springback 

parameters for the U-draw bending tests. 
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Figure 21. (a) The specimen after springback, (b) comparison of springback profiles, 

and (c) springback parameters of the T6 and W sheets. 
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3.3.2 Springback prediction 

 

For accurate modeling and prediction of springback, the anisotropic hardening 

model called the homogeneous-yield -funcation-based anisotropic hardening (HAH) is 

employed. Figs. 22(a) and (b) show the calculated flow stress curves under the 

compression–tension tests for the T6 and W sheets using the HAH model. The model 

parameters, which are identified using the least squares method, appear in Table 5. It is 

noted that the HAH model could reproduce the highly nonlinear nature of anisotropic 

hardening behavior, including the strong Bauschinger effect. More pronounced 

permanent softening (in comparison with the monotonic flow stress) is well described 

for the 7075-WT sheet (Fig. 11(c)). This is also evident from the fitted material 

parameter (k4) in Table 5, which controls the amount of permanent softening. Note that 

the smaller the value of k4, the larger the permanent softening. For comparison purposes, 

the calculated stress–strain curves by the isotropic hardening are also plotted in Fig. 22. 

They obviously deviate from the measured stress–strain curves in the reversed loading 

mode. Additionally, the anisotropic yield function and Swift hardening law written in 

section 3.2.2.1 are used in springback prediction. 

 

Table 5 Model parameters for HAH model. 

Material HAH Parameters 

 q k 𝑘1 𝑘2 𝑘3 𝑘4 𝑘5 

T6 2 30 53.5 587 0.753 0.804 1.40 

-W 2 30 125 45.5 0.641 0.659 5.23 
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Figure 22. Calculated flow stress curves for compression–tension loadings using the 

isotropic and distortional anisotropic hardening (HAH) models. (a) T6 and (b) 7075-W 

sheets 
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3.3.2.1 Elastic model 

 

The chord modulus, defined as the slope connecting two stress points before and 

after unloading, is calculated. As shown in Figs. 23(a) and (b), the measured chord 

modulus could be fitted to the following exponential equation as a function of pre-strain 

as below: 

E(휀)̅ = 𝐸𝑠 + (𝐸0 − 𝐸𝑠)exp (−𝜉휀)̅                       ( 9 ) 

 

Here, 𝐸𝑠, 𝐸0, and 𝜉 are material-specific parameters, which are listed in Table 6. 

It is found that the chord modulus decreased by nearly 10% of Young’s modulus after 

plastic straining. The stress–strain curves under loading path changes and decreased 

elastic constants with respect to the plastic strain are used as inputs for the anisotropic 

hardening models for the springback prediction 

  



 

５８ 
 

 

Figure 23. (a) chord moduli of the T6 sheet, and (b) chord moduli of the 7075-W sheet. 

 

Table 6 Elastic properties of the T6 and 7075-W sheets 

 T6 7075-WT 

E0 [GPa] 71.8 69.3 

Es [GPa] 63.2 63.7 

ξ 111.4 2000 
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3.3.2.2 The U-draw bending springback simulations 

 

The U-draw bending springback simulations are conducted using the FE software 

ABAQUS with a user-defined material subroutine [120]. Two different sets of 

constitutive models are considered in this study. Group 1 consisted of the isotropic yield 

function, isotropic hardening, and a constant Young’s modulus. This set of material 

models represents the most commonly used set in industrial practice, and is available in 

most commercial software. On the other hand, Group 2 includes the non-quadratic 

anisotropic yield function Yld2000-2d, distortional HAH anisotropic hardening law, 

and Chord modulus approach. This set represents the group of advanced constitutive 

models for the sheet metal-forming simulations but is not available in commercial FE 

software. Figs. 24(a) and (b) show the FE model for the U-draw bending springback 

simulation and mesh for the blank sheet, respectively. The analytical rigid body element 

and 4-node shell element with reduced integration (S4R) are utilized for the tools and 

blank sheet, respectively. Only a quarter of the blank sheet is used owing to the 

symmetries in the material model and sheet geometry. The element sizes of the blank 

sheet ranged from 0.8 mm to 1.5 mm. Figs. 25(a) and (b) show the springback profiles 

and parameters predicted by the two sets of constitutive models for the T6 and W sheets, 

respectively. Interestingly, the predicted springback profiles are in very good agreement 

with the experiment results even for the conventional basic constitutive models (Group 

1). The three springback parameters quantified from the predicted springback profiles 

also agreed well with the experiment results. Section 4 provides more detailed analyses 

to explain why the basic set of constitutive models (Group 1) performed equivalently 
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well for the springback prediction in comparison with the more advanced set of 

anisotropic constitutive models (Group 2) as well as its disadvantages. 

 

 

 

 

Figure 24. (a) FE model for the U-draw bending tests, and (b) its blank meshes. 
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Figure 25. Comparison of the U-draw bending springback profiles and their parameters, 

predicted with Group 1 and Group 2 for the (a) T6 and (b) 7075-W sheets. 
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3.3.3 Discussion 

 

The results of both constitutive models representing isotropic and anisotropic 

hardening provided very similar predictions. This is an unexpected result because it has 

been commonly reported that the springback of sheet metals can be better predicted 

when the Bauschinger effect and the nonlinear elastic behavior during unloading are 

considered. However, in the present result, the isotropic hardening with constant elastic 

modulus (Group 1) led to almost the same springback profiles as the advanced 

anisotropic hardening model (Group 2) as per Figs. 25(a) and (b). The possible 

explanation is as follows. The isotropic hardening model overestimates experimentally 

measured flow stress due to its proportional expansion of the yield surface, which 

cannot predict the loared yield stress and significant transient response due to the 

Bauschinger effect. This larger flow stress in the loading and reverse loading processes 

should overpredict the springback. However, this overestimation is accidentally 

compensated for by the constant elastic modulus, which lowers springback.  

Although the predicted springback by the isotropic hardening model is as good as 

that of the anisotropic hardening model, lack of knowledge about the (actual) flow stress 

characteristic under the loading path change leads to a higher forming load than in the 

case with the anisotropic hardening model. This is clearly seen in Fig. 26(a) for the T6 

sheet. Note that the friction coefficient is determined from the best fitting of the punch 

force–displacement curve to the simulated one in Group 2. The friction coefficient used 

for the simulations is 0.17 as determined from best fitting of punch load-displacement 

curve, which is reasonable considering that the forming condition is non-lubricated. The 

same simulations are conducted for the 7075-W sheet using the two sets of constitutive 
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models, and the friction coefficient is the same as that for the T6 sheet, as shown in Fig. 

26(b). Group 1 predicted higher punch force than Group 2, as expected. However, both 

cases underestimated the measured punch force, and the result from Group 1 is even 

closer to the experimentally measured punch force. The underestimated punch force 

might possibly be attributed to different friction conditions between the T6 and WT 

sheets. In fact, it is reported that larger surface roughness results from the serrated flow 

or DSA effect during deformation of WT sheets [119].  

To investigate this presumption, the surface roughness of the T6 and W sheets is 

measured using the surface roughness measuring system SV-C4500H4 (Mitutoyo). 

Figure 27(a) shows the measured roughness of the T6 and W sheets. It is notable that 

the surface roughness after the WT heat treatment increased considerably. The average 

values of the surface roughness for the T6 and W sheets are 0.19 and 0.235 𝜇 m, 

respectively, which indicates an increase of 23%. Since a rougher surface is known to 

increase friction between the sheet and tools, the higher roughness of the WT sheet may 

result in a larger friction coefficient than that of the T6 sheet. Although accurate 

frictional behavior can hardly be identified due to the complexities associated with the 

surface roughness, contact pressure, and sliding condition [121], a simple first-order 

approximation is used for the friction coefficient of the 7075-W sheet by multiplying 

the ratio of the surface roughness to the friction coefficient of T6. This is because the 

estimated friction coefficient of 7075-W resulted in good correlations with both 

springback and punch force. In fact, the linear relationship between the surface 

roughness and friction coefficient is also reported in other studies [122,123]. The 

recalibrated friction coefficient of the 7075-W sheet from the surface roughness analysis 

is 0.21, which is used for the simulations of U-draw bending springback. Figures 27(b) 
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and (c) show the new springback profiles and punch force versus displacement curves, 

respectively, using the calibrated friction coefficient of the 7075-W sheet. It is seen that 

the results of Group 2 with the anisotropic hardening model are in good agreement with 

the experimentally measured punch force–displacement curve. Interestingly, the 

springback profiles are less sensitive to the friction coefficient than the punch force, and 

almost similar predictive quality is obtained with recalibrated friction coefficient. 

 

 

 

 

Figure 26. Punch displacement–force curves predicted by different hardening models 

for the (a) T6 and (b) 7075-W sheets. 
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Figure 27. (a) Measured average surface roughness of the T6 and W sheets, (b) U-draw 

bending springback, and (c) punch force–displacement curves for different friction 

coefficients of the 7075-W sheet. 
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3.4 Remarks 

 

This chapter presents the results of experimental and numerical studies on the 

mechanical properties of W 7075 aluminum alloy (7075-W) sheets in comparison with 

as-received peak aged 7075 aluminum alloy (T6) sheets and their constitutive 

descriptions. In particular, anisotropic plasticity in terms of yield function and 

hardening law under loading path changes is highlighted in the numerical modeling of 

formability and springback for potential application to the cold forming process with 

the W high strength aluminum alloy sheets. The M–K formability and U-draw bending 

springback tests are numerically simulated based on the identified mechanical 

properties, and they are then comparatively analyzed with the T6 sheet. The combined 

results of the experimental and numerical analyses led to the following conclusions: 

 

 The 7075-W sheet showed minor anisotropy in strength, while the anisotropy in 

plastic deformation (or R-value) is much higher. Also, the anisotropy of the 7075-

WT sheet is very similar to that of the as-received T6 sheet (before heat treatment). 

In other words, the SHT followed by water quenching did not change the texture 

of the investigated aluminum alloy sheets.  

 The investigated 7075-W and T6 sheets showed considerable anisotropic 

hardening under loading path changes. The hardening is measured by continuous 

compression–tension tests. The anisotropic hardening showed a large Bauschinger 

effect and transient hardening behavior. The permanent softening between the 

monotonic and reversed flow stresses is only marginally observed in the 7075-W 
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sheet. Moreover, the loading–unloading test revealed a reduction of approximately 

10% in the apparent elastic constant compared to the initial Young’s modulus.  

 The initial sheet anisotropy of the 7075-W sheet is well modeled by the plane stress 

non-quadratic anisotropic yield function Yld2000-2d, and its anisotropic 

hardening behavior is suitably modeled by the distortion-based HAH model.  

 The M–K FLD model calculated from Yld2000-2d and the Swift hardening law 

along with standard material parameters showed considerable discrepancy from 

the measured FLDs. In particular, the predicted FLD for the 7075-W sheet 

significantly overestimated the formability in the whole deformation paths, while 

the over-prediction of the FLD for the T6 sheet is noted only for the biaxial 

deformation paths. The discrepancy between the calculated FLD and experiment 

results is analyzed in terms of the yield function exponent and the strain hardening 

exponent of the Swift hardening law. The larger exponent value in Yld2000-2d 

could better predict the formability of the T6 sheet. For the 7075-W sheet, the 

overestimation of ductility (or the strain hardening exponent) by the best fitted 

Swift hardening model might be attributed to the serrated flow behavior and PLC 

band propagation due to the dynamic strain aging. The re-calibrated Swift 

hardening law that considered the measured uniform elongation (or strain 

hardening exponent) as an additional constraint for fitting provided better 

agreement with the experiment results of formability.  

 The springback profiles are well predicted by the distortion-based HAH model and 

the chord modulus approach for both sheets. Interestingly, the classical isotropic 

hardening with a constant elastic modulus also predicted the springback profiles 

well. This coincidence between the predicted springback from the conventional 
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isotropic and advanced anisotropic hardening models could be discussed in terms 

of the difference in the flow strength at load reversal and the treatment of elastic 

modulus degradation during unloading.  

 However, the classical isotropic hardening model over-predicted the punch force–

displacement curve due to its overestimation of flow strength after the loading path 

change, while the anisotropic hardening model predicted it well owing to its 

capability to consider the Bauschinger effect under load reversal. Finally, the 

underestimated punch force for the 7075-W sheet could be explained by the 

roughened surface quality after WT heat treatment, which virtually increases the 

friction coefficient. 

 

The present chapter also reported the improved formability and loared springback 

with the 7075-W sheet in comparison with the T6 sheet. Therefore, the W process can 

be potentially utilized for manufacturing high strength aluminum sheets at room 

temperature as an alternative to the warm and hot forming processes. 
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4. Stretch-flangeability 

 

4.1 Introduction 

 

The edge cracking behavior of a hole edge is described through stretch-flangeability, 

also called hole expandability. The stretch-flangeability of sheet metal is one of the crucial 

formability parameters in sheet metal forming using deep drawing processes, and it is 

generally expressed as the hole expansion ratio defined as: 

𝐻𝑜𝑙𝑒 𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜, 𝐻𝐸𝑅 (𝜆) [%] = (𝑑𝑓 − 𝑑𝑖)/𝑑𝑖                  ( 10 ) 

where 𝑑𝑓 and 𝑑𝑖 are the diameters after and before the experiment with the central hole, 

respectively. A related study has existed since 1948 [124], and for mild steel, stretch-

flangeability is not an issue. Numerous studies on HER have been conducted extensively 

since 2010 [125], as some AHSS steels have greatly limited use due to their low hole 

extensibility. Yamada [126] showed that the stress state at the hole edge is uniaxial, and in 

many other studies, it has been reported that the stress state at the center hole edge in the 

hole expansion experiment is in a nearly uniaxial tensile stress state [127–129]. However, 

the researchers [127,130–133] also noted that the mechanical properties obtained from 

only uniaxial tensile experiments are not sufficient to predict HER. The stress gradient that 

exists along the radial direction from the edge of the hole within the specimen of the HE 

experiment is the main reason that produces a different material behavior between the HE 

experiment and the uniaxial tensile experiment. Paul (2020) stated the principal reasons 

come from the different conditions of the two experiments: 1) stress gradient, 2) numbers 

and location of “necking,” 3) free edge condition, and 4) deformation history in the 

specimen.  
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Even though numerous studies have tried to correlate HER with various mechanical 

properties obtained from a uniaxial tensile experiment, the relationship between HER and 

material parameters still needs to be further investigated to clarify it. Furthermore, many 

papers reported the close relationship between PUEL and HER, which means that the hole-

expandability of w-temper could be poor. Therefore, instead of predicting the results based 

on uniaxial tensile experimental data, hole expansion should be investigated for verifying 

the overall formability. The effect of the hole fabrication method on HER is first 

investigated using a conical punch. 

Punch geometry and hole preparation methods have a significant impact on HER 

results, so their effects are also considered in HE experiments. Because different punch 

geometries exhibit different HER values due to dissimilar deformation paths [125,127,134], 

both conical and flat head punches are employed to evaluate stretch-flangeability. For a 

conical punch, where the punch and hole edges are in direct contact, the effect of the hole 

preparation method is also investigated with two different hole preparation conditions. 

Although not standardized methods, HE experiments, also called flat-bottom or flat-head 

punches, are also performed, as the experiments can be investigated using digital image 

correlation techniques to capture the in-plane expansion of the hole and material behavior 

during experiments. The mechanical behavior captured during the experiment is compared 

with the predicted results of the finite element simulation to investigate the influence of the 

PLC effect on the flat-headed HE experiment. 
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4.2. Hole-expansion using conical punch 

 

4.2.1 Introduction 

 

Prediction of forming limit has been performed using a forming limit diagram 

(FLD); however, edge fracture, also called edge cracking, of some material is hardly 

predicted accurately just by the FLD results in a finite element method during the 

stretch-flanging process [135,136]. Therefore, in addition to evaluating formability with 

the FLD, the stretch-flangeability of aluminum -W temper should be investigated. 

Although the hole tension test [137] evaluated the stretch-flangeability as well, however, 

the HE experiment has been commonly accepted for verifying HER in sheet metal 

forming. The HER value is highly dependent on several factores: mechanical property, 

microstructure, punch geometry, fabrication method of the hole edge [125].  

Many studies have tried to figure out the correlation of HER and various 

mechanical properties evaluated from a uniaxial tensile experiment such as yield stress 

(YS) [128,131], the ratio between YS and UTS [128,138] , UTS [128,131,138], strain 

hardening component [139], strain rate sensitivity (m) [126,133,140], total elongation 

[131,141], reduction of area (ROA) [127,142], post uniform elongation (PUEL) 

[141,143,144], normal anisotropy [134,140] and so on. Paul (2014) and P Larour et al. 

(2020) gathered tremendous data from published papers and previous experiments to 

analyze the relation between parameters and HER values in detail. Paul (2014) reported 

normal anisotropy, PUEL, strain rate sensitivity, and fracture toughness as dominant 

factors on determining the HER, while Larour et al. (2020) selected dominant factors 

as the main r-value to n-value ratio and conventional tensile test mechanical properties 
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in the middle or at the minimum thickness location of the fractured specimen. The 

correlation between HER and material parameters needs additional investigation to 

make the relationship clear. 

As mentioned in previous section, because many papers still report the close 

relationship between PUEL and HER, the hole-expandability of w-temper, which 

shows extremely short PUEL, needs to be investigated. The W-temper represents 

enhanced uniform elongation than the T6 condition, but w-temper also shows extremely 

short post uniform elongation of less than 1% in the engineering stress-strain curve, 

which is even less than a quarter of PUEL in T6.  

Another factor, the influences on the HER value by the hole preparation method, 

have been studied in various papers. Kerelova [145] investigated the HER values of two 

AHSS using three different hole fabrication methods and the result was that defects and 

damage generated to the hole edges during the preparation procedure have a negative 

effect on HER. [146,147] also noted that the lowest HER results with hole fabrication 

as shearing than other methods due to burrs, surface roughness at hole edge, and 

nucleated voids in SAZ. Furthermore, accumulated damage [148] and inevitable micro-

cracks [144,145,148] from the shearing process at the hole edge were also reported as 

generating a detrimental effect on HER. 

Considering the effect of hole fabrication, in this section, a conical HE experiment 

with two different hole preparation procedures was performed to study the influence of 

hole preparation on the edge cracking behavior of aluminum alloy 7075-T6 and 

AA7075-W temper, with hole punching as the standard method and wire cutting. In the 

shearing process, shear drop and shear surface depend on clearance [147,149,150]; 
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therefore, the constant clearance used in this conical HE experiment is 15 %. The 

clearance ratio (c) is defined as: 

Clearance ratio, c [%] = (𝑑𝐷 − 𝑑𝑃)/2𝑡 ×  100         

(  1 1  ) 

where 𝑑𝐷, 𝑑𝑃 and t are the diameter of the die and punch, and thickness of the 

sheet, respectively. 

For the microstructural approach, the conical HE experimental results of T6 and -

W are scrutinized from macro to microscale and standard light optical microscopy 

(LOM), scanning electron microscopy (SEM) with electron backscattered diffraction 

(EBSD), confocal laser scanning microscopy (CLSM) are employed to analyze the 

effect of fabrication of the hole edge. 
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4.2.2 Experimental procedure and results 

 

The material is aluminum alloy T6, using solid solution heat treatment W temper. 

Because of experimental constraints, 7075-T6 1.0t was used only in the conical HE 

experiment chapter. Chemical composition and basic mechanical properties are shown in 

Appendix 2 for comparison with T6 used in the previous chapter. As well as the overall 

basic mechanical properties overlap, Hyun et al. (2002) showed that the HER value is 

around 35%, with a difference of 5% depending on the thickness change even with 1 mm 

and 2 mm thickness in the HE experiment. Here, only microstructure investigation is 

mainly performed to reduce possible differences in thickness and chemical composition 

disparity. 

 Following the standard ISO 16630:2009, HE experiments are conducted using a 

conical punch with a cone angle of 60 °and a hydraulic sheet metal testing machine to 

expand a central hole with a diameter of 10 mm. The inner and outer diameters of the hole 

are measured to obtain the average diameter. Fig. 28 shows a schematic diagram of the tool 

geometry, specimen, and measurement of hole diameter. A constant punch speed of 2.8 

mm/s is used in the experiment and blanking holding force is constantly controlled at 30kN 

during the experiment. Because sufficient force prevents draw-in of the specimen, the 

draw-bead is not employed.  
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Figure 28. Schematic diagram of conical HE experiment: (a) tool geometry, (b) specimen, 

and (c) measurement of hole diameter 
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The initial central hole of specimens is prepared using two methods: punching 

(shearing) and wire EDM cutting. The specimen is cut along the rolling direction into a 

square of 100 x 100 mm2. Experiments are carefully conducted to maintain consistent 

contact surfaces of punches and samples in both the HE experiments and the hole 

preparation process by shearing. The experiment is stopped when the reaction force 

measured from the punch is dramatically decreased by generating cracks at the edge of the 

expanding hole. The diameters of the outer and inner radius of the hole are measured by 

Vernier calipers in at least four different locations. The final hole diameter 𝑑𝑓 evaluated 

after fracture is determined by averaging the outer and inner results, and the measured 

values are shown in Table 7.  

HER is calculated as shown in the previous equation (10). In this paper, the specimens 

prepared with holes through the shearing process and the wire EDM cutting process are 

called punched specimen and wire-cut specimen, respectively. Similarly, the evaluated 

HER values in the HE experiment using a punched specimen and wire cut specimen are 

also called punching HER and wire HER, respectively. The punch force-displacement 

curve, the conical HER experimental results, and measured fractured hole diameters of 

both tempers and methods are represented in Fig. 29.  
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Figure 29. Comparison of the conical HE experimental results of the two tempers 

corresponding to the initial hole fabrication methods: (a) punch force-displacement 

curves, (b) the results of punch forces and displacements, and (c) the HER values 

 

Table 7 The measured final hole diameters of the fractured hole in T6 and -W  

 

Temper Hole fabrication method Avg. diameter 

T6 
Wire 13.1 mm 

Punch 12.0 mm  

W 
Wire 15.8 mm 

Punch 15.7 mm 
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The -W temper shows higher HER values for both hole preparation methods, 

even though the -W temper has shorter post uniform elongation than T6. These results 

will be discussed in detail in the next section considering other material properties of 

tempers. About the T6 condition, the wire represents 1.63 times higher HER values 

than the ones for punching, which are 30.7 % and 18.8 %, respectively. The HER 

results of -W showing similar HER results in wire and punching are dissimilar from 

T6 and other previous papers. Because the similarity in plastic anisotropy between the 

two heat treatment conditions should show similar results in plastic deformation, this 

interesting result will be discussed in the chapter again. 

Figure 30 shows the fractured specimens of both tempers and methods, with 

solid arrows showing the location of the major cracks. Additionally, the crack 

locations in other experimental results are in Table 8. The main cracks in the fractured 

specimen of the hole prepared using wire EDM are located near RD or TD, while the 

fractured specimen of the hole prepared using punching has several cracks in varius 

locations such as RD, DD, and TD. In the results of -W temper, the cracks are at RD 

and TD for fractured specimens in both hole preparation methods. 
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Figure 30. The appearance of cracks at the hole edge in fractured specimens for both 

tempers and methods: (a) punched specimen of T6, (b) wire cut specimen of T6, (c) 

punched specimen of –W, (d) wire cut specimen of -W 

 

Table 8. Crack locations in other experimental results 

Temper 
Hole fabrication 

method 

Specimen 

# 1 # 2  # 3 # 4 

T6 
Punch TD DD DD RD, TD 

Wire TD TD RD, TD RD, TD 

W 
Punch RD,TD RD RD,RD,TD RD 

Wire RD, TD RD, TD TD  
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4.2.3 Discussion 

 

4.2.3.1 The HER values of T6 condition 

 

The wire HER showed a HER value increased by more than 60% compared to the 

punching HER, which is a consistent tendency with the results of other papers. The 

main reason for different HER values is the deformation histories in the specimen 

during hole preparation [125,127,133,145,151]. From the macroscopic investigation, 

the tested specimen with a hole prepared by wire has two main locations showing cracks 

near RD and TD, since the R-value, which partially governs plastic deformation, shows 

a lower value near RD and TD than DD, as shown previously in Fig. 9. However, the 

tested specimen of the hole prepared by punching shows several cracks at multiple 

locations without any dominant orientation. This discrepancy in the crack direction 

indicates that the plastic deformation near the hole edge and the residual stresses 

induced by the shearing process are involved in the final deformation behavior along 

with the anisotropic effect. 

   To identify the damage induced by the hole fabrication procedure, specimens 

of the two fabrication methods are investigated before the HE experiment with light 

optical microscopy (OM) and SEM (SU-70). All cross sections analyzed through OM 

and SEM are from the rolling direction for consistency. OM images and SEM images 

of a cross-section area are shown in Fig. 31. A comparison of surface qualities in the 

cross-sectional area obviously shows that the damage and hole surface at the hole edge 

induced by punching fabrication is clearly identified.  
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Figure 31. OM and SEM micrographs of cross-section area showing differences in 

surface quality. OM images in the (a) wire-cut specimen, (b) punched specimen, SEM 

images in the (c) wire-cut specimen, and (d) punched specimen 
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The wire cut specimens shows minor deviations in the surface cross-sectional view 

of the edge within the thickness, while the cross-sectional area of the sheared hole 

shows a distinct surface change within the thickness, indicating severe plastic 

deformation because the perimeter of the hole is forced to fail through the shearing 

process. The cross-sectional view of an edge in a sheared hole is characterized by four 

regions: roll-over, sheared zone, fractured zone, and burr. The roll-over is formed as the 

blade contacts the sheet and the surface bends. The shear deformation occurs by the 

blade piercing the sheet in a vertical direction through the blade, forming a sheared face. 

As stress is accumulated, cracks are initiated and propagate through the remaining 

thickness of the sheet by falling apart in the lower part, forming a fracture area. Burrs 

often appear as a protrusion of metal at the edge. The ratios of each region are measured 

based on the SEM images and shown in Fig. 32 and Table 9. 

 

Table 9. The averaged ratios of each region measured from SEM images  

Zone Normalized ratio 

Roll-over 0.06 

Sheared zone 0.07 

Fractured zone 0.87 

Burr Apprearance 
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Figure 32. SEM micrograph of the surface of the hole edge showing (a) representations 

of the four deformation regions and (b) determined proportions. 
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The accumulated deformation induced by the shearing process behind the hole 

edge is measured proximately through the microhardness distribution along the radial 

direction since the microhardness is also an indicator of work hardening.  

Vickers hardness measurement is used for evaluating microhardness with 0.1 Hv 

and two parallel rows are measured at 0.1 mm intervals in at least three specimens for 

each condition. The microhardness profiles obtained for both edge conditions are 

plotted in Fig. 33, and the graph shows negligible microhardness differences even near 

the hole edge between the specimens from the two hole preparation methods. The 

reason for the similar microhardness distribution of the two conditions is considered to 

be the low hardening ratio of the material. As shown in Appendix 1, the yield stress and 

ultimate tensile stress are 504 MPa and 581 MPa, respectively, meaning that the ratio 

of the two mechanical properties is only 1.15. The microhardness measurement might 

be unsuitable since the stress difference is only 77 MPa among 581 MPa, which is only 

24 microhardness differences using the translation table of strength to hardness (ISO 

18265). 
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Figure 33. Microhardness profiles of the punched specimen against distance from 

the hole edge in the rolling direction 
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However, the accumulated deformation at the hole edge by punching procedure is 

visible in previously measured cross-sectional images. For verifying the deformation 

behind the hole edge, a kernel average misorientation (KAM) map is measured by 

EBSD with SEM, which measures local misorientation and then indicates the amount 

of distortion. The measured area is 120 µm x 180 µm with 0.45 step size, and the 

measured KAM map in Fig. 34 shows higher distortion near the hole edge but a sharp 

decrease along the radial direction.  

This shear affected zone behind the hole edge exists within a very limited region 

near the edge of around 200 µm in the measured specimen, which is too small to capture 

via Vickers hardness measurement. Fig 35 shows the KAM map of the punched hole 

and wire-cut hole, which clearly shows the accumulated damage caused by plastic 

deformation by the shearing process, which has a consistent tendency with the SEM 

image of the cross-sectional area and other papers [127,147,150]. Pathak et al. (2016) 

stated the shear affected zone induces micro-void nucleation and causes cracks to 

initiate, thereby reducing the HER values. Therefore, it is concluded that the measured 

cross-sectional view of the edge and the measured KAM map within the thickness along 

the radial direction show that the HER value of hole fabrication by punching is lower 

than that of the wire-cut one due to the deformation and damage at the vicinity of the 

hole edge by the punching process. 
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Figure 34. KAM map within thickness of punched specimen (120 µm x 180 µm) 

 

 

Figure 35. KAM map within thickness of (a) punched specimen and (b) wire-cut 

specimen (120 µm x 150 µm) 
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4.2.3.2 The HER values of -W condition 

 

The HER values of both conditions in -W temper exhibit similar results, as shown 

in Fig. 29, and this trend is inconsistent with the HER results of T6 condition and other 

previously published papers, as it is generally accepted that the lowest HER value 

appears in the punched specimen due to the accumulated deformation near the hole 

edge [127,152,153]. As shown in Fig. 36, the edge part surfaces of fractured specimens 

in both hole fabrication methods captured by confocal laser scanning microscopy 

(CLSM) also show similar results.  
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Figure 36. CLSM micrograph of edge part surfaces in fractured specimens of (a) 

punched specimen and (b) wire-cut specimen after completion of HE experiment. 
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The major difference between T6 and -W temper is that in the case of -W temper, 

the part of precipitates is dissolved by SHT. Considering that the recrystallization 

temperature of aluminum is below 470 ℃, the most promising explanation is that SHT 

alleviated the deformation caused by the shearing process. Two approaches are 

employed to validate this: 1) conducting a HE experiment with the process modified 

and 2) measuring the microstructure of the hole edge. 

  To determine the effect of SHT on HER values, a newly modified process is 

performed, consisting of the same process, but in a different order. The original HE 

experiment sequence using a punched specimen consisted of three steps of a shearing 

process -SHT-HE experiment, but the newly modified process sequence is arranged as 

SHT-shearing process-HE experiment, as shown in Fig. 37, and is called W-SPH after 

the first letter of each step. For convenience, HER values according to the modified 

process are called W-SPH HER in this paper, and the specimen prepared in the new 

sequence is called W-SPH specimen. What the original process and the modified 

process have in common is that when doing HE experiments, the sheet is under the -W 

temper. There are two differences between the two processes: the sequence of the SHT 

and punching process, and the tempering state of the sheet when performing the 

shearing process. In this experiment, the holding time between the quenching and 

forming process is maintained at 15-30 min to maintain the same -W properties when 

performing HE experiments. 
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Figure 37. The HE experiment sequence of three steps using a punched specimen: (a) 

The original process, which is the sequence of the shearing process-SHT-HE 

experiment, and (b) the newly modified sequence with the SHT-shearing process-HE 

experiment 
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The HER value of W-SPH drops from 57%, which is the punching HER value of 

-W, to 42%, as shown in Fig. 38(d). The CLSM micrographs of the hole edge surfaces 

after the HE experiment for all three conditions in -W, are shown in Figs. 38(a)-(c) again. 

Fig. 38(c) evidently shows the sheared zone in the W-SPH condition specimen, which 

is unclear in the punching specimen.  

To investigate the effects of SHT on a punched specimen microstructurally, the 

KAM map of the solid solution heat treated punched specimen is also evaluated through 

EBSD in the same manner as the punched hole under the T6 condition. The results are 

shown in Fig. 39 along with a KAM map of the punched specimen under the T6 

condition, which is intended to compare the KAM map for the punched specimen of 

the two tempers. The KAM map of W-SPH also shows higher distortion due to 

deformation near the hole edge, but the distortion level is lower than that of the punched 

specimen of the T6 temper. The grain sizes of both tempers of both conditions are 

similar between 25 and 31 µm, and the application of only 15 minutes of solution heat 

treatment has a negligible influence on the grain size. 

The HER results of W-SPH and punched specimens under the -W, surface images 

of the edge part, and KAM maps measured in CLSM showed that the deformation 

accumulated by hole fabrication through the shearing process is partially relieved by 

SHT, and as a consequence, wire HER and punching HER show similar results under 

the -W temper. 
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Figure 38. Comparison of results of conical HE experiments according to initial hole 

fabrication methods of W temper: CLSM micrographs of (a) punched specimen, (b) 

wire-cut specimen, and (c) W-SPH specimen and (d) the measured HER values 
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Figure 39. Comparison of the KAM maps: (a) punched specimen under T6 condition 

and (b) punched specimen followed by solid solution heat treatment 
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4.2.3.3 Comparison of the HER values of two tempers. 

 

The overall HER results of -W are higher than those of T6 in both hole preparation 

methods. In the engineering stress-strain curve of the uniaxial tensile experiment and 

the punch force-displacement curve of the HE experiment, the -W temper shows longer 

elongation with lower stress; furthermore, the -W temper also represents improved 

formability, as mentioned in the previous chapter. However, the -W temper has a shorter 

post uniform elongation than the T6 temper. Since high strain sensitivity implies a 

delayed localized necking in the specimen [154–156], materials with high strain 

sensitivity generally exhibit long PUEL values. Since diffuse necking affects weakly 

and localized necking mainly governs failure in the HE experiment [125], higher strain 

rate sensitivity means higher uniform elongation and at the same time, a higher HER 

result value. T6 shows negligible strain sensitivity in the strain range from 10-2/s to 10-

4/s at room temperature. The reason for the short post uniform elongation of -W is due 

to the PLC effect that causes early fracture [118] and exhibits negative strain sensitivity, 

as mentioned in several previous chapters. The sheet in the HE experiment suffers from 

a more complex deformation history than in the uniaxial tensile experiment because the 

hole edges are stretched circumferentially and simultaneously bent out of plane. 

Therefore, it is insufficient to use only the mechanical properties measured in the 

uniaxial tensile test as an indicator of the overall mechanical properties. 

  Since PUEL and delayed local necking are related to the ductility of the material, 

the microstructure is analyzed to understand the reason for the higher HER results of -

W temper, instead of just using mechanical parameters. As shown in Fig. 40(a), the 

specimen of T6 temper showed that the fractured surface of the uniaxial tensile test is 
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almost perpendicular to the longitudinal direction of the specimen, while -W exhibits a 

fractured surface diagonally tilted in the longitudinal direction, indicating localized 

necking after diffusion necking. Figs. 40(b)-(d) show the fracture surfaces of the 

uniaxial tensile test specimens measured with SEM (SU-70) at various magnifications 

such as 120, 1000, and 3000, and these SEM micrographs clearly show a larger number 

of larger dimples in the -W property, which means that -W is more ductile than T6 [157].  
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 Figure 40. Fractured surface after completion of uniaxial tensile test: (a) whole 

specimen, SEM micrographs using various magnifications of (b)120, (c) 1000 and (d) 

3000 
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The captured surfaces of the hole edge in the punched specimen of two tempers 

by CLSM, as shown in Fig. 41, are consistent with previous results. Because the 

purpose is to compare ductility through the width of the sheared zone generated during 

the shearing process, two punched specimens are compared: the W-SPH specimen, in 

which the hole is punched under the W temper, and the punched specimen of T6, in 

which the hole is punched under the T6 temper. The sheared zone ratios within the 

thickness of T6 and W-SPH are around 10% and 30%, respectively, which indicate that 

-W is more ductile than T6 [158].  

Based on the cross-section shape and SEM images of fractured specimens from 

the uniaxial tensile experiment and HE experiment, it is determined that -W is more 

ductile than T6 despite the shorter post uniform elongation. Therefore, it is confirmed 

that PUEL is extremely short when the PLC effect is exhibited. Nevertheless, a high 

HER value is shown when the material exhibits ductility properties. Therefore, in the 

case of materials exhibiting the PLC effect, further study on the correlation between 

mechanical properties and HER results could show more reliable results considering 

the sudden fracture from the PLC effect due to negative strain sensitivity. 
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Figure 41. CLSM macrographs of the fractured surface after completing the uniaxial 

tensile experiment: (a) punched specimen perforated when the sheet is in the T6 state 

and (b) the W-SPH specimen, perforated when the sheet is under W temper 
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4.3 Hole-expansion using flat-headed punch 

 

4.3.1 Introduction 

   

As an evaluation method of edge-formability, hole-expansion (HE) (ISO 16630, 

2009) using a conical punch has been widely used to understand the edge crack behavior. 

The HER values are evaluated again with using flat-headed punch since many research 

reported the HER values is changed based on punch geometry due to the different strain 

paths [134,160]. The conical punch shows uniaxial tensilte stress state, while the flat-

headed punch shows plane strain paths. The different strain path and deformation path 

are main reason for different HER, which is calculated through finite element 

simulation and also measured by DIC [134,160]. The expansion of a circular hole in a 

thin sheet by a flat-headed punch, termed flat-headed hole-expansion (HE), displays 

various stress states from uniaxial tension at the hole edge to plane-strain tension and 

equibiaxial tension in the area away from the hole edge co-exist [160,161]. Aditionally, 

the most of the previous studies about PLC effects are mainly studied are done on the 

standard uniaxial tensile experiment [162,163], due to its simplicity; thus the findings 

may not be enough to understand the PLC effect comprehensively under complex 

deformation conditions, such as forming processes employing multi-axial stress states 

[164] . More recently, Coër et al. (2013) reported on the kinetics of PLC bands in simple 

shear from the DIC strain fields, which are found to be qualitatively similar to uniaxial 

tension. Mansouri et al. (2019) examined the hemispherical punch stretching, so called 

Erichsen formability experiment (ISO 20482:2013. Metallic materials—Sheet and 

Strip—Erichsen Cupping Test., 2013) [165], and observed two types of PLC bands, i.e., 
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a full-circular one near the punch contract area and a linear one with a meridional, or 

radial propagation. In this chapter, the flat headed HE experiment is used to create a 

spatially inhomogeneous, multi-axial stress state in the deformation region 

[125,134,160], and to investigate the PLC effect under these conditions. The existence 

of PLC bands is observed with the aid of DIC, and their behavior and kinetics are 

characterized. 

Beyond the formability evaluation, the HE experiment can be a great method to 

validate the material modeling, including plastic anisotropy. Since 1) larger deformation 

can be achieved than a standard uniaxial tension due to compatibility with the 

surrounding material and 2) the material is deformed under various stress states between 

uniaxial tension, plane-strain tension, and equibiaxial tension, from the hole edge and 

radially inland. Parmar & Mellor (1978) suggested an analytical model to calculate the 

stress and strain variation around the hole. Ha et al. (2020 and Korkolis et al. (2016) 

validated material models, in particular, anisotropic non-quadratic yield functions. Ha 

et al. (2020) applied uniaxial straining prior to the HE experiment to investigate 

anisotropic strain hardening effect. Cohen et al, (2009) and Kuwabara et al. (2011) 

investigate the role of orthotropic or more general yield function. 

Hence, the formability of the -W temper is investigated and compared with -T6 

temper through the HE experiment using flat-headed or flat-bottom punch, and the 

Portevin-Le Chatelier (PLC) effect displayed in flat headed hole-expansion experiment 

is additionally investigated in this section. Beyond HE, the experiments include the 

plastic anisotropy characterization of each temper, to calibrate constitutive models 

involving a non-quadratic anisotropic yield function (Yld2000-2d) and an isotropic 

hardening model (combined Swift-Voce). In parallel, finite element (FE) simulations 
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are performed and the results are compared with the experiments regarding global 

(force-displacement curve) and local (thickness strain variation around the hole) metrics. 

For -W temper, the result is analyzed with an extended discussion to the PLC effect and 

the PLC effect on a spatially-inhomogeneous stress field like HE experiment and 

analyze regarding formability aspect is also investigated. 
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4.3.2 Experimental procedure and results 

 

The HE experiments are performed using a fully-instrumented, double-action hydraulic 

press as [170]. The machine has five hydraulic cylinders, i.e., four for the blankholder 

with a max. force of 112 kN each and one for the punch with 260 kN. Two types of 

sensors, i.e., a set of four piezocrystal load cells and a linear resistive transducer 

embedded in the punch cylinder, measure the punch force and displacement, 

respectively. The strain fields are obtained by 3D-DIC using two 2.0 MPixel digital 

cameras (GRAS-20S4M-C) and the VIC-Snap software from Correlated Solutions. The 

post-processing DIC parameters in VIC-3D for a subset, step, and filter sizes are 29 

pixels, 1 pixels, and 5 to keep the strain resolution high and to avoid averaging out the 

strain variation in the hole expansion and 21 pixels, 5 pixels, and 15 for the uniaxial 

tension experiment. The bulge experiment is post-processed by ARAMIS using 19 

pixels, 15 pixels, and 3 for facet, step, and filter sizes, respectively. 

The actual machine with the equipment described above is shown in Fig. 42(a) and the 

specific dimensions of the tooling with a flat-headed, rounded punch are found in Fig. 

42(b). It should be noted that a flat-headed, round punch is not a standard shape referred 

in (ISO 16630, 2009). This is because the objective of this study is not to investigate 

flangeability of a sheared hole, but to examine formability related to the plastic 

anisotropy under “in-plane stretch”. The punch face has a recess to avoid any contact 

with the deforming hole and eliminate frictional effects. Lock-bead is not used to 

restrain flow from the flange into the die cavity and because forming with the lock-bead 

is not successful for this material. Instead, an excessively high blankholding force is 

applied. The hole-expansion specimens are prepared by end-milling a hole of 35 mm 
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dia. An alignment jig is used to ensure that the hole is concentric with the punch before 

each experiment.  

The punch face interfacing with the blank is lubricated using Drawsol diluted in water 

(water:oil=3:1) to reduce friction. Dry friction prevails between the blank and the rest 

of the tooling. The hole-expansion experiments are conducted at least three times to 

confirm the result. Both -T6 and -W tempers show good repeatability, as seen in Fig. 

43(a) for the force-displacement. -W temper reach 1.3 times greater punch displacement 

than for -T6 temper, i.e., 𝛿𝑚𝑎𝑥
𝑤 =17.7 mm and 𝛿𝑚𝑎𝑥

𝑇6 =14 mm, but require 0.63 times 

lower forming force. This agrees well with the uniaxial tensile behavior of each temper 

(Fig. 2 and Fig. 9), as well. The increased cup height in -W vs. -T6 temper is also visible 

in the side view of Fig. 43(b). 

The hole-expansion formability evaluated by hole-expansion ratio (λ) is calculated 

using equation (10). The 𝑑𝑖 is measured before the experiment by a digital caliper, 

which is constantly 17.5 mm in this section, and 𝑑𝑓is determined by an average value 

of expanded hole diameters at the onset of fracture in three experiments using the 

coordinate information post-processed by VIC-3D instead of using digital caliper. The 

measured values for d_f show good repeatability with small standard deviation, i.e., 

St.d=0.4 and 1.3 mm, for -T6 and -W, respectively. The calculated λ for each tempers 

are respectively 𝜆𝑇6 =0.166 and 𝜆𝑊 =0.283, which indicates that the material in -W 

temper has 1.5 times greater hole-expansion formability than that in -T6 temper. This 

value almost coincides with the simple comparison based on the punch displacement 

up to rupture described above. Images of the expanded holes and the associated 

diameters are shown in Fig. 43(c). 
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Figure 42. Experimental set-up for hole-expansion: (a) fully-instrumented, double-

action hydraulic press with 3D-DIC and (b) specific dimension of tooling with a flat-

headed punch [170] 
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Figure 43. Comparison of hole-expansion experiment for T6 and AA7075-W: (a) punch 

force-displacement curves, (b) cup height, and (c) average expanded hole diameters in 

the RD of deformed specimens at the onset of fracture with standard deviations of three 

experiments. It should be noted that (b) is a side view of the fractured specimen 

unloaded from the machine as soon as the first rupture occurs and (c) is a front view 

from DIC at one frame before the fracture. 
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In addition to the comparison of structural responses, the thickness strain distribution 

around the hole is examined at the onset of rupture, as seen in Fig. 44. The average 

strain in absolute value is greater in -W temper than -T6 temper, which also represents 

superior formability. However, despite of the different achievable strain level, the local 

strain variation has a similar pattern for both tempers: the greatest thinning is observed 

along the RD (vertical direction) and the lowest along the ±45o from the RD. As a result, 

the first rupture is prone to occur in the RD for both tempers (marked by solid arrows 

in Fig. 44). It should be noted that rupture is observed in the TD in one out of four 

experiments in -T6 temper (marked by dashed arrows in Fig. 44). All -W temper 

specimens failed in the RD. 

The same observation with Fig. 44 is made in Fig. 45 for the thickness strain variation 

around the circumference, along a hoop of 20 mm initial radius which is 2.5 mm inland 

from the hole to avoid possible loss of DIC correlation at the edge. The thickness strain 

evolution is presented at five different relative punch displacements (δ) up to rupture 

(δmax ), i.e., 0.5, 0.65, 0.8, 0.9, and 1 δ⁄δmax . One experiment from each temper is 

plotted; however, at the onset of rupture, i.e., δ⁄δmax = 1, all experiments are included, 

to compare the test-to-test variation. These results agree reasonably well to each other, 

confirming the repeatability of the experiments (see also Fig. 43(a)). The average 

thickness strains at the onset of rupture are respectively -0.099 and -0.144 for -T6 and -

W tempers. Both are greater than the max. thickness strain at the onset of rupture during 

uniaxial tension, i.e., -0.084 and -0.111. This confirms that the hole-expansion 

experiment enables larger plastic deformation than uniaxial tension using a standard 

specimen, even though the material near the hole edge is also subjected to almost 

uniaxial tension along the hole circumference, as reported earlier from Ha et al. (2020) 
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and Kuwabara et al. (2011). 

Like in Fig. 44, the max. thinning in Fig. 45 is mostly observed in the RD, i.e., 180o, 

(except one experiment for -T6 temper with the max. thinning in the TD). As a result, 

the RD is the most favored direction for the first rupture in both tempers. In contrast, 

45o direction always exhibits the least thinning regardless of temper. This indicates that 

the anisotropy, as measured by the uniaxial tension experiment, i.e., r-value, is not 

significantly altered by this specific heat-treatment, i.e., SHT and water-quenching. 

(This will be addressed further in the next Section.) One noticeable difference between 

the two tempers is the smaller difference of min. and max. thickness strains in the RD 

and TD. This difference is identified by a light-orange band in Fig. 45. It is possibly 

related to PLC activity observed in -W temper but not in -T6 temper samples. This will 

be further discussed later in detail. 
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Figure 44. Thickness strain variation onset of fracture of T6 and AA7075-W 

  



 

１１０ 
 

 

. 

Figure 45. Evolution of thickness strain variation around the hole for (a) T6 and (b) 

AA7075-W 
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4.3.3 Material modeling and Numerical simulation 

 

4.3.3.1 Material modeling 

 

The material behavior in both tempers, i.e., T6 and AA7075-W, is modeled based on 

the experiments presented in chapter 3. The true stress and true plastic strain 

relationships for both tempers are obtained from the uniaxial tension experiments and 

used to extrapolate the strain hardening behavior beyond the limit of uniform 

deformation in uniaxial tension. In order to capture different hardening features in both 

tempers, such as saturation-type hardening in T6 and large ratio between yield and 

ultimate tensile stresses in AA7075-W, using the same type of model, a combined Swift-

Voce hardening is used as suggested by Eller et al. (2016) and Roth & Mohr (2014) as 

shown below in Eq. (12): 

�̅� = 𝜔𝑎 ∙ K(ε̅ + ε0)n + (1 − 𝜔𝑎) ∙ {σs − (σs − σy)exp(− ε̅ c⁄ )}                  

( 12 ) 

Plastic flow is described similarly to the previous chapters 3 by a non-quadratic 

anisotropic yield function (Yld2000-2d) incorporating a rate-independent, associated 

flow rule. 8 experimental data from uniaxial and equibiaxial tension (summarized in 

Table 10) are utilized for the parameter calibration of Yld2000-2d (α_(i,i=1~8)). In the 

HE experiment, considering the deformation range of measured thickness within an 

area of interest, normalized stress and the biaxial ratio between RD/TD are calculated 

again for capturing the material behavior more in detail. Newton-Raphson optimization 

method is adopted due to its robustness. The resulting parameters are presented in Table 

11 for each temper.  
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Figure 46. Extrapolation of flow stress-strain curves using combined Swift-Voce model for 

AA7076-T6 and AA7075-W 

 

 

Table 10. Summary of the experiments used for Yld2000-2d parameter calibration 

 Normalized stress r-value 

Direction 
UT 

(RD) 

UT 

(DD) 

UT 

(TD) 
BB 

UT 

(RD) 

UT 

(DD) 

UT 

(TD) 
BB 

T6 1 0.978 1.006 1.045 0.53 1.12 0.69 0.99 

AA7075-W 1 0.973 1.004 1.045 0.54 1.02 0.67 0.99 

 

Table 11 Anisotropy parameters for Yld2000-2d (𝑚=8) 

 α1 α2 α3 α4 α5 α6 α7 α8 

T6 0.886 1.002 0.903 0.990 1.001 0.857 1.021 1.090 

AA7075-W 0.896 0.993 0.897 0.992 1.000 0.860 0.018 1.117 
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Figure 47(a) represents the normalized stresses and r-values of the uniaxial tension 

experiments and the predictions of Yld2000-2d. It shows that for both tempers the 

anisotropy is very similar and, as typical for aluminum alloys, the r-values exhibit 

stronger anisotropy than the flow stresses. The plane-stress yield loci for both tempers 

are shown in Fig. 47(b), along with the in-plane experimental data, i.e., RD and TD 

uniaxial tension, and equibiaxial tension. The yield loci of Yld2000-2d for both tempers 

show very similar shapes due to the similar anisotropy properties. This indicates that, 

while the SHT changes the flow stress and ductility of AA7075, it does not markedly 

affect its plastic anisotropy as reported by Leacock et al. (2013). 

Cullen and Korkolis (2013) observed deformation-induced heating and strain-rate 

effects are neglected, as is typical for aluminum alloys under such conditions and it is 

also verified by Knysh and Korkolis (2015).  
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Figure 47. (a) Anisotropy in yield stress and r-value in uniaxial tension at RD, DD, and 

TD and prediction of Yld2000-2d and (b) yield loci of T6, AA7075-W, and von Mises 
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4.3.3.2 Numerical model 

 

The HE simulation is conducted using the commercial FE software 

Abaqus/Standard version 6.12 (implicit solver) [171] with a user-defined material 

subroutine (UMAT) for the constitutive models, i.e., Yld2000-2d yield function and 

combined Swift-Voce hardening model. The FE model for HE is built as a quarter of 

the problem, considering two-fold symmetry, as shown in Fig. 48(a). 

All components of the tooling, i.e., punch, blankholder and die, are created by non-

deformable, analytical rigid body elements. The blank is constructed as a deformable 

body using 4-node shell elements with reduced integration (S4R) and hourglass control. 

Based on the sensitivity test performed, 9 integration points are assigned in the through-

thickness direction referring as Lee et al. (2019) implemented. The mesh of the blank 

is given in Fig. 48(b) and is designed to reduce the computational time. In consideration 

of the amount of deformation subjected to the blank, it is divided into three sections 

from the hole outwards: I) hole periphery, where the deformation mainly occurs, II) the 

region between the contact with the punch and the section clamped by the blankholder, 

and III) the clamped section. The mesh sizes are determined in an increasing order as 

1.0, 2.0, and 2.5 mm, respectively, through a mesh sensitivity study. The locations of 

first contact of the blank with the punch (red solid line) and the die (yellow solid line) 

are marked in Fig. 48(b) at 38 mm and 67 mm from the center (i.e., at diameters of 76 

mm and 134 mm, also see Fig. 42(b)), respectively, to help with visual understanding. 

Along the circumferential direction, 60 elements are assigned to the quarter geometry, 

i.e., each of them is occupying a 1.5° arc. 
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.

 . 

Figure 48. (a) Isometric view of finite element model in quarter size for hole-expansion 

and (b) planar view of blank mesh. The red line indicates the contact with the punch 

and the orange line the contact with die radius. Regions of different mesh densities are 

identified with I, II and III. 
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Surface-to-surface contact is assumed between the blank and other interfaces of 

the tools. Taking the different lubrication conditions of the interfaces into account, a 

Coulomb friction coefficient of 𝜇=0.2 is applied between blank and punch and 𝜇=0.65 

between blank, die and blankholder, to ensure that no flow occurs there. A 80 kN 

constant blankholding force is applied to the interface of blank and blankholder in the 

quarter model. In contrast to standard deep-drawing practice, the total blankholding 

force (320 kN) is 2.5-4 times higher than the maximum punch force (shown in Fig. 

43(a)), to ensure that no material is drawn-in from the flange to the die cavity during 

HE. However, where a usual blank would tear during drawing under such conditions, 

the result of this constraint here is to instead force the bottom of the cup to stretch, 

expanding the hole that is located there. No other, displacement-based constraints are 

applied to the blank. 
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4.3.3.3 Comparison of the experiments and predictions 

 

The punch force-displacement curves (Fig. 49(a)) and thickness strain variation 

along the circumferential direction (Figs. 49(b)-(c)) from the HE experiments of both 

tempers presented before are now compared with the results of FE simulations. The 

force-displacement curve, which represents the structural behavior of the material, is 

well predicted by the constitutive and numerical models used for the simulation. 

The predicted thickness strain variation along the circumference is extracted at the 

same punch displacements as the experiment. The results show reasonable agreement 

in terms of average strain level and variation pattern. On the other hand, the prediction 

generally underestimates the max. thinning and as a result of that, the difference 

between the max. and min. thinning at either RD or TD and DD, respectively, is smaller 

than the experiment. This is possibly caused by insufficient information to calibrate the 

hardening model using the uniaxial tension stress-strain curve, since the strain in HE 

can reac9h to a higher level than in the standard uniaxial tension. In an earlier work (Ha 

et al. (2020), the authors have identified the hardening model using the post-necking 

work-balance in uniaxial tension. As an alternative, experiments such as simple shear 

can be used to obtain the stress-strain curve for large deformations (Coër et al. (2013) 

and Rahmaan et al. (2020)). Abedini et al. (2020) extended the approach using shear 

strain and obtained hardening responses for general anisotropic materials. Any of these 

could be a great option to consider as future work, to improve the predictions. 

 Regarding the max. thinning, which results in the first rupture, the prediction for 

-T6 temper shows similar thickness strain levels in RD and TD, which correlates well 

with the experimental observation, i.e., first rupture in either of these locations.  
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Figure 49. Comparison of experiment and simulation for hole-expansion: (a) punch 

force-displacement curves and evolution of thickness strain variation along the hole 

periphery of (b) T6 and (c) W 
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However, for -W temper, although the overall prediction is good, the features 

related to the max. thinning, e.g., location and strain level, are not correctly predicted. 

This discrepancy may be caused by neglecting the PLC effect in the material modeling 

for -W temper, due to which the FE simulation cannot capture any influences of the 

PLC bands on the strain distribution. This will be further discussed in the next section.  
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4.3.4 Discussion 

 

The fact that the experiments and the FE prediction for -T6 and -W tempers are 

generally in good agreement (see Fig. 49) indicates that the constitutive models 

implemented in the simulation work reasonably well. The overall structural response 

(see Fig. 49(a)) is captured very well, which is somewhat expected as it is typically not 

very sensitive to the plastic anisotropy. This is also demonstrated earlier in a variety of 

other problems from Korkolis and Kyriakides (2011b), Giagmouris et al. (2010) and Ha 

et al. (2018). Furthermore, the plastic anisotropy for -T6 and -W tempers is described 

in a similar way, which produces similar predictions for the thickness strain variations. 

However, the PLC effect, which only appears in the -W temper samples, is not 

considered in the material modeling. As a result of that, the thinning profile in -W 

temper is not as well predicted as in -T6. In this section, a detailed analysis about the 

PLC banding and its effect on the strain redistribution during the HE experiment is 

presented. 

The first observation is made on the circumferential strain distributions measured 

in the experiments, as shown in Fig. 50. Higher circumferential strain is observed along 

the RD in both -T6 and -W tempers, but the difference between the RD and TD is much 

more significant in -W temper. While the PLC effect on the strain variation is not clearly 

shown in Fig. 45b, a close-up of the thickness strain variation, marked as a red arc of ± 

4 mm (± 10 o) and spanning the first rupture in RD, shows that the strain evolution in 

the -W is distinctly different from the one in the -T6 temper (Fig. 50).  
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Figure 50. Evolution of thickness strain variation within ± 4 mm arc from the RD during 

the last 30 steps before fracture of (a) T6 and (b) AA7075-W 
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The data is plotted for the last 30 steps preceding the onset of rupture. The punch 

displacement range during these 30 steps is included in each figure, while every 10 steps 

are represented with the same color set from red to black. In Fig. 50(a), the thickness 

strain evolution of -T6 temper is displayed, in which the strain evolution is fairly 

proportional between each step. It can be noticed that the neighborhood of RD shows 

higher thinning rates than its surroundings, which is eventually leading to the max. 

thinning appearing there. In contrast, in Fig. 50(b), the local strains in -W temper evolve 

irregularly, with the max. thinning locations shifting until failure occurs. 

This non-uniform strain evolution in -W temper is clearly observed in a wider 

range of view, i.e., an arc of ± 90o from the RD (Fig. 51). That plot includes 10 steps of 

thickness strain evolution at nearly 90% of max. punch displacement (from 15.5 mm to 

16.3 mm, when max. is 17.7 mm). This non-uniform, inhomogeneous strain evolution 

pattern is a definite evidence of the PLC effect by previous researches such as 

Neuhäuser et al. (2004) and Reyne et al. (2019), indicating that such PLC activity is 

affecting the strain distribution together with the plastic anisotropy during the HE 

experiment. In this regard, the thickness strain variation is considered to be governed 

by different mechanisms in each temper: for -T6 temper, it is mainly attributed to the 

plastic anisotropy of the material, while for -W it is due to a combination of plastic 

anisotropy and PLC effect. This explains the observation of the greater strain difference 

between the RD and TD in -W temper (Figs. 49(c) and 50) compared to -T6 temper. 

Other researches investigated this strain pattern as one of the experimental 

observation about PLC effect with DSA mechanism [22,180,181]. The propagation of 

the PLC bands during hole-expansion is seen in Fig. 52. The circumferential strain and 

strain-rate near 𝜃=180o (in the counter-clockwise direction, assuming the origin to be 
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along the rolling direction (RD)) are closely monitored during punch displacements 𝛿 

from 13.1 mm to 13.4 mm (or 𝛿/𝛿𝑚𝑎𝑥 from 0.74 to 0.76), for five frames named as I 

to V.  

 

 

 

 

 

 

 

 

Figure 51. Evolution of thickness strain variation within ± 90o from the RD (wider view 

of Fig. 50(b)) of AA7075-W 
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Figure 52. Propagation of PLC bands: close-up of (a) circumferential strain and (b) 

circumferential strain-rate fields, and (c) thickness strain-rate along the hole for 360° 

during 𝛿 = 13.1 (Frame I) to 13.4 (Frame V) mm 
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In Fig. 52(b), one particular PLC band, moving along the circumferential direction, 

is traced during 𝛿 from 13.1 (Frame I) to 13.4 (Frame V) mm, equivalent to 𝛿/𝛿𝑚𝑎𝑥 

from 0.74 to 0.76. But multiple PLC bands have appeared simultaneously in different 

locations of the hole periphery, as in Fig. 52(c) which is the thickness strain-rate for 

360o along the hole, measured at 2.5 mm inland from the hole edge to avoid the lost 

DIC correlation there. (The black box in Fig. 52(c) presents the location corresponding 

to Figs. 52(a) and 52(b)) Each time frame is presented in the same color, from yellow 

(Frame I) to black (Frame V) solid lines. Counting peaks with strain-rate higher than a 

threshold (| 휀 |̇  > 10-2 /s), total seven active, coexisting PLC bands are identified in 

the hole periphery during this range of punch displacements. The direction of their 

propagation is characterized based on the translation of the peaks (see black arrows in 

Fig. 52(c)). Although the figure shows the activity of PLC bands during the specified 

range (𝛿/𝛿𝑚𝑎𝑥=0.74 to 0.76), the same motion of the PLC bands (i.e., translation along 

the circumferential direction) is consistently observed during the entire plastic 

deformation process. It should be noted that no consistent tendency of the propagation 

direction (e.g., clockwise vs. counter-clockwise) is observed. Furthermore, in contrast 

to uniaxial tension, the appearance of single PLC band is over various stress states 

(uniaxial to plane-strain and equibiaxial tension) in the radial direction. This is a distinct 

observation of the PLC bands under multiaxial stress states, produced in the hole-

expansion, compared to the hydraulic bulge test [27].  

The PLC activity, identified by the strain-rate as seen in Figs. 52(b) and 52(c), is 

examined for each step during the entire deformation up to the fracture. This is to 

understand further behavior of PLC band during the hole-expansion experiment, such 

as appearance of a new PLC band (nucleation) and disappearance of existing one 
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(dissipation), as well as the relationship to plastic anisotropy. 

While the PLC bands in the uniaxial tension experiment can move out and 

disappear from the gauge region, in hole-expansion they are confined along the 

circumferential direction. This means that the life of a particular PLC band can be 

tracked from its nucleation to dissipation, see Fig. 53(a). A particular PLC band is 

monitored using a few frames before the nucleation and after the dissipation, while 

𝛿=11.19 to 15.61 mm (or 𝛿/𝛿𝑚𝑎𝑥 from 0.63 to 0.88).  
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First, the nucleation of a PLC band near 𝜃 ≈10o is described in Fig. 53(b), i.e., a peak 

without interactions with neighboring PLC bands. Looking at the thickness strain-rate 

field (Figs. 53(a) and 53(b)), one PLC band suddenly appears in Frame c and starts 

displacing clockwise independently of the other bands. In Fig. 53(a), tracking of this 

PLC band is shown from its nucleation (red solid line) and translation (grey solid lines) 

till dissipation (blue solid line). The nucleation is shown Fig. 53(b) in more detail as a 

3D view with respect to the progress of 𝛿: the thickness strain-rate increases locally as 

a peak at Frame c (red solid line) and translates progressively from Frame c to e. The 

band travels almost ∆𝜃 =230o from the initial location, but eventually disappears when 

it encounters another PLC band moving in the opposite direction at Frame O (Figs. 53(a) 

and 53(c)). It can be concluded that except the case when a PLC band disappears 

naturally, it will keep moving until it collides with another PLC band traveling in the 

opposite direction. 

Based on the same method to observe new band as described before, the total 

number of new PLC bands until fracture is counted from the whole area divided into 8 

sections based on the orientation; i.e., two in the vertical (rolling direction, RD), two in 

the horizontal (transverse direction, TD), and four in the diagonal (DD) directions (Fig. 

54(a)). Since the sections in the DD occupy double the area compared to the other 

directions, the counted number of nucleation sites is normalized by the number of 

occupying sections, when examining the orientation effect on the PLC nucleation. The 

results of three repeated experiments are summarized in Table 12. Figure 54(b) 

represents the strain distribution when the punch displacement 𝛿 is 16.71 mm (𝛿/𝛿𝑚𝑎𝑥 

=  0.94) and Fig. 54(c) shows the evolution of deformation on RD region during the 

deformation about the thickness strain variation along the hole [90]. Although each 
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experiment performed exhibits some variation of the count, the sections along the RD 

are consistently the most favored region for the nucleation of new PLC bands, and DD 

are the least. At the same time, the RD region shows large deformation in thickness 

strain as shown in Figs. 54(b) and 54(c). This strain variation in the hole periphery is 

caused by plastic anisotropy. The figure shows that the maximum thinning is observed 

along the RD; the least thinning is along the DD. These results correspond to the 

findings for the PLC nucleation sites in Table 12. This correlation indicates a positive 

relationship between the nucleation of PLC bands and the equivalent plastic strain 

[90,181], which varies along the circumference due to the plastic anisotropy. In 

particular, the strain difference in the RD and TD caused by the plastic anisotropy is 

amplified due to the PLC bands, see Figs. 3 and 55. Figure 55(a) shows that the stress-

drop observed in the uniaxial tension experiments is proportional to the plastic strain. 

Thus, the rupture in HE may occur in RD, where the strain is higher, due to the larger 

associated stress-drop than TD. In this regard, in the HE experiment (Fig. 55(b)), the 

greater strain increment in the RD step-like strain evolution implies that the material in 

the RD will experience sudden stress drops more often than the other locations, which 

makes the RD location dominantly prone to failure. For comparison, included in Fig. 

55(b) are also the results of the -T6 temper, which show a smooth increase of the strain 

values, in contrast to the step-like increase seen for the -W temper. 
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Figure 54. Effect of plastic anisotropy on the nucleation site for PLC band: (a) area 

division along the material orientation and PLC bands observed in the thickness strain-

rate field, (b) thickness strain variation caused by plastic anisotropy at 𝛿 = 16.71 mm, 

and (c) thickness strain evolution along the hole [90] 
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Table 12. Count of nucleation sites with respect to the material orientation 

Experiment RD DD TD 

Test 1 9 2 6 

Test 2 15 2 3 

Test 3 13 2.5 3 

 

Figure 55. (a) Amplitude in stress serration (flow stress drop) measured from uniaxial 

tension and (b) evolution of major principal strain during hole-expansion measured at 

RD and TD 
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4.4 Remarks 

 

This study investigated the effects of -W tempering on the formability of an AA7075 

sheet in hole expansion. The HE experiments are conducted using a conical punch and flat-

headed punch to evaluate the HER values based on the diameter between before and after 

the experiment.  

In the conical HE experimental results, OM, SEM, EBSD, and CLSM micrographs 

are used to investigate the surface of the hole edge or properties of thickness near the hole. 

Based on the conical HE experimental results, the following conclusions can be drawn: 

 

 To investigate the edge crack behavior or stretch-flangeability through the HE 

experiment using the conical punch, two hole edge conditions are compared, 

punching (shearing) and wire EDM. 

 In T6 temper, the specimen with a hole fabricated by the shearing process shows 

lower HER values than the specimen with a hole fabricated by wire EDM because of 

deformation during the hole preparation process. The OM and SEM micrographs 

show clear differences in the cross-section of the hole edge. Furthermore, the KAM 

maps within thickness near the hole in both edge conditions show the accumulated 

deformation applied by the shearing process. 

 In W temper, the HER results are almost similar between the two edge conditions 

because the SHT alleviates the deformation made by punching. Even though the 

punching process is conducted after SHT, the HER value of W is higher than that of 

T6 with the same edge condition. 

 Overall, the W temper shows higher HER values than that of T6 in both edge 
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conditions. The W temper has longer elongation and is more ductile than T6, even 

though the W temper has shorter post uniform elongation from negative strain rate 

sensitivity. 

 

For HE experiment using flat-headed punch, the strain evolution on the specimen surface 

is measured using the 3D-DIC technique. A combined Swift-Voce hardening law and non-

quadratic anisotropic yield function Yld2000-2d are implemented in the FE simulation. 

The major findings of this HE study using flat-headed punch are: 

 

 In the HE experiments, the average strains at the onset of the first rupture are higher 

than in the uniaxial tension test, even though uniaxial tension prevails at the hole edge. 

Similar to the uniaxial tension case, the material in -W temper reaches a higher punch 

displacement with a lower punch force than the -T6. As a result, the overall thickness 

strain (average and max.-min.) is greater in -W temper and the hole is expanded by 

70% more than in -T6. This indicates that -W temper is beneficial from a formability 

point of view. 

 Comparing the experiments to the FE predictions, the force-displacement and 

average thickness strain evolution throughout the HE experiments show good 

agreement for both tempers. This is despite the fact that the constitutive modeling of 

AA7075-W does not contain the PLC effect. 

 Appearance of the PLC band in the hole-expansion experiment is along the radial 

direction from the hole center. As a result of that, the individual PLC band spans 

diverse stress states as the radial distance increases. The PLC activity is clearly 

observed in the thickness strain-rate field. The instantaneous strain-rate of an active 
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PLC band is almost an order of magnitude higher than neighboring regions outside 

of the PLC. 

 The PLC bands propagate along the circumferential direction, which is almost 

perpendicular to the band alignment, instead of spreading out in a spiral shape. The 

bands can propagate either clockwise or counter-clockwise. The life of an individual 

PLC band, from nucleation to dissipation, is traced by the DIC analysis during the 

hole-expansion. A nucleated PLC band continues to propagate until it dissipates by 

an interaction with another band, traveling in the opposite direction. In such a case, 

two individual bands approaching from the opposite directions collide; one PLC band 

disappears and the other keeps moving in its original direction. 

 The plastic anisotropy plays a major role in determining the thickness strain variation 

in -T6 temper. However, despite both -T6 and -W tempers showing similar anisotropy, 

the -W temper presents different thickness strain variation from -T6, due to the PLC 

effect. The greater strain that develops in the RD due to the plastic anisotropy can 

cause a larger number of PLC band nucleation sites near the RD, compared to other 

material orientations such as DD and TD. This indicates that the strain variation 

around the hole periphery that is caused by plastic anisotropy affects the nucleation 

of PLC bands. 

 

Based on these findings, it can be concluded that The W temper shows longer HER 

values than T6 temper in both hole preparation edge conditions. The W temper has more 

ductile material properties, even though it has shorter post uniform elongation than T6 

because of negative strain rate sensitivity. Also, the W temper could obtain larger HER 

values when SHT alleviates the partial deformation applied by punching.  
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The constitutive and numerical framework used in the study using a flat-headed punch 

can be used for a preliminary, virtual design of a forming process in a computationally 

efficient way. The major purpose of that preliminary step is to evaluate anisotropic 

deformation and formability due to localization of Al alloy sheets under different tempers. 

Once this is completed and the process design space is narrowed down, a more detailed 

study to include the PLC effect and associated inhomogeneous deformation characteristics 

is warranted, either experimentally or with more advanced constitutive models. 
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5. Conclusion 

 

This thesis presents the results of experimental and numerical studies on the effect of 

heat treatment on the mechanical properties and edge cracking behavior of high-strength 

7075 aluminum alloy sheets. The experimental results of W-temper, super-saturated by 

solution heat treatment followed by water quenching, are compared to those of peak-aged 

7075 (T6) temper by evaluating forming feasibility using various experiments. The 

experiments are numerically simulated based on the identified mechanical properties, and 

they are then comparatively analyzed with the 7075-T6 sheet. 

In chapter 2, the mechanical properties of both tempers are scrutinized in various 

tests. The process parameters of -W temper are determined as 15 minutes solid solution 

heat treatment followed by water quenching, and the holding time between quenching 

and forming is less than 30 minutes. Both tempers show similar anisotropy including 

minor anisotropy in strength and higher anisotropy in plastic deformation. The 

reduction of elastic modulus is measured by a loading-unloading test, showing 

approximately 10% degradation. The investigated 7075-WT and T6 sheets showed 

considerable anisotropic hardening under loading path changes evaluated by a 

compression-tension test. 

In chapter 3, based on a forming limit diagram obtained to verify formability, -W 

has a higher forming limit curve than T6, meaning enhanced formability. Prediction 

using the Marciniak-Kuczynski (M-K) model with the non-quadratic anisotropic yield 

function Yield2000-2d and the Swift hardening law shows considerable discrepancy 

from the measured FLDs. The larger exponent value in Yld2000-2d could better predict 

the formability of the 7075-T6 sheet. For the 7075-WT sheet, the overestimation of 
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ductility or the strain hardening exponent by the best fitted Swift hardening model might 

be attributed to the serrated flow behavior; therefore, the re-calibrated Swift hardening 

law that considered the measured uniform elongation (or strain hardening exponent) as 

an additional constraint for fitting provided better agreement with the experiment results 

of formability. 

   Also, a U-draw bending experiment is used for measuring springback, and W 

temper exhibits smaller springback than T6. The springback profiles are well predicted 

by the distortion-based HAH model and the chord modulus approach for both sheets. 

The predicted punch force-displacement curve is also well predicted in T6 temper; 

however, the predicted curve of -W displays underestimated punch force. The 

underestimated punch force for the 7075-WT sheet could be explained by the 

roughened surface quality by marks left by the Portevin-Le-Chatelier (PLC) effect, 

which virtually increases the friction coefficient. 

   In chapter 4, edge crack behavior or stretch-flangeability are investigated 

through hole-expansion (HE) experiments with conical and flat-headed punches. In the 

case of conical hole expansion, the hole expansion ratio results of two hole edge 

conditions, punching (shearing) and wire EDM, are compared. In T6 temper, the 

accumulated deformation through the hole fabrication process by shearing deteriorates 

the hole expansion ratio (HER) values more than the hole expansion ratio values using 

wire EDM for hole fabrication. However, the W temper displays almost similar hole 

expansion ratio values for the two hole fabrication methods because SHT alleviates the 

accumulated deformation made from the hole fabrication process. Overall, the W 

temper shows higher hole expansion ratio values than that of T6 in both edge conditions. 

The W temper has longer elongation and is more ductile than T6, even though the W 
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temper has shorter post uniform elongation from negative strain rate sensitivity. 

For the flat-headed HE experiment, the strain evolution on the specimen surface is 

measured using the 3D-DIC technique, and a combined Swift-Voce hardening law with 

non-quadratic anisotropic yield function Yld2000-2d are implemented in the FE 

simulation. Hole expansion ratio values and overall thickness strain are greater in -W 

temper. Comparing the experiments to the FE predictions, the force displacement and 

average thickness strain evolution show good agreement for both tempers. The 

appearance of the PLC band in the hole expansion experiment is along the radial 

direction from the hole center and propagates along the circumferential direction. The 

life of an individual PLC band, from nucleation to dissipation, is traced by DIC analysis 

during hole expansion. Plastic anisotropy plays a major role in determining the 

thickness strain variation in -T6 temper. Even though both -T6 and -W tempers show 

similar anisotropy, the -W temper presents a different thickness strain variation from -

T6 due to the PLC effect. The greater strain that develops in the RD due to plastic 

anisotropy can cause a larger number of PLC band nucleation sites near the RD, which 

indicates that the strain variation around the hole periphery is caused by plastic 

anisotropy and affects the nucleation of PLC bands. 

In this thesis, the -W temper shows enhanced elongation, lower flow stress, larger 

forming limit diagram, smaller springback, and even greater stretch-flangeability than 

T6 temper. Therefore, the W process can potentially be used to manufacture high 

strength aluminum sheets at room temperature. 

The following PLC effect influences on each experiment are investigated: 

1) Overestimation of the strain hardening coefficient in hardening curve, 2) high 

roughness in the surface condition, 3) short post uniform elongation caused in the 
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ductile material, and 4) appearance of PLC bands in the hole expansion experiment 

showing interactions with plastic anisotropy. 

Based on these results, more detailed research to include non-homogeneous strain 

properties associated with PLC effects can be developed experimentally or in the future 

with more advanced constitutive models. 
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Appendix 

 

Appendix A. References of journal publications related to this 

thesis. 

 

1. Yumi Choi, Jinwoo Lee, Sudhy S Panicker, Hong-kyo Jin, Myoung-Gyu 

Lee, Mechanical properties, springback, and formability of W-temper and 

peak aged 7075 aluminum alloy sheets : Experiments and modeling, 

International Journal of Mechanical Science, 2020, 170: 105344 

2. Yumi Choi, Jinjin Ha, Myoung-Gyu Lee and Yannis P. Korkolis, Effect 

of plastic anisotropy and Portevin-Le Chatelier bands on hole-expansion in 

AA7075 sheets in -T6 and -W tempers, Journal of Materials Processing 

Tech, 2021, 117211 

3. Yumi Choi, Jinjin Ha, Myoung-Gyu Lee and Yannis P. Korkolis, 

Observation of portevin-Le chatelier effect in aluminum alloy 7075-W under 

a heterogeneous stress field, Scripta materilia, 2021, 114178 

4. Yumi Choi, Jin-woo Lee, Hyuk-jong Bong, Myoung-Gyu Lee, The 

effect heat treatment on edge cracking behavior of Aluminum 7075 (in 

preparation) 
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Appendix B. Comparison of material properties of AA7075-T6 

sheets  

 

 

The comparison of engineering stress-strain curve of AA7075-T6 1.5t and AA7075-T6' 

1.0t used in this thesis. The 7075-T6' is used for conical HE experiment. 

 

Chemical compositios of the aluminum alloy T6' sheet (in wt.%) 

Zn Mg Cu Fe Si Mn Ti Cr Al 

5.7 2.8 1.5 0.18 0.07 0.03 0.08 0.18 Bal. 

Mechanical properties for the 7075-T6' and 7075-W' 

Materials Orientation 

Yield stress 

[MPa] 

UTS 

[MPa] 

UEL* 

[%] 

TEL** 

[%] 

R-value 

7075-T6' RD 513 580 12.7 14.7 0.57 

7075-W' RD 133 359 19.1 21.7 0.59 
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요약문 (Abstract in Korean) 

 

차량 경량화가 대두됨에 따라, 경량 금속인 알루미늄 7천계를 차량 

부품으로 활용하기 위하여 다양한 공정이 연구되고 있다. 본 연구에서는 

강한 강도를 나타내는 T6 상태의 원소재를 용체화와 수냉 과정을 이용한 

W 상태에 대해서 연구를 진행하였다. 

W 상태는 T6 상태에 비해서 용체화에 이은 퀜칭 직후에는 낮은 강도와 

긴 연신율을 가질 뿐 더러 퀜칭 이후 자연시효로 인해서 원 소재의 80% 

이상까지 강도를 회복하는 장점이 있다. 현재 이런 W 상태에 관련하여 

다양한 실험 결과나 소성 변형 거동, 특히 수치해석학적인 연구 결과가 

아직 많지 않기 때문에 관련 연구가 필요하다. 본 학위 논문은 W 상태의 

성형 가능성에 대해서 여러 실험 방법을 통해서 조사하였다. 이를 위하여 

T6 와 W 상태의 소재를 대상으로 성형 한계 곡선을 이용한 성형성 연구, 

U자형 드로우/벤딩 실험을 통한 스프링백 연구, 원추형 및 납작형 펀치를 

이용하여 홀확장성 실험을 통해 엣지 크랙 거동 연구 등의 주제에 대해 

각각 진행하였다. 그 결과 전체적으로 W 상태의 소재가 T6 소재에 비해 

더 넓은 성형 한계 곡선 영역, 더 적은 스프링백, 더 높은 홀 확장성 등을 

나타내었다. 

  특히 W 템퍼의 경우에는 공칭 응력 곡선 내에서 Portevin-Le-Chatelier 

(PLC) 효과라고 불리는 톱니형 응력 곡선이 나타나기 때문에 이러한 측정 

결과들은 PLC효과가 각 실험에 끼치는 영향성을 고려하여 분석하였다. 

T6를 이용한 실험 결과 및 유한요소해석 검증을 토대로, W 템퍼 결과에 

대해서 동일하게 진행했으며 PLC효과를 제외한 물성을 반영한 
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유한요소해석 결과와 실제 실험 결과를 비교하는 과정을 통해 역으로 

PLC 효과가 각 실험에 끼치는 영향성에 대해 분석하였다. 그 결과를 

토대로 PLC 효과로 인한 특징을 기존 유한요소해석에 반영할 수 있는 

방법 혹은 결과 분석시에 고려해야 하는 점 등에 대해 연구하였다. 그 

결과 PLC 효과는 강화 곡선의 변수 과도한 값 설정, 표면 거칠기 향상, 

더 연질한 성질을 가진 재료의 짧은 post-uniform elongation 특징, 소성 

이방성과 상호작용하여 특정 파단 위치에 집중된 응력 등으로 나타났다. 

 

핵심어 : 고강도 알루미늄 성형, 알루미늄 W 성형, PLC 효과, 성형성, 홀 

확장성 

학번 : 2018-37839 
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