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Abstract 

 

The Effects of Processing Conditions on Static Abnormal Grain Growth 

in Al-Mg Alloy AA5182 

 

 

 

 

Alexander James Carpenter, M.S.E. 

The University of Texas at Austin, 2011 

 

Supervisor:  Eric M. Taleff 

 

Static abnormal grain growth (SAGG) was studied in Al-Mg alloy AA5182 sheet 

by varying four processing parameters: deformation temperature, strain rate, annealing 

temperature, and annealing time. SAGG is a secondary recrystallization process related to 

geometric dynamic recrystallization (GDRX) and requires both deformation at elevated 

temperature and subsequent static annealing. A minimum temperature is required for both 

SAGG and GDRX. Recrystallized grains only develop at strains larger than the critical 

strain for SAGG, εSAGG. The size of the recrystallized grains is inversely related to and 

controlled by the density of SAGG nuclei, which increases as local strain increases. The 

results of this study suggest that SAGG is controlled by two thermally-activated 

mechanisms, dynamic recovery and recrystallization. During deformation, dynamic 



 vii 

recovery increases as deformation temperature increases or strain rate decreases, 

increasing the critical strain for SAGG. SAGG is subject to an incubation time that 

decreases as annealing temperature increases. SAGG can produce grains large enough to 

reduce yield strength by 20 to 50 percent. The results of this study suggest strategies for 

avoiding SAGG during hot-metal forming operations by varying processing conditions to 

increase εSAGG. 
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Chapter 1: Introduction 

 

1.1.  BACKGROUND  

Aluminum alloys, such as the magnesium-containing 5000-series alloys, are of 

interest to the transportation industry because of their light weight and high formability at 

elevated temperatures [1-4]. Fine-grained alloy AA5083 is used in superplastic forming 

(SPF) of complex vehicle closure components because of the great ductility it exhibits at 

elevated temperatures and slow strain rates [5-7]. This ductility, which can produce 

tensile elongations in excess of 300%, is a result of deformation under the grain-

boundary-sliding (GBS) creep mechanism [7]. Although such ductility is highly 

desirable, the high temperatures, slow strain rates, and fine-grained microstructures 

required to achieve it are not. This has led to interest in the solute-drag (SD) creep 

mechanism, which operates at faster rates and lower temperatures. SD creep occurs in 

standard coarse-grained 5000-series aluminum alloys, such as AA5182, as well as the 

fine-grained 5000-series materials used in SPF [4, 8]. SD creep easily produces tensile 

ductilities in excess of 100%, making it of interest as an economical alternative to SPF 

for forming components of moderate complexity [9-10]. However, abnormal grain 

growth (AGG) and recrystallization have been identified as problems limiting formability 

under SD creep [11-13]. These can lead to coarse grains, which unacceptably reduce part 

strength [14-16]. 
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1.2.  LITERATURE REVIEW 

The microstructural stability of AA5182 materials during static annealing has 

been previously studied [6, 13, 17]. Reports in the literature suggest that grain size in 

recrystallized AA5182 is generally stable below 500°C [6, 13]. However, AGG has been 

observed above 500°C in several AA5182 materials. Samajdar et al. observed AGG in 

AA5182 statically annealed at 500°C and higher temperatures for extended periods [17]. 

They suggested that abnormal grains grow from particular grain orientations and depend 

upon both initial grain size and grain orientation distributions. Friedman and Copple [6] 

and Chang et al. [13] also observed abnormal grains in AA5182 following static 

annealing at 500°C and higher temperatures. 

Abnormal grains have been observed in AA5182 and related alloy materials 

following deformation at temperatures of less than 500°C [11-13, 18]. Kazama et al. 

observed abnormal grains following hot blow forming of AA5182 sheet at 440°C and 

higher temperatures [11]. Fukuchi et al. observed abnormal grains after hot bulge 

forming of AA5052 material above 490°C [12]. In both these cases, alloy modifications 

to increase boundary pinning are reported to eliminate abnormal grains. Chang et al. 

reproduced abnormal grains, similar to those reported by Kazama et al. [11] and Fukuchi 

et al. [12], in AA5182 after tensile testing at 400°C and a strain rate of 3 × 10
-2

 s
-1

 [13]. 

They proposed that the abnormal grains grew by static abnormal grain growth (SAGG), a 

particular type of abnormal grain growth closely related to recrystallization processes, 

during cooling following hot deformation. Agarwal et al. observed large recrystallized 

grains after tensile deformation of AA5083 at 450°C and strain rates of 3 × 10
-2

 s
-1

 and 
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faster [18]. They proposed that the large grains resulted from particle-stimulated 

nucleation (PSN) of recrystallization, caused by strain accumulation at intermetallic 

particles with diameters of 1 to 10 μm. This is a mechanism quite different from that 

thought to occur in the AA5182 and AA5052 materials, possible only because of the high 

Mn content in the AA5083 material. 

Chang et al. observed a relationship between abnormal grains and 

recrystallization following elevated temperature deformation [13]. Neither recrystallized 

nor abnormal grains were observed immediately after deformation at temperature, but 

were observed only following static annealing after hot deformation. Chang et al. 

proposed that both abnormal grains and recrystallized microstructure formed by the same 

mechanism during static annealing, a mechanism labeled static abnormal grain growth 

(SAGG). Deformation at elevated temperature produces a deformed microstructure 

containing subgrains. In Al-Mg alloys, the subgrains are gradually pinched off by high-

angle grain boundaries, and these can become new grains at very large strains. This is the 

mechanism of geometric dynamic recrystallization (GDRX) [19-22]. Chang et al. 

proposed that these subgrains could grow to form new grains following deformation to 

strains far less than those required for pinch-off by GDRX. This is the SAGG process, 

growth of these subgrains into new grains during static annealing following deformation 

to moderate strains at elevated temperature. When grain growth terminates prior to 

complete consumption of the deformed microstructure, abnormal grains are observed. 

Abnormal grains are large grains in a much finer microstructure. This is the 

microstructure produced by SAGG, which may also be considered a partially 



 4 

recrystallized microstructure. When grain growth continues until impingement of these 

new grains, then a fully recrystallized microstructure is the result. SAGG, therefore, can 

also be a discontinuous recrystallization process. 

The strain required for completion of GDRX, εGDRX, is that at which the average 

grain width is reduced to approximately the subgrain size. At this strain, the high-angle 

boundaries pinch off all former subgrains, transforming them into new grains with high 

angle boundaries [23]. GDRX can thus produce a fine, equiaxed microstructure with a 

grain size similar to the initial subgrain size. The values of the critical strain for 

recrystallization by SAGG, εSAGG, measured by Chang et al. were always less than εGDRX 

[13]. They hypothesized that a small number of subgrains may near pinch off by GDRX 

at strains far less than εGDRX and that this first occurs at εSAGG. These are the nuclei of 

recrystallization which grow by SAGG. Figure 1 is an illustration of a deformed grain 

that developed subgrains during tensile straining [13]. Subgrain A develops a large-

fraction of high-angle boundary as it nears pinch off by GDRX at location B. During 

subsequent annealing, this high-angle boundary provides the grain-boundary mobility 

required for SAGG. Thus, subgrain A serves as a nucleus for a SAGG grain. As strain 

increases beyond εSAGG, the density of SAGG nuclei increases, up to a strain of εGDRX, the 

strain at which GDRX goes to completion. This leads to a decrease in recrystallized grain 

size with increasing strain beyond εSAGG. 
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Figure 1: An illustration of a deformed grain is shown. Subgrains such as the one labeled 

A develop during deformation at elevated temperatures. Figure is from Reference 13. 

Figure 2 illustrates many of the characteristics of SAGG in AA5182. A minimum 

strain, εSAGG, is required to produce recrystallized grains. The deformed microstructure is 

generally retained at strains less than εSAGG, as shown in Figure 2. The recrystallized 

grains are typically equiaxed and significantly larger than the deformed grains, also 

shown in Figure 2. A diffuse neck along the specimen provides a variety of local true 

strains. As local strain increases above εSAGG, the density of recrystallization nuclei 

increases, leading to a decrease in recrystallized grain size, also shown in Figure 2. 
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Figure 2: A photomicrograph of a specimen annealed at 400°C for 1 hour, after being 

tested to rupture at 10
-1

 s
-1

 and 400°C, is shown. Local true strains measured by area 

reduction are indicated along the specimen length. 

 

1.3. PURPOSE OF STUDY 

Chang et al. studied SAGG and recrystallization in AA5182 only for deformation 

at 400°C and 3 × 10
-2

 s
-1

 [13]. The subsequent annealing study was conducted only at 

400°C, typically for one hour. Thus, the effects of deformation temperature, deformation 

rate, annealing temperature, and annealing time on SAGG and recrystallization were not 

investigated. The influences of these parameters on recrystallization in AA5182 and on 

the formation of abnormal grains during commercial hot-forming processes are of 

interest. The goal of this investigation is to determine the effects of deformation 

temperature, deformation rate, annealing temperature, and annealing time on both εSAGG 

and recrystallized grain size.  
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Chapter 2: Experimental Procedure 

 

 The aluminum alloy AA5182 material used in this investigation was produced by 

direct-chill casting followed by homogenization and hot-rolling to a thickness of 6 mm. 

The material was cold-rolled to a final thickness of 3 mm. This sheet was annealed at 

530°C for 10 minutes to produce an equiaxed microstructure. Table 1 shows the chemical 

composition of the AA5182 material in weight percent. All grain size measurements were 

performed using the lineal-intercept method in accordance with the ASTM E 112 

standard [24]. The lineal-intercept grain size of the as-received material is 17 μm [13]. 

This is the same material studied by Chang et al. [13]. Coupons of the AA5182 material 

were subjected to tensile testing at elevated temperatures and controlled strain rates. 

Selected coupons were subjected to static annealing following tensile testing. 

Microstructures of all specimens produced were characterized using optical microscopy. 

Table 1: The chemical composition of the AA5182 sheet material is given in weight 

percent. 

Si Fe Cu Mn Mg Cr Zn Ti Al 

0.11 0.18 0.10 0.36 4.40 0.04 0.02 0.02 bal 

 

 Tensile coupons were machined from the AA5182 sheet into a dog-bone 

geometry with the tensile axis parallel to the rolling direction. Specimens had a gage 

length of 25 mm, a gage width of 6 mm, and a shoulder radius of 6 mm, with a thickness 

equal to that of the as-received sheet, 3 mm. Tensile testing was performed using a 

computer-controlled, electromechanical test system. The displacement rate was varied 
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throughout each test to approximate a constant true-strain rate, assuming conservation of 

volume and uniform deformation of the specimen gage region. Specimen temperature 

was controlled using an air-circulated resistance furnace. A type-K thermocouple on the 

specimen gage region monitored specimen temperature during tensile testing. All 

specimens were tested in tension until rupture and were then immediately quenched into 

water. Tensile tests were conducted at true-strain rates of 3 × 10
-3

, 10
-2

, 3 × 10
-2

, and 10
-1

 

s
-1

 and temperatures of 300, 325, 350, 375, and 400°C. Annealing of the quenched 

specimens was performed in a preheated box furnace with resistance heating elements. 

Specimens were annealed for times ranging from 0 to 3600 seconds and at temperatures 

ranging from 300 to 400°C. Specimen temperature was monitored during annealing using 

a type-K thermocouple adjacent to the specimen. 

 During elevated-temperature tensile testing, every specimen developed a diffuse 

neck along its gage length. Cross-section width and thickness were measured at 5-mm 

intervals along the gage length of each specimen after tensile testing. These 

measurements were used to calculate local true strain from area reduction, 













local

initial

A

A
ln   (1) 

along each specimen’s gage length. The diffuse neck of a tested specimen conveniently 

provides microstructure data across a range of interesting strains in a single specimen. 

Tested specimens were sectioned for metallographic observation of the plane containing 

both the rolling direction (RD) and the long-transverse direction (LTD). Following 

sectioning, specimens were mounted in epoxy for metallographic preparation. Each 
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specimen was sequentially ground using 500, 1200, and 4000 grit SiC papers, and then 

sequentially polished using 3-μm and 1-μm diamond suspensions. Final polishing was 

performed on a vibratory polisher using colloidal silica. Electrolytic etching was 

performed on polished specimens in Barker’s reagent (5 mL HBF4 in 100 mL H2O) for 

90 seconds at 25 V. Optical photomicrographs were digitally acquired across contiguous 

areas of each tested specimen using polarizing filters. Photomicrographs were obtained 

with the rolling direction (RD) horizontal and the long-transverse direction (LTD) 

vertical. These were stitched together in software to produce a composite high-resolution 

image spanning a large area of interest for each specimen. These composite images were 

used to measure grain size and the critical strain for SAGG, εSAGG. 

 Because each composite image spanned a large portion of the specimen gage 

length, grain sizes at several locations in the specimen neck could be measured. 

Correlation of location in the composite image with reduction-in-area measurements 

allowed accurate calculation of local strain. Thus, the local strain at the location of each 

grain-size measurement was known. Because local strain depends on location along the 

gage length in the necked portion of the specimen, lines for lineal-intercepet 

measurements were made in the LTD, perpendicular to the tensile axis in tested 

specimens. This assured that each measurement of grain size was at a single local strain. 

This is a reasonable method to use for the recrystallized grains because they are equiaxed. 

The deformed microstructure, however, contains grains elongated along the tensile axis. 

This measurement technique provides only grain width for the deformed grains, but this 
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is still a useful measure. The 95% confidence interval on all grain size measurements are 

reported by error bars in figures containing grain-size data. 

 No recrystallized or abnormal grains were observed in specimens quenched 

immediately following tensile testing. Subsequent static annealing for sufficient time at a 

sufficient temperature did recrystallize the deformed microstructure. A distinct boundary 

between the deformed and recrystallized microstructures was generally observed, as 

illustrated in Figure 1. The average position of this boundary along the gage length and 

the minimum and maximum position of its extent along the gage length were measured. 

The local strains at these positions were then calculated. The strain at the average 

boundary position is reported as the critical strain for SAGG, εSAGG. Recrystallized 

microstructure occurs at strains greater than εSAGG, and unrecrystallized, deformed 

microstructure occurs at lesser strains. The strains at the extreme positions of the 

boundary provide information on the error in the measurement of εSAGG and are reported 

by error bars in the appropriate figures. 

 A more detailed experimental procedure is provided as Appendix A. Step-by-step 

guidelines for specimen machining, tensile testing, measurement of local strains, static 

annealing, metallographic preparation, and optical microscopy are provided. The detailed 

experimental procedure will be of interest to anyone who wants to reproduce the results 

of these experiments or study SAGG under different processing conditions.  
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Chapter 3: Results 

 

3.1. TENSILE BEHAVIOR 

 The deformation response and elongation to rupture of AA5182 were investigated 

for the deformation processing conditions of this study. Appendix B contains specimen 

information sheets including stress-strain curves, gage geometries, processing conditions 

and specimen images. Stress-strain data for 350°C and 3 × 10
-3

 s
-1

 failed to save during 

acquisition and could not be included in this study. Table 2 presents flow stress at a 

tensile strain, ε, of 0.2 and elongation to rupture for each pair of deformation temperature 

and strain rate studied. At ε = 0.2, neither initial stress transients nor necking occur. Thus, 

flow stress at ε = 0.2 provides a reasonable measure of the steady-state flow stress for a 

particular deformation temperature and strain rate. 
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Table 2: Flow stress at ε = 0.2 and elongation to rupture is provided for the deformation 

temperatures and strain rates studied. Stress-strain data for 350°C and 3 × 10
-3

 s
-1

 failed to 

save during acquisition. 

Temperature 

(°C) 

Strain 

Rate (s
-1

) 

Flow stress 

at ε = 0.2 

(MPa) 

Elongation 

to Rupture 

(%) 

300 3 × 10
-3

 106 211 

300 1 × 10
-2

 127 144 

300 3 × 10
-2

 150 97 

300 1 × 10
-1

 170 71 

325 3 × 10
-3

 83 262 

325 1 × 10
-2

 107 176 

325 3 × 10
-2

 123 122 

325 1 × 10
-1

 144 87 

350 3 × 10
-3

 - 211 

350 1 × 10
-2

 80 230 

350 3 × 10
-2

 101 154 

350 1 × 10
-1

 120 106 

375 3 × 10
-3

 47 290 

375 1 × 10
-2

 60 170 

375 3 × 10
-2

 79 186 

375 1 × 10
-1

 100 132 

400 3 × 10
-3

 37 249 

400 1 × 10
-2

 49 208 

400 3 × 10
-2

 63 211 

400 1 × 10
-1

 81 160 

 

Figure 3(a) presents the logarithm of true-strain rate as a function of logarithm of 

true stress at ε = 0.2 for each temperature studied. As expected, stress increases as strain 

rate increases or deformation temperature decreases. The effects of temperature and strain 

rate on deformation can be combined by considering the Zener-Hollomon parameter (Z), 

defined by the equation 











RT

Q
Z exp   (2) 
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where   is true strain rate, Q is the activation energy for the deformation process of 

interest, R is the universal gas constant, and T is absolute temperature [25]. Figure 3(b) 

shows the logarithm of Zener-Hollomon parameter plotted against the logarithm of 

modulus-compensated stress. Temperature-dependent elastic modulus is from the data of 

Köster [26] for Al. The Zener-Hollomon parameters shown in Figure 3(b) were 

calculated assuming an activation energy of 136 kJ/mol, that for deformation by SD creep 

at elevated temperature, the appropriate mechanism for these conditions. Figure 3(b) also 

contains data obtained by Chang et al. during a previous investigation [13]. The 

deformation behavior obtained during this investigation agrees well with the data of the 

previous investigation. Note that at values of Z less that 10
10

 s
-1

, the stress exponent is 

approximately 4. This is a characteristic of SD creep in Al-Mg alloys that contain Mn [7, 

10, 13]. At Z > 10
10

 s
-1

, the stress exponent increases, indicating that power-law 

breakdown is beginning to occur. 
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Figure 3: (a) True-strain rate is plotted against flow stress at ε = 0.2 on dual-logarithmic 

scales for the deformation temperatures studied. (b) Zener-Hollomon parameter is plotted 

against modulus-compensated stress on dual-logarithmic scales. The Zener-Hollomon 

parameter was calculated assuming Q = 136 kJ/mol. Data from a previous investigation 

[13] is included. 
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Figure 4 shows elongation to rupture plotted against the logarithm of Zener-

Hollomon parameter for each specimen listed in Table 2. The Zener-Hollomon 

parameters shown in Figure 4 were calculated assuming an activation energy of 136 

kJ/mol. Elongation to rupture generally decreases as Zener-Hollomon parameter 

increases. Thus, elongation to rupture increases as strain rate decreases or deformation 

temperature increases. 

 

 

Figure 4: Elongation to rupture is plotted against the logarithm of Zener-Hollomon 

parameter. The Zener-Hollomon parameter was calculated assuming Q = 136 kJ/mol. 
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3.2. EFFECTS OF ANNEALING TIME 

Quenched tensile specimens, tested at 400°C and 3 × 10
-2

 s
-1

, were subjected to 

annealing at 400°C to study the effect of time at temperature after deformation on SAGG. 

After tensile testing, one specimen was kept as-quenched, while the other specimens were 

annealed at 400°C for times from 5 to 3600 s. No recrystallized grains were observed in 

the as-quenched specimen. Each annealed specimen recrystallized along a portion of its 

gage length. This recrystallization is consistent with the characteristics of SAGG 

illustrated in Figure 2. Both εSAGG and the recrystallized grain size at εSAGG are reported in 

Table 3 for each annealing time. The recrystallized grain size at εSAGG is the maximum 

recrystallized grain size in all cases. 

Table 3: Critical strains for SAGG (εSAGG) and maximum recrystallized grain sizes, which 

occur at εSAGG, are listed for different annealing times at 400°C, following tensile testing 

to rupture at 3 × 10
-2

 s
-1

 and 400°C and water quenching. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5 presents εSAGG plotted against the logarithm of annealing time at 400°C 

after deformation at 400°C and 3 × 10
-2

 s
-1

. For all annealing times examined, εSAGG 

decreases as annealing time increases. This also indicates that the annealing time required 

Annealing 

Time (s) 

Critical Strain 

for SAGG 

(εSAGG) 

Minimum 

Critical 

Strain 

Maximum 

Critical 

Strain 

Recrystallized 

Grain Size at 

εSAGG (μm) 

0 No recrystallization observed 

5 >2.9 >2.9 >2.9 22 

15 2.71 2.5 2.82 44 

45 2.51 2.26 2.62 60 

135 1.87 1.74 1.97 122 

400 1.82 1.67 1.87 128 

1200 1.85 1.7 1.94 176 

3600 1.58 1.47 1.63 971 
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for grains to recrystallize by SAGG decreases with increasing local strain. As previously 

discussed, the microstructure of AA5182 is stable when statically annealed at 400°C [6, 

13, 17]. It is expected, therefore, that some minimum strain is required to initiate SAGG 

for any given annealing time. 

 

Figure 5: The critical strain for SAGG, εSAGG, is plotted against the logarithm of 

annealing time. Specimens were tensile tested to rupture at 400°C and 3 × 10
-2

 s
-1

, water-

quenched, and then annealed at 400°C for the times indicated in the plot. 

The dependence of recrystallized grain size at εSAGG on annealing time at 400°C, 

after deformation at 400°C and 3 × 10
-2

 s
-1

, is shown in Figure 6(a). The maximum 

recrystallized grain size occurs at εSAGG and increases as annealing time increases. Figure 

5 shows that εSAGG is a function of annealing time. Thus, the maximum recrystallized 

grain size may be described as either a function of εSAGG or a function of annealing time. 
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Figure 6(b) presents the maximum recrystallized grain size as a function of εSAGG. As 

εSAGG increases, the maximum recrystallized grain size, which occurs at εSAGG, decreases. 

This is consistent with the trend that the recrystallized grain size produced by SAGG 

decreases with increasing strain [13], see Figure 2. 
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Figure 6: (a) The maximum recrystallized grain size, which occurs at εSAGG, is plotted 

against annealing time on dual-logarithmic scales. (b) The maximum recrystallized grain 

size is plotted against εSAGG. Grain sizes were determined using the lineal-intercept 

method. The specimens were tensile tested to rupture at 400°C and 3 × 10
-2

 s
-1

, water-

quenched, and then annealed at 400°C for the times indicated in (a). 
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 3.3. EFFECTS OF DEFORMATION RATE AND TEMPERATURE 

Specimens were tensile tested at temperatures from 300 to 400°C and true-strain 

rates from 3 × 10
-3

 to 10
-1

 s
-1

 to investigate the effects of deformation rate and 

temperature on SAGG. After each specimen was tested and water quenched, it was 

annealed for one hour at its deformation temperature. Table 4 presents test conditions, 

measurements of εSAGG, and the recrystallized grain size at εSAGG, which is the maximum 

recrystallized grain size, for each specimen. No recrystallization was observed in 

specimens deformed and subsequently annealed at 300°C. All specimens tested at 325°C 

and higher temperatures recrystallized in a manner characteristic of SAGG, see Figure 2. 



 21 

Table 4: Temperature of tensile testing and annealing (same for all specimens), strain rate 

of tensile testing, measured critical strain for SAGG (εSAGG), and maximum recrystallized 

grain size, which occurs at εSAGG, are given. Annealing time is one hour for all specimens. 

Temperature 

(°C) 

Strain 

Rate (s
-1

) 

Critical Strain 

for SAGG 

(εSAGG) 

Minimum 

Critical 

Strain 

Maximum 

Critical 

Strain 

Recrystallized 

Grain Size at 

εSAGG (μm) 

300 3 × 10
-3

 No recrystallization observed 

300 1 × 10
-2

 No recrystallization observed 

300 3 × 10
-2

 No recrystallization observed 

300 1 × 10
-1

 No recrystallization observed 

325 3 × 10
-3

 2.41 2.37 2.48 76 

325 1 × 10
-2

 1.47 1.41 1.61 80 

325 3 × 10
-2

 0.98 0.93 1.05 57 

325 1 × 10
-1

 0.58 0.52 0.66 46 

350 3 × 10
-3

 2.09 2.08 2.11 173 

350 1 × 10
-2

 1.64 1.5 1.71 171 

350 3 × 10
-2

 1.15 0.91 1.28 79 

350 1 × 10
-1

 0.48 0.46 0.52 84 

375 3 × 10
-3

 2.67 2.56 2.91 98 

375 1 × 10
-2

 1.67 1.64 1.74 265 

375 3 × 10
-2

 1.22 1.19 1.27 258 

375 1 × 10
-1

 0.55 0.49 0.59 255 

400 3 × 10
-3

 2.56 2.33 2.59 111 

400 1 × 10
-2

 1.99 1.93 2.05 440 

400 3 × 10
-2

 1.52 1.47 1.56 971 

400 1 × 10
-1

 0.8 0.74 0.99 411 

 

Figure 7 shows data from Table 4 for εSAGG plotted against the logarithm of strain 

rate. At each temperature, εSAGG decreases as strain rate increases. Figure 7 indicates that 

an increase in deformation and annealing temperature causes εSAGG to increase slightly. It 

should be noted that the strain rate within each specimen becomes non-uniform once 

necking occurs, and the local strain rate at the critical strain for recrystallization may 

differ from the imposed average strain rate, as calculated assuming uniform deformation 

[27-28]. Meaningful corrections for this effect are only possible through direct 
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observations of local strains in the necking region during deformation, which were not 

practical for these experiments. Thus, the average strain rate is used for presentation and 

analysis. 

 

Figure 7: The critical strain for SAGG, εSAGG, is plotted against the logarithm of strain 

rate. Specimens were tensile tested to rupture at the given conditions, water-quenched, 

and then annealed at the deformation temperature for one hour. 

The effects of temperature and strain rate on εSAGG can be combined by 

considering the Zener-Hollomon parameter (Z), see Equation 2. Figure 8 shows the 

critical strain for recrystallization, εSAGG, as a function of the logarithm of Zener-

Hollomon parameter for Q = 32 kJ/mol. This value of Q provides the best least-squares 

linear regression fit between critical strain and the logarithm of Z. This value of Q, 32 
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kJ/mol, is lower than activation energies commonly observed for hot deformation of Al-

Mg alloys. For example, the activation energy for solute-drag (SD) creep in AA5182 is 

136 kJ/mol [10, 13], and the activation energy for grain-boundary-sliding (GBS) creep in 

AA5083 is 110 kJ/mol [29-30]. However, 32 kJ/mol may result from the combined 

effects of two thermally-activated processes, one depending on deformation temperature 

and another depending on annealing temperature. The individual effects of deformation 

temperature and annealing temperature are studied in the next section. 

 

Figure 8: The critical strain for SAGG, εSAGG, is plotted against the logarithm of Zener-

Hollomon parameter. Specimens were tested to rupture at the given conditions, water-

quenched, and then annealed at the deformation temperature for one hour. The Zener-

Hollomon parameter was calculated assuming Q = 32 kJ/mol. 
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Figure 9 shows the maximum recrystallized grain size, which occurs at εSAGG, 

against temperature of deformation and annealing for each strain rate studied. Maximum 

recrystallized grain size, at εSAGG, increases with temperature, except at the slowest strain 

rate of 3 × 10
-3

 s
-1

. At the slowest strain rate, the critical strain is large, and recrystallized 

grains were only observed at the tip of each specimen. There is no clear relationship 

between the maximum recrystallized grain size and deformation strain rate. The large 

error bars on some measurements are a result of the large recrystallized grain sizes, which 

provide only a small number of grains to measure. The specimen tested at 400°C and 3 × 

10
-2

 s
-1

 recrystallized only 3 grains across the specimen width at εSAGG, and some other 

specimens recrystallized less than 10 grains across the specimen width at εSAGG. 
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Figure 9: The maximum recrystallized grain size, which occurs at εSAGG, is plotted against 

temperature of deformation and annealing. Grain size measurements were made using the 

lineal-intercept method. Specimens were tested to rupture at the given conditions, water-

quenched, and then annealed at the deformation temperature for one hour. 

 

3.4. EFFECTS OF DEFORMATION TEMPERATURE AND ANNEALING TEMPERATURE 

Two specimens, not described in Table 4, were tested with different deformation 

and annealing temperatures to separate the effects of deformation temperature and 

annealing temperature. Both specimens were deformed at a strain rate of 3 × 10
-2

 s
-1

 and 

then annealed for one hour. One specimen was deformed at 400°C and subsequently 

annealed at 350°C. The other specimen was deformed at 350°C and subsequently 

annealed at 400°C. Data from these specimens are presented in Table 5 along with data 
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from two specimens deformed and annealed at the same temperature. Table 5 presents the 

critical strain for SAGG, εSAGG, measured at approximately the center of the largest grains 

and the minimum and maximum possible values of εSAGG measured from the extremes in 

variation of the boundary between recrystallized and unrecrystallized material, which are 

interpreted here as error limits on the measurements. Figure 10(a) is a photomicrograph 

of the specimen deformed at 400°C and then annealed at 350°C. Figure 10(b) is a 

photomicrograph of the specimen deformed at 350°C and then annealed at 400°C. Both 

photomicrographs are at the same magnification. In Figure 10(a), εSAGG is large (2.38) and 

located near the rupture of the specimen. In Figure 10(b), εSAGG is small (0.27) and 

located near the grip region of the specimen. Figure 10 demonstrates the large variations 

in εSAGG observed throughout this study. Figure 10 also demonstrates that deformation 

temperature and annealing temperature have different effects on εSAGG. 

Table 5: Critical strains for SAGG are listed with deformation and annealing 

temperatures. Specimens were tested to rupture at a strain rate of 3 × 10
-2

 s
-1

, water-

quenched, and then annealed for one hour. 

Deformation 

Temperature 

(°C) 

Annealing 

Temperature 

(°C) 

Critical Strain 

for SAGG 

(εSAGG) 

Minimum 

Critical 

Strain 

Maximum 

Critical 

Strain 

350 350 1.15 0.91 1.28 

350 400 0.27 0 0.33 

400 350 2.38 2.36 2.43 

400 400 1.52 1.47 1.56 
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Figure 10: (a) A photomicrograph is shown of the recrystallization boundary in a 

specimen deformed at 400°C and annealed at 350°C. (b) A photomicrograph is shown of 

the recrystallization boundary in a specimen deformed at 350°C and annealed at 400°C. 

Both specimens were tested at a strain rate of 3 × 10
-2

 s
-1

 and subsequently annealed for 

one hour.  

Figure 11 shows the critical strain for SAGG, εSAGG, plotted against the inverse of 

deformation temperature for two different annealing and deformation temperatures. An 

increase in deformation temperature causes εSAGG to increase. Conversely, an increase in 

annealing temperature causes εSAGG to decrease. Increasing deformation temperature and 

increasing annealing temperature have opposite effects on εSAGG, which explains why 
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εSAGG increases only slightly when both deformation and annealing temperature increase 

equally. 

 

Figure 11: The critical strain for SAGG, εSAGG, is plotted against the inverse of 

deformation temperature. Specimens were tested to failure at 3 × 10
-2

 s
-1

 and 

subsequently annealed at either 350°C or 400°C for one hour. 

 

3.5.  DEFORMED MICROSTRUCTURE MEASUREMENTS 

GDRX theory predicts that grain width decreases during deformation until the 

average deformed grain width approximately equals the subgrain width. Although SAGG 

is expected to occur earlier than that, the reduction in grain width through the early stages 

of GDRX is important to developing nuclei for SAGG, a route for recrystallization after 
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deformation is complete. It is important, therefore, to determine if grain width reduction 

during deformation agrees with expectations from theory. 

The microstructures of four quenched specimens were studied to determine how 

deformation affects deformed grain size prior to recrystallization by SAGG. Table 6 

presents the deformation temperature, strain rate, and deformed grain width (grain size 

measured across the specimen width by the lineal-intercept technique in the LTD) at 

several values of local strain in these four specimens. The geometric argument from 

GDRX theory requires a decrease in deformed grain width as tensile true strain increases 

[21-22]. Consider an equiaxed grain which is approximately spherical. The initial cross-

sectional area of this grain is 

2

4
oo dA


   (3) 

where do is the average initial grain diameter. As the grain is strained, the grain width 

decreases as grain length along the tensile axis increases. The new cross-sectional area of 

the grain is then 

2

4
dA


   (4) 

where d is the average grain width of the material at a particular strain. Local true strain 

is given by Equation 1, and Equations 1, 3, and 4 can be combined to predict the average 

deformed grain width, dw, as a function of true strain. This is provided by the equation 








 


2
exp


ow dd   (5) 
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where ε is the local tensile true strain in the material. Equation 5 describes how deformed 

grain width is expected to decrease as strain increases prior to the occurrence of 

recrystallization by GDRX or SAGG. 

Table 6: Deformed grain widths in water-quenched specimens are listed with deformation 

temperature, strain rate, and local true strain. 

Deformation 

Temperature 

(°C) 

Strain 

Rate (s
-1

) 

Local 

True 

Strain 

Average 

Deformed Grain 

Width (μm) 

325 3 ×10
-3

 2.37 6.76 

  2.01 8.71 

  1.76 9.86 

  1.52 10.92 

  1.31 12.20 

325 1 ×10
-1

 1.36 9.10 

  0.98 11.17 

  0.78 13.03 

  0.64 13.11 

  0.55 14.19 

400 3 ×10
-3

 1.48 13.05 

  1.31 13.63 

  1.05 14.55 

  0.78 16.96 

  0.48 18.74 

400 1 ×10
-1

 1.62 11.17 

  1.33 12.27 

  1.15 12.65 

  0.96 13.15 

  0.82 15.15 

 

Figure 12 presents deformed grain width against local true strain for each 

specimen. The theoretical deformed grain widths were calculated using the initial, 

undeformed grain size of 17 μm. According to both theory and experimental 

measurements, deformed grain widths decrease as local strain increases. However, all of 
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the experimental grain widths are larger than predicted by theory, Equation 5. Figure 12 

reveals that the deviation of grain widths from theory increases as Zener-Hollomon 

parameter decreases. The Zener-Hollomon parameters shown in Figure 12 were 

calculated assuming an activation energy of 136 kJ/mol, that for deformation by SD creep 

at elevated temperature, the appropriate deformation mechanism for these conditions. 

 

Figure 12: Deformed grain width is plotted as a function of the logarithm of true strain 

prior to recrystallization. Specimens were tested to rupture at the given conditions and 

then immediately water-quenched. The Zener-Hollomon parameter was calculated 

assuming Q = 136 kJ/mol. Theoretical grain width calculations assume no grain growth. 
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Chapter 4: Discussion 

 

In commercial practice, large grains produced by SAGG can be detrimental to 

yield strength. The Hall-Petch relationship, 

d

k
oy    (6) 

relates the room-temperature yield strength of the material, σy, to grain size, d, when σo is 

the yield strength at a very large (infinite) grain size and k is a material constant [14-15]. 

Grain size after SAGG is locally much larger than the initial grain size, see Tables 2 and 

3 for examples. The Hall-Petch relationship can predict the reduction in yield strength 

caused by these large grains. According to Equation 6, the relative reduction in room-

temperature yield strength is 

o

o

o

oy

y

d

k

d

k

d

k













,

  (7) 

where d is grain size after growth and do is the initial grain size, 17 μm for the material of 

this investigation. Burger et al. observed that AA5182 obeys the Hall-Petch relationship 

with σo = 57.6 MPa and k = 0.30 MNm
-3/2

 [31]. For each specimen in Tables 3 and 4 that 

exhibited SAGG, Table 7 presents the maximum recrystallized grain size at εSAGG and the 

corresponding percent reduction in yield strength after, estimated using Equation 7. In 

specimens annealed for 15 s and longer, see Table 7, SAGG produced large grains 
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expected to reduce yield strength by 20 to 50%. Such dramatic reductions in yield 

strength are clearly to be avoided in commercial practice. 

Table 7: The estimated yield strength reduction is shown for each specimen for which 

recrystallized grain size was measured at εSAGG. Percent reductions were calculated 

assuming an initial grain size of 17 μm. 

Temperature 

(°C) 

Strain 

Rate (s
-1

) 

Annealing 

Time (s) 

Recrystallized 

Grain Size at 

εSAGG (μm) 

Estimated 

Yield Strength 

Reduction at 

εSAGG (%) 

400 3 × 10
-2

 5 22 6.75 

400 3 × 10
-2

 15 44 21.1 

400 3 × 10
-2

 45 60 26.1 

400 3 × 10
-2

 135 122 35.0 

400 3 × 10
-2

 400 128 35.5 

400 3 × 10
-2

 1200 176 38.5 

325 3 × 10
-3

 3600 76 29.4 

325 1 × 10
-2

 3600 80 30.1 

325 3 × 10
-2

 3600 57 25.3 

325 1 × 10
-1

 3600 46 21.9 

350 3 × 10
-3

 3600 173 38.3 

350 1 × 10
-2

 3600 171 38.2 

350 3 × 10
-2

 3600 79 29.9 

350 1 × 10
-1

 3600 84 30.7 

375 3 × 10
-3

 3600 98 32.6 

375 1 × 10
-2

 3600 265 41.7 

375 3 × 10
-2

 3600 258 41.5 

375 1 × 10
-1

 3600 255 41.4 

400 3 × 10
-3

 3600 111 34.0 

400 1 × 10
-2

 3600 440 44.8 

400 3 × 10
-2

 3600 971 48.4 

400 1 × 10
-1

 3600 411 44.5 

 

The large grains produced by SAGG can manifest either as isolated, abnormal 

grains or as a fully recrystallized microstructure. The abnormal grains observed by 

Kazama et al. [11] and Fukuchi et al. [12] were produced after hot-metal forming 
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operations. Formed components likely remain at temperature for a very short time after 

deformation, during which only a few isolated, abnormal grains are produced by SAGG. 

Conversely, the recrystallized microstructures of Chang et al. [13] were produced in 

AA5182 by annealing for long times. The same is true of the present study. At long 

annealing times, grains grow by SAGG until their boundaries impinge, producing a fully 

recrystallized microstructure. For SAGG to occur, a grain or subgrain susceptible to 

SAGG must first be developed. This may be considered as the nucleation of 

recrystallization [32], when SAGG is a part of the recrystallization process. Chang et al. 

proposed that nucleation of grains or subgrains susceptible to SAGG occurs through a 

process related to GDRX [13]. Some subgrains develop large fractions of high-angle 

boundary well before the “pinch-off” strain required by GDRX, and these can become 

nuclei for SAGG. In AA5182, the boundary migration rate during SAGG is observed to 

be very rapid compared to the nucleation rate of SAGG grains at a given strain. This is 

clear because a distinct boundary between unrecrystallized and fully recrystallized 

material is consistently observed after annealing, instead of isolated abnormal grains. As 

a result, the density of grains recrystallized through SAGG is approximately equal to the 

nuclei density at a given local strain. Figure 6(b) shows that recrystallized grain size 

decreases (grain number density increases) as strain increases. For recrystallized grain 

size, d, controlled by nuclei density, Nv, the following relationship holds, 

3 dN v   (8) 

Thus, recrystallized grain size provides useful information on the density of nuclei for 

SAGG. 
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Further evidence that SAGG and GDRX are related processes is observed in the 

minimum temperature required for each to occur. Table 4 suggests a minimum 

temperature between 300 and 325°C is required for SAGG. Gholinia et al. observed that 

GDRX cannot occur in an Al-Mg-Cr-Fe alloy below 300°C [21], a temperature similar to 

the minimum required for SAGG in AA5182. They suggested that at low temperatures 

GDRX cannot form a fine microstructure from prior subgrains because of insufficient 

mobility of high-angle grain boundaries [21]. This loss of high-angle boundary mobility 

at low temperatures would also prevent SAGG. 

The effects of deformation temperature and annealing temperature on εSAGG 

suggest that SAGG is governed by two competing thermally-activated mechanisms. 

Figure 11 suggests that εSAGG is related to deformation and annealing temperature through 

the following, 
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Q

RT

Q
A expexpexp   (9) 

where A is a constant, R is the universal gas constant, Td and Ta are deformation and 

annealing temperatures, respectively, and Qd and Qa are activation energies associated 

with processes that occur during deformation and static annealing, respectively. εSAGG 

increases as deformation temperature increases, corresponding to the negative sign 

preceding Qd. Conversely, εSAGG decreases as annealing temperature increases. Thus, the 

Qa term is positive in Equation 9. It follows that, 
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Q
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Equation 10 indicates that each activation energy is related to the slope of εSAGG plotted 

against the inverse of its associated temperature. Using Equation 10 and the data in Table 

5, these activation energies are calculated to be approximately Qd = 86 kJ/mol and Qa = 

60 kJ/mol. The difference between Qd and Qa, 26 kJ/mol, is close to the activation energy 

of 32 kJ/mol calculated for the Zener-Hollomon parameter applicable in Figure 8. This 

activation energy represents the combined effects of deformation temperature and 

annealing temperature, each having individual activation energies governed by thermally-

activated mechanisms. 

The thermally-activated mechanism associated with Qa depends on both 

annealing temperature and time. The mechanism associated with Qa is likely nucleation 

of a grain, or subgrain, with a structure capable of SAGG. An increase in annealing time 

reduces εSAGG, see Figure 5. Therefore, the annealing time required for SAGG decreases 

with increasing strain. This suggests that a strain-dependent incubation time is required 

for SAGG, which is consistent with recrystallization theory [33]. Increasing annealing 

temperature reduces the incubation time at a particular strain, leading to a decrease in 

εSAGG with increasing annealing temperature at constant annealing time, as shown in 

Figure 11. Thus, the effects of annealing temperature and time on εSAGG manifest as an 

incubation time that depends on both local strain and annealing temperature. Annealing 

temperature and time control nucleation of SAGG grains just as they control nucleation 

of recrystallization in general. This is consistent with the GDRX-based nucleation 

mechanism for SAGG proposed by Chang et al. [13]. 
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The thermally-activated mechanism associated with Qd depends on both 

deformation temperature and rate. An increase in εSAGG occurs as deformation 

temperature increases or strain rate decreases, see Figures 7 and 11. This suggests that 

dynamic recovery is one of the thermally-activated mechanisms governing the 

development of SAGG nuclei. A decrease in strain rate increases the time at temperature 

required to achieve a given strain. As deformation temperature or time at temperature 

increases, more dynamic recovery will occur for a given final strain. As dynamic 

recovery increases, dislocation density will decrease, reducing the driving force for 

SAGG [34]. Thus, more dynamic recovery will increase εSAGG. This hypothesis is 

consistent with the data in Figures 7 and 11. 

There is an effect of dynamic recovery on the SAGG process beyond a simple 

reduction of dislocation density. Dynamic recovery slows the reduction in grain width 

during tensile straining. Figure 12 shows the effects of deformation temperature and 

strain rate on deformed grain width using the Zener-Hollomon parameter, Z, of Equation 

2 with an activation energy of Q = 136 kJ/mol, that for creep deformation. The solid line 

in Figure 12 shows the deformed grain width predicted from GDRX theory through a 

simple geometric argument [21-22], as per Equation 5. Deviation to larger widths than 

predicted increases with decreasing Z. This is expected because dynamic recovery also 

increases with decreasing Z. Nucleation of SAGG grains through the GDRX mechanism 

requires reduction in deformed grain width [13]. Thus, the general reduction in 

dislocation density and slowing of grain width reduction by dynamic recovery during 

deformation increase εSAGG as deformation temperature increases, as per Equation 10. 
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Dynamic recovery could also affect the recrystallized grain size following SAGG. 

As dynamic recovery increases, deformed grain width reduction slows, as shown in 

Figure 12. Because nucleation of SAGG grains requires reduction in deformed grain 

width [13], fewer SAGG nuclei will form by the GDRX-based process as dynamic 

recovery increases, i.e. Z decreases. Increased dynamic recovery also reduces general 

dislocation density, further reducing the likelihood of recrystallization and decreasing the 

density of SAGG nuclei. The development of fewer SAGG nuclei increases recrystallized 

grain size in accordance with Equation 8. Table 8 shows deformed grain width and grain 

width reduction at εSAGG prior to static annealing and recrystallization, calculated using 

the data in Table 6 and Figure 12, assuming εSAGG for one hour of annealing at the 

deformation temperature. As expected, deformed grain width reduction at εSAGG (prior to 

annealing for one hour) decreases with increasing deformation temperature. The increase 

in dynamic recovery and slowing of deformed grain width reduction may explain why 

recrystallized grain size at εSAGG increases with temperature, when both deformation and 

annealing temperatures are the same, for strain rates of 10
-2

 and faster, see Figure 9. The 

effects of dynamic recovery can overcome the expected reduction in recrystallized grain 

size with increasing local strain, see Figure 6(b), as deformation temperature increases. 

As annealing temperature increases, both nucleation and growth rates of recrystallized 

grains increase [35-36]. An increase in annealing temperature may either decrease or 

increase recrystallized grain size, depending on whether nucleation or growth rate 

increases faster as annealing temperature rises. Determination of which effect dominates 

is beyond the scope of the present investigation. 
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Table 8: Predicted deformed grain width and grain width reduction required at εSAGG for 

one hour annealing at the deformation temperature are listed, based on grain-size 

measurements of water-quenched specimens. 

Temperature 

(°C) 

Strain 

Rate (s
-1

) 

Critical Strain 

for SAGG 

(εSAGG) 

Deformed 

Grain Width 

at εSAGG (μm) 

Grain Width 

Reduction at 

εSAGG (%) 

325 3 ×10
-3

 2.41 6.8 60 

325 1 ×10
-1

 0.58 14 18 

400 3 ×10
-3

 2.56 8.6 49 

400 1 ×10
-1

 0.8 14.5 15 

 

There may be a limit to the decrease in recrystallized grain size possible as local 

strain increases. Large strains can approach the strain for completion of GDRX, 












 o

GDRX

d
ln2  (11) 

where do is initial grain size and λ is subgrain size [22]. At strains greater than εGDRX, 

nucleation of SAGG is not expected because most subgrains pinch off and develop high-

angle boundaries, i.e. GDRX goes to completion [13]. Therefore, Equation 8 suggests 

that recrystallized grain size will be approximately constant above εGDRX. For the material 

of the present study, do = 17 μm and λ = 7 μm [13]. Equation 11 then provides εGDRX ≈ 1.8 

for this material. Strains at which recrystallization occurs are greater than the predicted 

value of εGDRX in each of the four specimens tested at 3 × 10
-3

 s
-1

, see Table 4. At 3 × 10
-3

 

s
-1

, recrystallized grain size is independent of temperature (both deformation and 

annealing), see Figure 9. Thus, it is likely that GDRX went to completion in these cases, 

preventing the SAGG process from occurring. Note that at 3 × 10
-3

 s
-1

, recrystallized 
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grain size is much larger than either the initial grain size or subgrain size. This suggests 

that normal grain growth occurred after GDRX. 

SAGG may be undesirable during hot metal-forming operations because of its 

deleterious effect on yield strength. Chang et al. suggested that SAGG can be avoided by 

limiting forming strains to less than εSAGG [13]. Kazama et al. [11] and Fukuchi et al. [12] 

eliminated abnormal grains in AA5182 and AA5052, respectively, by alloy additions to 

increase pinning of grain boundaries. The results of this study suggest additional 

strategies for avoiding SAGG by controlling deformation temperature, strain rate, 

annealing temperature, and annealing time. One method for eliminating SAGG without 

alloy modification or limiting forming strains is to reduce the forming rate of the 

material. Decreasing strain rate will cause εSAGG to increase, see Figure 7. If εSAGG is 

increased above the maximum strain present in the formed material, then abnormal grains 

cannot occur by SAGG. A decrease in forming rate is simple to implement in practice, 

but it increases forming time, reducing efficiency. Another method of avoiding SAGG is 

to increase forming temperature, which also leads to an increase in εSAGG, see Figure 11. 

However, increasing forming temperature will result in a corresponding increase in the 

material temperature after forming, i.e. annealing temperature. This increased annealing 

temperature will reduce the advantage of increased deformation temperature, see Figures 

7 and 11. Annealing after forming may be largely avoided by forming the material into a 

cooled die, such as used in press quenching [37]. The die will quench the material upon 

contact, reducing both annealing temperature and time at temperature after forming. 

Figure 5 shows that a critical annealing time is required for SAGG to occur. After 
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forming, the critical annealing time required for SAGG depends on plastic strain. If 

annealing temperature is reduced below the minimum temperature required for SAGG 

before the critical annealing time is reached, no abnormal grains will occur. Forming into 

a cooled die allows for an increase in εSAGG without reducing forming rate, making it a 

practical method of avoiding SAGG.  
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Chapter 5: Conclusions and Recommendations 

 

5.1. CONCLUSIONS 

SAGG in AA5182 was studied by varying four processing parameters: 

deformation temperature, strain rate, annealing temperature, and annealing time. 

Temperatures ranged from 300 to 400°C, strain rates ranged from 3 × 10
-3

 to 10
-1

 s
-1

, and 

annealing times ranged from 0 to 3600 s. SAGG is a recrystallization process requiring 

both deformation at elevated temperature and subsequent annealing after deformation is 

terminated. During deformation, subgrains develop a large fraction of high-angle 

boundary by the GDRX process. Some of these subgrains serve as nuclei for SAGG, 

growing quickly during subsequent annealing to form recrystallized microstructure when 

strain is greater than the critical strain for SAGG, εSAGG, but less than that required for 

GDRX, εGDRX. The rapid growth of recrystallized grains demonstrates that the density of 

SAGG grains is nucleation-controlled. Recrystallized grain size is therefore related to the 

number of SAGG nuclei formed during deformation. Both SAGG and GDRX are subject 

to a minimum temperature, below which grain-boundary mobility is insufficient for both 

processes. This minimum temperature is between 300 and 325°C for AA5182. SAGG is 

controlled by two thermally-activated mechanisms, dynamic recovery and nucleation of 

recrystallization during static annealing. Nucleation of recrystallization requires a strain-

dependent incubation time. During deformation, dynamic recovery reduces dislocation 

density and slows the reduction in grain width during straining, slowing nucleation of 

SAGG grains. This is consistent with the increase in εSAGG observed as deformation 
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temperature increases or strain rate decreases. During annealing, time at temperature is 

required for SAGG nuclei developed during deformation to mature to a point at which 

growth by SAGG is possible. As strain increases, the annealing time required for SAGG 

decreases. The existence of an incubation time for SAGG is consistent with the decrease 

in εSAGG observed as annealing time or temperature increases. Above εGDRX, recrystallized 

grain size is constant as GDRX goes to completion. The large grains produced by SAGG 

can reduce yield strength significantly, and this is why SAGG can be detrimental to 

commercial hot-forming operations. SAGG can be avoided in AA5182 by (1) reducing 

forming strains below εSAGG, (2) alloy modification to increase pinning of grain 

boundaries, (3) decreasing forming rate, or (4) forming into a cooled die to provide rapid 

quenching of the material after deformation. Options 2, 3, and 4 increase εSAGG, allowing 

for forming to larger strains. 

 

5.2. RECOMMENDATIONS 

 Chang et al. suggested that εSAGG increases as initial grain size increases just as 

εGDRX increases as initial grain size increases [13], see Equation 11. They annealed an 

AA5182 specimen to form a coarse microstructure with an initial grain size of greater 

than 1 mm and tensile tested it at 400°C and 3 × 10
-2

 s
-1

. After air cooling, little 

recrystallization was observed in the specimen, indicating that an increase in initial grain 

size may increase εSAGG and suppress SAGG, as expected [22]. However, the effect of 

initial grain size on SAGG after long static anneals has not yet been studied. Tensile tests 

of AA5182 materials having different initial grain sizes followed by static annealing may 
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provide more information regarding how initial grain size affects SAGG. This initial 

grain size study may provide further understanding regarding the relationship between 

SAGG and GDRX. It could also be used to determine the effects of initial grain size on 

deformation behaviors such as flow stress and ductility. These results could be used to 

determine the feasibility of increasing initial grain size to avoid SAGG during 

commercial forming operations.  

  



 45 

Appendix A: Detailed Experimental Procedure 

 

A.1. MACHINING OF TENSILE SPECIMENS 

1. Acquire AA5182 sheet material. The material for this study was provided by 

Furukawa-Sky Aluminum Corp. 

2. Machine specimens according to the drawing provided on the next page. 

Specimen thickness should be equal to the thickness of the as-received sheet, 

which is not necessarily the thickness shown in the drawing. 3-mm (0.118-in) 

thick AA5182 sheet was used for the current study. The rolling direction with 

respect to the tensile axis should be noted and kept consistent for all specimens. 
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A.2. TENSILE TESTING 

1. Tensile testing should be performed using a computer-controlled test frame with 

an attached furnace, such as the one shown below. This image is not of the exact 

setup used during this study, but it is a similar setup that could be used to 

reproduce the results of the study. 
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2. Use the software that controls the test frame to write a program that imposes the 

desired true-strain rate on the specimen. As crosshead displacement increases 

during the test, crosshead speed should also increase to maintain a constant true-

strain rate. 

3. Engrave each grip region of the specimen with a name to identify it. Both grip 

regions must be labeled because the specimen may be tensile tested to rupture. 

4. Measure and record the initial gage width, thickness, and overall length of the 

specimen using calipers. The shoulder radius of each specimen makes it difficult 

to measure gage length using calipers, so use the nominal gage length, 25 mm 

(0.984 in) in the present study, for subsequent calculations. 

5. About four hours before testing, turn on the furnace and set it to the desired 

deformation temperature. Monitor temperature using a separate thermocouple 

positioned at the location where the specimen will be placed in the furnace. 

Adjust furnace temperature as necessary so that the temperature measured by the 

thermocouple reaches and maintains the desired deformation temperature. 

6. Attach the grips to the specimen as shown. These grips allow the specimen to be 

quickly removed from the furnace after testing so that it can be quickly quenched.  
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7. Once the desired deformation temperature is reached, the specimen can be placed 

into the furnace. Hang the specimen using the grip rods as shown. Attach 

thermocouples at the specimen/grip region to directly monitor specimen 

temperature during testing. 

 

8. Allow the specimen to preheat within the furnace for approximately 30 minutes. 

This ensures that the specimen reaches the desired deformation temperature prior 
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to testing. No grain growth is expected to occur in AA5182 during the preheating 

period, so the specimen can be preheated for a longer period without affecting the 

eventual results. 

9. Impose a small preload of less than 5 pounds on the specimen prior to testing. 

10. Tensile test the specimen. 

11. Once rupture occurs, quickly remove both specimen halves from the furnace and 

quench them into water. Quenching the specimen prevents further microstructure 

evolution, allowing the deformed microstructure to be observed, if desired. SAGG 

can be initiated later by static annealing. 

 

A.3. MEASUREMENT OF LOCAL STRAINS 

1. Mark specimens at 5-mm intervals along the gage length. 

2. Measure and record local width and thickness at each marked location on the 

specimen. These measurements can be used to calculate local true strain at each 

location using the equation 

















locallocal

initialinitial

tw

tw
ln  

where winitial and tinitial are the width and thickness, respectively, of the gage region 

prior to deformation, and wlocal and tlocal are the width and thickness, respectively, 

of a particular location within the gage region after deformation. 
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3. Scan each specimen for future reference. An example specimen scan is provided 

below. 

 

 

A.4. STATIC ANNEALING 

1. For short annealing times (less than ten minutes), anneal specimens in a salt bath. 

Annealing in salt allows specimens to reach the desired annealing temperature 

quickly, which is critical when annealing for short periods of time. For longer 

annealing times, anneal specimens in a resistance furnace. Specimens will take 

longer to reach the desired annealing temperature, but this effect is insignificant at 

long annealing times. Also, the salt bath can corrode specimens at long annealing 

times. 
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Salt bath: 

 

Furnace: 

 

2. Before annealing, preheat the furnace or salt bath to the desired annealing 

temperature. Monitor temperature using a separate thermocouple and make 

adjustments as necessary so that the temperature measured by the thermocouple 

reaches and maintains the desired annealing temperature. 

3. Once the desired annealing temperature is reached, place the specimen into the 

furnace/salt bath for the desired annealing time. 

4. After annealing, remove the specimen from the furnace/salt bath and quench it 

into water to retain the microstructure. 

 

A.5. METALLOGRAPHIC PREPARATION 

1. Section the specimen to remove the gage region using a cut-off saw. The gage 

region must fit into a mounting cup, so it may need to be cut into two or more 

pieces. 

2. Spot weld an aluminum wire approximately 2 inches long to each sectioned piece 

of the gage length. The wire is required for electrolytic etching, and it should be 

bent at a 90 degree angle. It is prudent to weld each wire in more than one 
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location to ensure that it does not fall off the specimen. See the image below for 

an example. 

 

3. Place each piece of the gage length into a mounting cup. Mix epoxy resin and 

hardener according to the product directions. Fill the mounting cup with the 

epoxy mix, and let it harden overnight. Part of the aluminum wire should remain 

exposed above the epoxy so that it can be attached to the power supply during 

electrolytic etching. Optionally, the mounting cup can be placed under vacuum 

for ten minutes immediately after filling so as to remove bubbles from the mount.  

4. Once the mount is dry, remove it from the mounting cup and engrave it with an 

indentifier. 

5. Grind and polish the mounted specimen according to the following schedule. For 

all steps, the force should be approximately 25 N. The SiC paper should be kept 
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wet during grinding steps. During the first step, grind for small time increments 

(≈30 seconds) to make sure that the paper does not grind through the entire 

specimen. Before each polishing step, clean the mounted specimen by placing it 

in an ultrasonic bath for approximately one minute. This will prevent 

contamination between polishing steps. 

Step Type Step Time (min:sec) Speed (RPM) 

Grinding 600 grit SiC paper Until specimen is exposed 300 

Grinding 1200 grit SiC paper 1:00 300 

Grinding 4000 grit SiC paper 1:00 300 

Polishing 3 μm diamond slurry 5:00 150 

Polishing 1 μm diamond slurry 5:00 150 

 

6. Final polishing is performed using a vibratory polisher. Cover the polishing cloth 

with colloidal silica and set the vibratory polisher to low. Attach a weight to the 

mounted specimen and place it on the polisher. Final polishing will take 

approximately 30 minutes. Once complete, remove the mounted specimen from 

the polisher and remove the weight from the specimen. 
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7. Electrolytic etching must be performed to reveal the microstructure. Mix Barker’s 

reagent (5 mL HBF4 in 100 mL H2O) and pour it into a metal pan. Attach the 

positive terminal of a power source to the mounted specimen and the negative 

terminal to the metal pan. The image below shows how the leads should be 

attached. Set the power source to 25 V. Immerse the exposed specimen in the 

reagent and agitate for 90 seconds. Once electrolytic etching is complete, wash 

the specimen in water and dry it with air. 

 

 

A.6. OPTICAL MICROSCOPY 

1. Place specimen on the microscope stage. Find and focus on an edge of the region 

of interest. Insert a polarized light filter into the microscope, and adjust it to 

achieve optimal contrast between grains (each grain should be a different color. 
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Acquire a photomicrograph such as the one shown below. In general, 

photomicrographs should not display scale bars, as they will be stitched together 

later. However, at least one photomicrograph should display a scale bar so that a 

relationship between pixels and distance can be determined. 

 

2. Move across the specimen in the long-transverse direction, acquiring 

photomicrographs until the other specimen edge is reached. Make sure that 

photomicrographs overlap so that they can be stitched together. 

3. Return to the first edge and move in the tensile direction. Acquire a 

photomicrograph that overlaps with the one first acquired in the previous column. 

4. Repeat steps 2 and 3 until the entire region of interest is acquired. 
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5. Stitch the photomicrographs together in software. An example of a stitched 

photomicrograph is provided below. 

 

6. The critical strain for SAGG, εSAGG, can be determined by measuring the width of 

the specimen at the boundary between deformed and recrystallized 

microstructure, wSAGG. This width can be used to determine the corresponding 

local strain using the cross-section measurements taken previously and linear 

interpolation. Given two measured cross-sectional widths and corresponding local 

strains (w1, ε1 and w2, ε2), wSAGG is related to εSAGG by the following: 

12

1

12

1












 SAGGSAGG

ww

ww
 

7. Grain size (or grain width for deformed microstructure) can be measured at any 

strain by drawing a line across the specimen width in the long-transverse direction 

and using the lineal-intercept method for determining grain size [24]. 
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Appendix B: Specimen Information Sheets 

 

The following pages contain detailed information about each specimen tested, 

including gage dimensions, deformation conditions, annealing conditions for each half, a 

scan of each specimen, a stress-strain curve for most specimens, and measurements of the 

critical strain for SAGG, εSAGG, and the maximum recrystallized grain size at εSAGG. 

Tensile data was corrected using the data of Köster [26] to enforce the known elastic 

modulus at the deformation temperature. Jumps shown in stress-strain curves occurred as 

a result of changes in crosshead speed during tensile testing, which were required to 

approximate a constant true strain rate. Subsequent experiments using a different test 

frame indicate that these jumps do not affect the results of this study. 
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FS3A52 

Date of test: July 16, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 350°C,  = 3 × 10

-2
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 350°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 1.15, dmax = 79 μm 
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FS3A53 

Date of test: July 16, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 350°C,  = 3 × 10

-3
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 350°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

Stress-strain data failed to save for this specimen 

Left half measurements: - 

Right half measurements: εSAGG = 2.09, dmax = 173 μm 
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FS3A54 

Date of test: July 16, 2008 

Gage length: 0.984 in Gage width: 0.238 in Gage thickness: 0.119 in 
Deformation: ATS test frame, Td = 350°C,  = 1 × 10

-2
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 350°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 1.64, dmax = 171 μm 
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FS3A55 

Date of test: July 16, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.119 in 
Deformation: ATS test frame, Td = 350°C,  = 1 × 10

-1
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 350°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 0.48, dmax = 84 μm 
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FS3A56 

Date of test: July 16, 2008 

Gage length: 0.984 in Gage width: 0.237 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 325°C,  = 3 × 10

-2
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 325°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 0.98, dmax = 57 μm 
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FS3A57 

Date of test: July 16, 2008 

Gage length: 0.984 in Gage width: 0.237 in Gage thickness: 0.119 in 
Deformation: ATS test frame, Td = 325°C,  = 3 × 10

-3
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 325°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 2.41, dmax = 76 μm 

  

0

10

20

30

40

50

60

70

80

90

100

0 0.2 0.4 0.6 0.8 1 1.2 1.4

T
ru

e 
S

tr
es

s 
(M

P
a

)

True Strain



 65 

FS3A58 

Date of test: July 16, 2008 

Gage length: 0.984 in Gage width: 0.237 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 325°C,  = 1 × 10

-2
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 325°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 1.47, dmax = 80 μm 
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FS3A59 

Date of test: July 16, 2008 

Gage length: 0.984 in Gage width: 0.237 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 325°C,  = 1 × 10

-1
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 325°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 0.58, dmax = 46 μm 
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FS3A60 

Date of test: July 18, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.119 in 
Deformation: ATS test frame, Td = 300°C,  = 3 × 10

-2
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 300°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: No recrystallization observed 
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FS3A61 

Date of test: July 18, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 300°C,  = 3 × 10

-3
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 300°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: No recrystallization observed 
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FS3A62 

Date of test: July 18, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 300°C,  = 1 × 10

-2
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 300°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: No recrystallization observed 
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FS3A63 

Date of test: July 18, 2008 

Gage length: 0.984 in Gage width: 0.237 in Gage thickness: 0.119 in 
Deformation: ATS test frame, Td = 300°C,  = 1 × 10

-1
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 300°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: No recrystallization observed 
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FS3A64 

Date of test: August 5, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 400°C,  = 3 × 10

-2
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 400°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 1.52, dmax = 971 μm 
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FS3A65 

Date of test: August 5, 2008 

Gage length: 0.984 in Gage width: 0.237 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 400°C,  = 3 × 10

-3
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 400°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 2.56, dmax = 111 μm 
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FS3A66 

Date of test: August 5, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 400°C,  = 1 × 10

-2
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 400°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 1.99, dmax = 440 μm 
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FS3A67 

Date of test: August 5, 2008 

Gage length: 0.984 in Gage width: 0.237 in Gage thickness: 0.119 in 
Deformation: ATS test frame, Td = 400°C,  = 1 × 10

-1
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 400°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 0.80, dmax = 411 μm 
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FS3A68 

Date of test: August 6, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 375°C,  = 3 × 10

-2
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 375°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 1.22, dmax = 258 μm 
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FS3A69 

Date of test: August 6, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 375°C,  = 3 × 10

-3
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 375°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 2.67, dmax = 98 μm 
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FS3A70 

Date of test: August 6, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.119 in 
Deformation: ATS test frame, Td = 375°C,  = 1 × 10

-2
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 375°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 1.67, dmax = 265 μm 
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FS3A74 

Date of test: August 18, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 400°C,  = 3 × 10

-2
 s

-1
 

Left half anneal: Salt, Ta = 400°C, ta = 5 s 

Right half anneal: Salt, Ta = 400°C, ta = 15 s 

Specimen scan: 

 
Stress-strain curve: 

Stress-strain data could not be located. The stress-strain curve is expected to be the 

same as the stress-strain curve for FS3A64 because both specimens were tensile tested 

at the same deformation temperature and strain rate. 

Left half measurements: εSAGG > 2.90, dmax = 22 μm 

Right half measurements: εSAGG = 2.71, dmax = 44 μm 
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FS3A75 

Date of test: August 18, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 400°C,  = 3 × 10

-2
 s

-1
 

Left half anneal: Salt, Ta = 400°C, ta = 45 s 

Right half anneal: Salt, Ta = 400°C, ta = 135 s 

Specimen scan: 

 
Stress-strain curve: 

Stress-strain data could not be located. The stress-strain curve is expected to be the 

same as the stress-strain curve for FS3A64 because both specimens were tensile tested 

at the same deformation temperature and strain rate. 

Left half measurements: εSAGG = 2.51, dmax = 60 μm 

Right half measurements: εSAGG = 1.87, dmax = 122 μm 
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FS3A76 

Date of test: August 18, 2008 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: ATS test frame, Td = 400°C,  = 3 × 10

-2
 s

-1
 

Left half anneal: Salt, Ta = 400°C, ta = 400 s 

Right half anneal: Furnace, Ta = 400°C, ta = 1200 s 

Specimen scan: 

 
Stress-strain curve: 

Stress-strain data could not be located. The stress-strain curve is expected to be the 

same as the stress-strain curve for FS3A64 because both specimens were tensile tested 

at the same deformation temperature and strain rate. 

Left half measurements: εSAGG = 1.82, dmax = 128 μm 

Right half measurements: εSAGG = 1.85, dmax = 176 μm 
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FS3A78 

Date of test: August 18, 2008 

Gage length: 0.984 in Gage width: 0.237 in Gage thickness: 0.117 in 
Deformation: ATS test frame, Td = 375°C,  = 1 × 10

-1
 s

-1
 

Left half anneal: Remained as-quenched 

Right half anneal: Furnace, Ta = 375°C, ta = 3600 s 

Specimen scan: 

 
Stress-strain curve: 

 
Left half measurements: - 

Right half measurements: εSAGG = 0.55, dmax = 255 μm 
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FS3A80 

Date of test: May 7, 2010 

Gage length: 0.984 in Gage width: 0.236 in Gage thickness: 0.118 in 
Deformation: MTS test frame, Td = 350°C,  = 3 × 10

-2
 s

-1
 

Left half anneal: Furnace, Ta = 400°C, ta = 3600 s 

Right half anneal: Remained as-quenched 

Specimen scan: 

 
Stress-strain curve: 

Stress-strain data could not be located. The stress-strain curve is expected to be the 

same as the stress-strain curve for FS3A52 because both specimens were tensile tested 

at the same deformation temperature and strain rate. 

Left half measurements: εSAGG = 0.27 

Right half measurements: - 
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FS301 

Date of test: May 11, 2010 

Gage length: 0.984 in Gage width: 0.235 in Gage thickness: 0.118 in 
Deformation: MTS test frame, Td = 400°C,  = 3 × 10

-2
 s

-1
 

Left half anneal: Furnace, Ta = 350°C, ta = 3600 s 

Right half anneal: Remained as-quenched 

Specimen scan: 

 
Stress-strain curve: 

Stress-strain data could not be located. The stress-strain curve is expected to be the 

same as the stress-strain curve for FS3A64 because both specimens were tensile tested 

at the same deformation temperature and strain rate. 

Left half measurements: εSAGG = 2.38 

Right half measurements: - 
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