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A B S T R A C T   

Thermo-mechanical uniaxial tensile testing is commonly carried out to characterise the mechanical properties of 
materials under conditions which mimic advanced industrial forming processes, such as hot stamping of steels 
and aluminium alloys, and to generate microstructures for metallographic investigation. However, in this type of 
testing, heat loss to the specimen grips can lead to nonuniform temperature distributions along the gauge length, 
resulting in challenges in determining absolute values of materials properties at the nominal temperature of 
interest. The present study investigates the effect of these nonuniform temperature distributions on the vari-
ability in the thermo-mechanical properties as measured in the tests, and in the microstructures of the tested 
specimens. For this purpose, uniaxial tensile tests on the boron steel 22MnB5 and aluminium alloy AA6082 were 
performed under hot stamping conditions using a Gleeble 3800 thermal-mechanical physical simulation system, 
in which the specimens were heated using resistance heating and the strain fields were measured using digital 
image correlation (DIC). The nonuniformity of the temperature distributions along the gauge length was 
quantified. Both the strains and the strain rates along the gauge length were then computed and the effects of 
factors such as pre-forming gauge length, post-forming gauge length and specimen design on the spatial dis-
tribution of strains and strain rates were investigated. The effects of these factors on the values of thermo- 
mechanical properties determined from the tests, such as the ductility and the ultimate tensile strength (UTS), 
were also analysed and quantified. This study reveals the variability in the apparent values of materials prop-
erties as determined by thermo-mechanical testing resulting from nonuniform temperature distributions, and 
provides experimental data for the development of new standards for thermo-mechanical tests in future.   

1. Introduction 

Steel and aluminium alloy sheet materials are the main materials 
currently applied in the manufacture of lightweight body structures in 
the automotive industry because of their high tensile strength and high 
stiffness-to-weight ratios [1]. However, these materials exhibit only 
moderate formability at room temperature, limiting their industrial 
applications [2]. In contrast, warm or hot forming of these sheet metals, 
in which the sheet material is deformed to the target shape at high 
temperatures, can significantly improve their formability [3,4]. For 
example, the percentage elongation at fracture, a measure of ductility, of 
the boron steel 22MnB5 can reach ~60% at hot stamping temperatures, 
which is 200% higher than that (i.e. ~20%) at room temperature. 
Standard methods exist for the tensile testing of metallic materials at 
both room temperature and elevated temperatures [5,6]; these are 
routinely used for the determination of mechanical properties such as 

yield strength, ultimate tensile strength (UTS), and elongation. One 
important application of such testing is for the investigation of warm or 
hot forming technologies, for which it is essential to precisely charac-
terise the thermo-mechanical properties and microstructural features of 
the materials under conditions which mimic those warm or hot forming 
processes. 

Thermo-mechanical tensile tests have been carried out extensively 
for the characterisation of high-temperature deformation behaviour of 
sheet metals (for example in [7,8]). In these tests, sheet material is 
heated to its target temperature using either direct heating methods such 
as induction heating [9,10] as shown in Fig. 1(a), or indirect heating 
methods such as furnaces [11,12] as shown in Fig. 1(b). More recently, 
the Gleeble thermo-mechanical simulator has been used for testing of 
sheet metal at hot stamping temperatures [13–15]; here, the test spec-
imen is heated using the direct resistance heating method and a pair of 
thermocouples is used to provide signals for accurate feedback control of 
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the temperature at a given location, usually the specimen centre (Fig. 1 
(c)). In real hot stamping operations, the material must be quenched 
quickly before deformation occurs [16]; the Gleeble system has a cool-
ing system and the capability to precisely control both the heating and 
cooling rate over a wide range. For example, it is able to rapidly quench 
samples to an intermediate temperature to enable deformation to be 
performed at this temperature [17]. However, it has been found that in 
uniaxial tensile tests in the Gleeble system, temperature distributions 
along the gauge length are nonuniform [18–21]; the temperature is 
highest at the specimen centre and decreases with increasing distance 
from it. This temperature heterogeneity is due to heat loss to the spec-
imen grips, which are water-cooled for safety reasons (inset in Fig. 1(c)). 
Much research effort has been dedicated to avoiding or minimising such 
temperature heterogeneities [22]. However, there is currently no 
method that is capable of fully eliminating them, and it is very likely that 
some degree of nonuniformity in temperature is inevitable in thermo- 
mechanical tests using the Gleeble system. It should be noted that 
such nonuniformities are not restricted to the Gleeble system, but also 
occur in other thermo-mechanical testing systems in which there is heat 
transfer from the gauge area to other parts of the system [23–25]. 

Several studies have investigated the effects of the nonuniform 
temperature distributions on the results of thermo-mechanical tests 
carried out using the Gleeble system [29–31]. Kardoulaki et al. [29] 
found, using numerical assessment, that strain distributions in the gauge 
length of cylindrical specimens of steel deformed with thermal gradients 
were significantly less uniform than those deformed isothermally. Shao 
et al. [30] quantified the nonuniformity of the temperature distributions 

along dog-bone specimens of aluminium alloy AA6082 sheets under hot 
stamping conditions, and numerically analysed both the stress and strain 
distributions along the gauge length and the errors in the true stress–true 
strain curves caused by the nonuniform temperature distributions. 
Zhang et al. [31] were the first researchers to successfully measure the 
full strain fields of boron steel sheet specimens at hot stamping tem-
peratures (up to 950 ◦C) using digital image correlation (DIC). Using the 
strain fields measured, this study determined both the strain and strain 
rate distributions along the gauge length throughout deformation. For 
the interpretation of the results, several different virtual or effective 
gauge lengths were used for evaluating the ductility of the material; 
virtual gage length is a shorter length over which the temperature can be 
considered to be reasonably uniform. It was found that both the average 
strain and the average strain rate depended increasingly on the choice of 
virtual gauge length with increasing time since the beginning of the 
deformation, and the ductility as evaluated depended on the virtual 
gauge length that was chosen. 

The above publications demonstrate that thermal gradients exist 
along the gauge length, and that these gradients cause spatial hetero-
geneities in strain and strain rate. However, no studies have so far been 
carried out to investigate the influence of the method of controlling the 
strain rate and of the specimen design on the distributions of tempera-
ture, strain and strain rate, and on the thermo-mechanical properties 
measured. In addition, there is currently a lack of standards for thermo- 
mechanical tensile tests in which the temperature distribution along the 
gauge length is nonuniform. 

The aim of the present study is to investigate the variability in the 

Fig. 1. Existing heating methods to heat samples for thermo-mechanical tests [26-28].  
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Fig. 2. Geometries and dimensions of the three dog-bone specimen designs used in the present study for thermo-mechanical tests on boron steel and aluminium alloy 
sheets. L1, L2 and L3 are locations on specimens for analysing deformation along the gauge length. 
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apparent values of materials properties obtained in thermo-mechanical 
tests as a result of nonuniformities in temperature distribution along the 
gauge length. Uniaxial tensile tests on sheet metal specimens under hot 
stamping conditions have been performed using the Gleeble system, and 
distributions of temperature, strain and strain rate along the gauge 
length have been quantified. In addition, engineering stress–engineering 
strain curves, giving values of ductility and UTS have been determined 
using the average strain value obtained over a chosen a post-forming 
gauge length. The test method and evaluation of mechanical proper-
ties require the choice of values for a pre-forming gauge length and a 
post-forming gauge length. The effects of the pre-forming gauge length, 
post-forming gauge length and the specimen design on the engineering 
stress–engineering strain behaviour and apparent values of the me-
chanical properties were investigated and quantified. 

2. Methodology 

2.1. Materials and specimen designs 

The materials used in the present study are zinc-coated boron steel 
22MnB5 sheets and aluminium alloy AA6082 sheets, both of thickness 
1.5 mm. The chemical composition of 22MnB5 is Fe-0.20C-1.17Mn- 
0.25Si-0.20Cr-0.002S-0.0029B-0.028Ti-0.001Nb-0.023Ni (wt%), and 
the composition of AA6082 is Al-0.87Si-0.33Fe-0.026Cu-0.51Mn- 
0.97Mg-0.044Cr-0.025Zn-0.016Ti (wt%). To investigate the effect of 
specimen dimensions on apparent values of materials properties ob-
tained in thermo-mechanical tests, three dog-bone specimen designs, 
Design-I, Design-II and Design-III, are adopted; these are shown in 
Figs. 2(a), 2(b) and 2(c), respectively. The only differences among the 
designs are the length L0 and width W0 of the gauge area. Design-I has L0 
= 80 mm, and W0 = 8 mm, while in Design-II, L0 is reduced by half, 
namely L0 = 40 mm and in Design-III, both L0 and W0 are reduced by 

half, namely L0 = 40 mm, and W0 = 4 mm. All specimens were cut with 
the long direction of the gauge area parallel to the rolling direction of the 
as-received sheets. 

2.2. Experimental setup and testing conditions 

All the thermo-mechanical tests in the present study were carried out 
using a Gleeble 3800 thermo-mechanical simulator system. Fig. 3(a) 
shows a photograph and schematic flowchart of the experimental setup. 
During the tests, the Gleeble provided electric current to heat the 
specimens using the direct resistance heating method, high pressure air 
to cool the specimens, and uniaxial forces to stretch them. A pair of K- 
type thermocouples was welded at the specimen centre to monitor the 
temperature at this location using the Gleeble, and then provided signals 
to the Gleeble for accurate feedback control the specimen temperature 
during heating and quenching processes. Full-field strains were 
measured using a digital image correlation (DIC) system which includes 
a high-speed camera (Photron FASTCAM Mini UX50) and a light source 
(Amaran 200d LED). To mimic industrial hot stamping conditions, the 
thermal cycles shown in Figs. 3(b) and 3(c) were applied to the boron 
steel and aluminium alloy, respectively. In Fig. 3(b), the boron steel 
material is heated up to 925 ◦C and soaked at the temperature for 60 s to 
give full austenitisation [32]. The material is then quenched at a rate of 
60 ◦C/s to a forming temperature TF, then deformed for the character-
isation of thermomechanical behaviour. In Fig. 3(c), the aluminium 
alloy material is heated to 530 ◦C and soaked at this temperature for 120 
s, representing the solution heat treatment (SHT) stage of hot stamping, 
then quenched at 60 ◦C/s to the target temperature TF for the thermo- 
mechanical testing [33]. To measure the temperature distributions 
along the gauge length, the temperatures at several different locations 
on the specimens were measured using the Gleeble and K-type ther-
mocouples. Since the specimen designs and their thermal boundary 

Fig. 3. Experimental setup and thermal cycles for thermo-mechanical tests on boron steel and aluminium alloy sheets to mimic industrial hot stamping conditions for 
these materials. 
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conditions were symmetrical, it was assumed that the temperature dis-
tributions were also symmetrical about the specimen centre [22]. Only 
the temperatures in one half of the gauge area were therefore measured. 

To obtain the target strain rates during the thermo-mechanical tests, 
Eq. (1) below was used to calculate the displacement of the specimen 
grips Δl that is required to stretch the specimens, where lPre (lPre ≤ L0) is 
the pre-forming gauge length, which is a virtual value used in Eq. (1) for 
this purpose. It should be noted that Eq. (1) was derived under the 
assumption of uniform deformation within the gauge length. 

Δl = lPre •
[
exp

(
Δt • ε̇T

)
− 1

]
(1) 

Here, Δl is the total change in displacement from the beginning of 
deformation to a total time Δt, l0 is the initial gauge length, and ε̇T is the 
target strain rate. 

Table 1 lists all the thermo-mechanical testing conditions used in the 
present study. For the boron steel, the tests were carried out at a tem-
perature of 750 and 850 ◦C and at a strain rate of 0.1 and 0.5 /s to 
investigate the effect of temperature and strain rate on the variability in 
thermo-mechanical test results. A pre-forming gauge length lPre of 16 
mm was selected according to experience. An alternative value of lPre =

32 mm was also used to study the variability in apparent mechanical 
properties caused by changing this parameter. In addition, the three 
different specimen designs shown in Fig. 2 were used to investigate their 

influence on the results of thermo-mechanical tests. The tests on the 
aluminium alloy were carried out to quantify the variability in apparent 
values of mechanical properties for a different material. 

2.3. Speckle patterns and data processing for strain measurement using 
DIC 

To use the DIC for strain measurement, random speckle patterns 
were prepared beforehand on the specimen surfaces that were to face 
the high-speed camera during the tests [31]. These patterns consist of a 
thin black background with many fine white dots painted using an air 
brush, and will be shown in Section 3.1.2. The VHT FLAMEPROOF™ 
black coating SP102 and white coating SP101 which can withstand 
temperatures up to 1093 ◦C were used for the patterns in the present 
study. Before painting, all samples were ground to remove coatings if 
applicable (e.g. zinc coating on 22MnB5) and oxidisation layers, and 
then cleaned using acetone. The frame rate of the high-speed camera for 
recording the deformation was related to the strain rate (i.e. total 
deformation time); according to experience, 250 frames per second (fps) 
was chosen for the tests at 0.1 /s, and 500 fps for 0.5 /s. All the defor-
mation images recorded were post-processed using the commercial 
software GOM Correlate, setting the software parameters of facet size to 
19 pixels and point distance to 10 pixels. The strain fields in the spec-
imen gauge area excluding the area near the edges of the gauge area (less 
than 1 mm along the width direction) were determined, which will be 
shown in Section 3.1.2. 

2.4. Microstructural characterisation 

To reveal the microstructure and phase distribution in the boron steel 
22MnB5, the material was ground using abrasive papers with grit size 
from P800 to P4000, and then polished using 1 μm polycrystalline 
diamond suspension. Finally, the polished surface was etched using 2% 
Nital for about 5 s [34]. Micrographs were obtained using a scanning 
electron microscope (SEM) (TESCAN, Czechia), operated with a voltage 
of 15 kV and a beam current of 1 nA. 

3. Results 

3.1. Distributions of temperature and strain along the gauge length 

3.1.1. Temperature distributions 
The temperature distributions along the length direction of the 

specimens are shown in Fig. 4(a) for the boron steel and Fig. 4(b) for the 

Table 1 
Testing conditions for the thermo-mechanical tests on boron steel and 
aluminium alloy sheets.  

Material Specimen 
design 

Temperature 
(◦C) 

Strain 
rate (/s) 

Pre-forming 
gauge length lPre 

(mm) 

Boron steel 
22MnB5 

Design-I  750  0.1 2×W0=16 
W0 is initial 
specimen width  

750  0.5  
850  0.1  
850  0.5  
750  0.1 32  
750  0.5  
850  0.1  
850  0.5 

Design-II & 
Design-III  

750  0.1 16  
750  0.5  
850  0.1  
850  0.5 

Aluminium 
alloy 
AA6082 

Design-I  375  0.1 16  
450  0.5  

(a) Boron steel 22MnB5 (b) Aluminium alloy AA6082 
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Fig. 4. Temperature distributions along the length direction of the specimens with Design-I when the temperature at the specimen centre had stabilised at the target 
value. The different lines represent the temperature distributions when the specimen centre was heated to different temperatures, such as 650 ◦C, 700 ◦C, 750 ◦C, etc. 
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Fig. 5. Major strain (or axial strain) fields and their distributions along the long axis of the boron steel 22MnB5 specimens (Design-I) under different test conditions. 
All tests were performed using a pre-forming gauge length lPre of 16 mm. The values 20%, 40%, 60%, 80% and 95% are normalised times t/tF. In (a), inset shows the 
speckle patterns, and black arrow shows a post-forming gauge length lPost of 16 mm for data post-processing in the following sections. 
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aluminium alloy. The data points on each curve were obtained when the 
temperature at the specimen centre had stabilised at the target value. It 
can be seen that, in both materials, the specimen centre always had the 
highest temperature. With increasing distance (D) from the centre, the 
temperature decreased with an increasing gradient; this was more pro-
nounced in the aluminium alloy specimens probably due to the fact that 
the thermal conductivity of aluminium alloy is higher than that of steel 
[35]. For example, in the boron steel specimens (Fig. 4(a)), when the 
temperature (TC) at the specimen centre was 850 ◦C, it decreased by 
0.008 (normalised by 850 ◦C) at D = 8 mm, 0.014 at D = 12 mm, 0.026 
at D = 16 mm and 0.093 at D = 24 mm. In the aluminium alloy speci-
mens (Fig. 4(b)), when TC = 450 ◦C, it decreased by 0.005 (normalised 
by 450 ◦C) at D = 5 mm, 0.034 at D = 10 mm, 0.096 at D = 15 mm and 
0.161 at D = 20 mm. The reason for the temperature decrease is heat loss 
to the specimen gauge regions and the water-cooled specimen grips 
[22]. 

3.1.2. Distribution and evolution of strain fields in the gauge area 
Fig. 5 presents the full-field strains in the gauge area of the boron 

steel specimens, as measured using DIC, at different times t normalised 
by the time tF at fracture (t/tF = 20%, 40%, 60%, 80% and 95%). The 
time tF of the tests conducted at different temperatures and strain rates is 
8.840 s (at 750 ◦C & 0.1 /s), 1.654 s (at 750 ◦C & 0.5 /s), 7.950 s (at 
850 ◦C & 0.1 /s) and 1.720 s (at 850 ◦C & 0.5 /s). As shown in Fig. 5(a), 
at 750 ◦C & 0.1 /s, the deformation became increasingly localised near 
the specimen centre, where the temperature was highest, with 
increasing normalised time. Fig. 5(b) shows the corresponding distri-
butions of major strain (which, in uniaxial testing, is the strain along the 
long axis) along the gauge length; the localisation of the major strain 
near the specimen centre can be seen even in the early stages (e.g. t/tF =

20%) of deformation. Similar phenomena of strain localisation can also 

be observed in the tests carried out under the other conditions, i.e. at 
750 ◦C & 0.1 /s (Figs. 5(c) and 5(d)), at 850 ◦C & 0.1 /s (Figs. 5(e) and 5 
(f)) and at 850 ◦C & 0.5 /s (Figs. 5(g) and 5(h)). Considering that it took 
place in the early stages, it can be concluded that the strain localisation 
must be caused by the nonuniform temperature distributions rather 
than, for example, by necking, which usually only occurs in the late 
stages of deformation. 

Fig. 6 shows the strain fields in the gauge area of the AA6082 spec-
imens, and their distributions along the gauge length, measured using 
the DIC, at different normalised times. As can be seen in Figs. 6(a)-(b), 
for the test at 375 ◦C & 0.1 /s and Figs. 6(c)-(d), for the test at 450 ◦C & 
0.5 /s, the deformation became increasingly localised near the specimen 
centre with increasing time. This localisation can be seen even in the 
early stages (e.g. t/tF = 20%); these observations are similar to those in 
the 22MnB5 tests. However, the degree of deformation in the vicinity of 
the specimen centre is much higher in the AA6082 specimens 
throughout deformation than is the case in the 22MnB5 specimens. This 
was probably caused by the higher temperature gradients in the AA6082 
specimens than in the 22MnB5 specimens, which can be seen in Fig. 4. 

3.2. Effects of pre-forming gauge length lPre 

3.2.1. Strains and strain rates 
The effect of varying the value of the pre-forming gauge length lPre in 

Eq. (1) was investigated using the values lPre = 16 and 32 mm and the 
test conditions for 22MnB5 given in Table 1, using Design-I. As discussed 
in Section 2.2 above, lPre (lPre ≤ L0) is a virtual value used to compute the 
required displacement of the specimen grips. Fig. 7 shows comparisons 
of the major strains at the specimen centre L1, and two other locations 
L2 and L3 which are at distances D = 8 and 16 mm, respectively, from 
the specimen centre along the length direction. L1, L2, and L3 are 

Fig. 6. Major strain (or axial strain) fields and their distributions along the long axis of the aluminium alloy AA6082 specimens (Design-I) under different test 
conditions. All tests were carried out using a pre-forming gauge length lPre of 16 mm. The values 20%, 40%, 60%, 80% and 95% are normalised times t/tF. 
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marked in Fig. 2(a). The strains at L2 and L3 are used to quantitatively 
show the nonuniformity of the strain distributions, and hence the strain 
rate distributions along the specimen gauge length. As can be seen in 
Fig. 7(a), under conditions of 750 ◦C & 0.1 /s, the strains at L1, L2 and L3 
increased at different rates for both lPre = 16 and lPre = 32 mm; the strain 
at L1 increased dramatically especially in the later stages of deforma-
tion, while the strains at L2 and L3 increased more steadily to saturation 
values. These results are consistent with those presented in Fig. 5. In 
terms of the effect of lPre, reaching the same strain values at a given 
location (L1, L2 or L3) took much longer when lPre = 16 mm than when 
lPre = 32 mm. This indicates that the value of lPre has a large influence on 
the strain rates within the gauge area. Similar phenomena can be 
observed in the tests carried out under other conditions (Figs. 7(b)-(d)). 

The strain rates at the locations L1, L2 and L3 were computed 
throughout the deformation; the results are presented in Fig. 8. As 
shown in Fig. 8(a), corresponding to test conditions of 750 ◦C and 0.1 /s, 
for both lPre = 16 and lPre = 32 mm, the initial strain rates at L1, L2 and 
L3 were smaller than the target value 0.1 /s. With increasing time, the 
strain rate at L1 then increased beyond the target value and became 
higher than the values at L2 and L3. In the later stages of the deforma-
tion, the strain rate at L1 soared, while the strain rates at L2 and L3 
decreased to zero. The strain rates at L1, L2 and L3 began to diverge from 
one another from the start of the deformation. It is thus clear that the 
nonuniformity in strain rate is present from the beginning of deforma-
tion and that this is due to the nonuniformity in temperature distribution 
seen in Fig. 4 rather than to necking. In terms of the effect of lPre, using 
lPre = 32 mm produced higher strain rates at a given location (L1, L2 or 
L3) than using lPre = 16 mm. This effect can be further confirmed in 
Fig. 8(b) in which the strain rate is plotted against the corresponding 
strain. The same phenomena can also be seen in the tests under other hot 

stamping conditions (Figs. 8(c)-(h)). It can therefore be concluded that 
the pre-forming gauge length lPre has a large influence on the strain rates 
at different locations along the gauge area, and a higher value of lPre 

leads to higher strain rates at a given location. 

3.2.2. Stress-strain curves and thermomechanical properties 
Using the data from the tests with lPre = 16 and 32 mm above, the 

engineering stress-strain curves of 22MnB5 were determined, using the 
average strain values obtained over a specified post-forming gauge 
length lPost; here, lPost was taken to have the same value as lPre. The lPost 
value is a virtual value chosen for the interpretation of the test results, 
and its changes were determined by measuring the distance between 
two points which were selected based on the strain fields shown in 
Figs. 5 and 6. The results are shown in Fig. 9. As can be seen in Figs. 9(a)- 
(d), the shapes of the engineering stress-strain curves of 22MnB5 
determined from the thermo-mechanical tests are highly dependent on 
the value chosen for lPre for all the conditions investigated. Properties 
depending on lPre include, but are not limited to, the yield strength, the 
ultimate tensile strength (UTS) and the ductility. Specifically, a higher 
value of lPre resulted in a higher apparent UTS and a lower apparent 
ductility for the same test conditions. The higher UTS was attributed to 
the higher strain rates near the specimen centre, as demonstrated by DIC 
(Fig. 8). 

Fig. 10 presents the values of both the UTS and the ductility to 
quantify the effect of lPre on the measured values of these thermo- 
mechanical properties as determined from the thermo-mechanical 
tests. As can be seen in Fig. 10(a), for the test conducted at 750 ◦C & 
0.1 /s, the ductility decreased by 28.7%, but the UTS increased by 5.1% 
when lPre was increased from 16 mm to 32 mm. Under the other test 
conditions, the ductility decreased by 29.5% (Fig. 10(b)), 22.6% (Fig. 10 

Fig. 7. Comparison of major strains (or axial strains) at the locations L1, L2 and L3 which are at a distance (D) of 0, 8 and 16 mm, respectively, from the centre of the 
specimen (Design-I) along the length direction. Two different pre-forming gauge lengths lPre of 16 and 32 mm were used in these tests on boron steel 22MnB5, and the 
four different parts of this figure (a)-(d) correspond to different hot stamping conditions. 
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(c)), 25.2% (Fig. 10(d)), while the UTS increased by 4.8% (Fig. 10(b)), 
6.4% (Fig. 10(c)), 9.1% (Fig. 10(d)). This indicates that the choice of lPre 

for the thermo-mechanical tests can cause a large variability in the 
apparent values of mechanical properties determined from the tests. 

3.3. Effects of post-forming gauge length lPost 

3.3.1. Strains and strain rates 
In this section, the effect of the post-forming gauge length lPost (lPost 

≤ L0) on the results of the thermo-mechanical tests was investigated; the 
lPost value is a virtual value chosen for the interpretation of the test re-
sults. For this purpose, five different values of lPost were chosen, namely 
4, 8, 16, 24 and 32 mm. Fig. 11 shows the average strains within these 
gauge lengths throughout deformation in the thermo-mechanical tests 
for a value lPre = 32. As can be seen in Fig. 11(a), for testing at 750 ◦C & 
0.1 /s, the strains within the gauge lengths increased steadily with 
increasing time; these were independent of lPost in early stages, but 
increasingly diverged at longer times. Specifically, a shorter post- 

Fig. 8. Comparison of strain rates at the locations L1, L2 and L3 which are at distances D = 0, 8 and 16 mm, respectively from the centre of the specimen (Design-I) 
along the long direction. Two different pre-forming gauge lengths lPre of 16 and 32 mm were used in these tests on 22MnB5 and different hot stamping conditions 
were investigated. 
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forming gauge length lPost produced higher average strains. This is 
because of the nonuniformity in strain distributions along the gauge 
length (Fig. 5), which are attributable to the nonuniformity in the 
temperature distributions in the earlier stages of deformation. It is worth 
noting that necking of the material can also contribute to nonuniformity 
of strain distributions, but this usually only occurs in the later stages of 
deformation. Similar phenomena can be seen in the results of the tests 
carried out under the other hot stamping conditions (Figs. 11(b)-(d)). 

The average strain rates within the different post-forming gauge 
lengths lPost were also computed and the results are presented in Fig. 12. 
As can be seen in Fig. 12(a), for testing at 750 ◦C & 0.1 /s, the initial 
strain rates were almost independent of lPost, and about 30% lower than 
the target value of 0.1 /s. With increasing time, the strain rates 
increased, and similarly to the strains, an increasing divergence 
appeared between the strain rates as determined with different lPost 
values; a shorter lPost generated higher strain rates. For example, in the 
later stages of the deformation, the strain rates determined with lPost = 4 
mm soared, while the strain rates for lPost = 32 mm were only slightly 
higher than the target value. This is consistent with the data presented in 
Fig. 8, and this divergence among the strain rates is at least partially 
attributable to the nonuniform temperature distributions, the other 
possible reason for nonuniformity being necking of samples in the later 
stages of deformation. The same phenomena can be seen in the results of 
the tests carried out under the other hot stamping conditions (Figs. 12 
(b)-(d)). 

3.3.2. Stress-strain curves and thermomechanical properties 
Using the average strains (Fig. 11) obtained using the different post- 

forming gauge lengths (i.e. lPost = 4, 8, 16, 24 and 32 mm), the engi-
neering stress-strain curves of 22MnB5 were determined; these are 

plotted in Fig. 13. As can be seen in Fig. 13(a), corresponding to testing 
at 750 ◦C & 0.1 /s, the apparent engineering strains in the stress-strain 
curves for these different lPost values are different from one another, as 
would be expected, while the engineering stresses are required to be the 
same at a given value of time because the stress data are from the same 
test in each case. Furthermore, the differences in stress-strain curves 
obtained as a result of modifying lPost are mainly visible in the region 
beyond UTS only. Similar phenomena can be observed in the results 
from the tests carried out under the other hot stamping conditions, as 
shown in Figs. 13(b)-(d). 

The engineering stress-strain curves for AA6082 were also obtained 
using data from the tests where lPre = 32 mm (as presented in Fig. 6). The 
average strains obtained using different selected post-forming gauge 
lengths, i.e. lPost = 5, 10, 20 and 30 mm, were calculated; the results are 
plotted in Fig. 14. As can be seen in Fig. 14(a) for testing at 375 ◦C & 0.1 
/s, and Fig. 14(b) for testing at 450 ◦C & 0.5 /s, the shapes of the stress- 
strain curves are highly dependent on the chosen values of lPost, and the 
curves diverged considerably beyond UTS; these are similar to the ob-
servations in the 22MnB5 tests. One main difference from the boron steel 
is that in AA6082, the UTS appeared very early, almost at the onset of 
the deformation. 

3.4. Effects of specimen design 

3.4.1. Temperature distribution along gauge length 
To investigate the effect of specimen design, the temperature dis-

tributions along the gauge length of the specimens with Design-II and 
Design-III were measured. The results are plotted in Fig. 15. As can be 
seen in Figs. 15(a)-(b), the temperature decreased with increasing dis-
tance from the specimen centre as expected. Compared to Design-I 

Fig. 9. Engineering stress-strain curves for boron steel 22MnB5 determined in tests under different conditions in which two different pre-forming gauge lengths lPre of 
16 and 32 mm were used, and engineering strains were obtained with post-forming gauge lengths lPost having the same values as lPre.
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(Fig. 4(a)), larger temperature drops can be observed in Design-II 
(Fig. 15(a)) at locations having the same distance from the specimen 
centre. This is because the initial length L0 of the gauge area of Design-II 
is 50% shorter than that of Design-I. It is therefore concluded that a 
longer L0 is beneficial to produce more uniform temperature fields in a 
central gauge region of the same fixed length. In addition, compared to 
Design-II (Fig. 15(a)), larger temperature drops can be seen in Design-III 
(Fig. 15(b)). The only difference between Design-II and Design-III is that 
the initial width W0 of the gauge area of the latter is 50% less than that of 
the former. This indicates that W0 also has an influence on the tem-
perature distributions, and a wider W0 enables more uniform tempera-
ture distributions to be produced in a central gauge region of the same 
length. 

3.4.2. Strains and strain rates 
Using the specimens with Design-II and Design-III, thermo-mechan-

ical tests on 22MnB5 were carried out under the hot stamping conditions 
given in Table 1. The same pre-forming gauge length lPre = 16 mm was 
used for all these tests. The strains at the locations L1 (D = 0 mm) and L2 
(D = 8 mm) in Design-II and Design-III were computed throughout 
deformation, where D is the distance from the specimen centre along the 
long direction. The resulting strains are plotted in Fig. 16, with those 
from Design-I included for comparison. As can be seen in Fig. 16(a), for 
testing at 750 ◦C & 0.1 /s, the strain at L1 (i.e. the specimen centre) 
increased considerably, especially in the later stages of deformation in 
both Design-II and Design-III, while the strain at L2 increased before 
reaching saturation values in both designs. These trends are similar to 
those observed for the strains in Design-I. Both alternative designs took a 
much shorter time to fracture than Design-I; if tF is defined as the time to 
fracture for Design-I, then Design-II fractured at about 0.49tF and 
Design-III fractured at about 0.45tF. In addition, the strains at L1 at the 
time of fracture in both Design-II and Design-III were lower than that in 
Design-I. The same phenomena can also be seen in the results of the tests 
performed under the other hot stamping conditions, as shown in Figs. 16 

(b)-(d). 
The strain rates at L1 (i.e. the specimen centre) and L2 in Design-II 

and Design-III were computed and compared with those in Design-I, 
and the results are plotted in Fig. 17. It can be seen from Fig. 17(a) 
that, for testing at 750 ◦C & 0.1 /s, the strain rates at L1 increased 
dramatically in the later stages of deformation in both Design-II and 
Design-III. However, in contrast to those in Design-I, the strain rates at 
L1 in both Design-II and Design-III were much higher than those at L2 
even in the initial stages of deformation. This is because the temperature 
distributions in Design-II and Design-III were less uniform than those in 
Design-I, as demonstrated in Figs. 4 and 15. Furthermore, the strain rates 
at L1 in Design-II in the initial stages of deformation were much higher 
than those in Design-I, but slightly lower than those in Design-III. This 
can be further confirmed by Fig. 16(b) which shows the strain rates at L1 
plotted against the corresponding strains. The same phenomena can also 
be seen in the results from tests performed under the other hot stamping 
conditions, as shown in Figs. 17(b)-(h). Overall, the observations above 
indicate that both the length L0 and width W0 of the gauge area of the 
specimens affect the distributions and numerical values of the strain 
rates. Specifically, a longer L0 produces strain rate distributions that are 
more uniform in a gauge region of the same length, but smaller strain 
rate values in the initial stages of deformation. A wider W0 produces 
higher strain rate values at a given location. 

3.4.3. Stress-strain curves and thermomechanical properties 
Using the data from the tests on Design-II and Design-III above, the 

engineering stress-strain curves of 22MnB5 were determined with a 
post-forming gauge length lPost = 16 mm equal to lPre. The resulting 
stress-strain curves obtained using Design-II and Design-III are plotted in 
Fig. 18, together with those obtained using Design-I for comparison. As 
can be seen in Fig. 18(a), for the test conducted at 750 ◦C & 0.1 /s, 
different forms of stress-strain curves were obtained when using the 
different specimen designs; parameters whose measured values are 
different include the UTS and the ductility. Specifically, the UTS 

Fig. 10. Investigation of the effect of different pre-forming gauge lengths lPre of 16 and 32 mm on apparent values of ductility and UTS of 22MnB5 as determined in 
tests under different conditions; the ductility was obtained assuming a post-forming gauge length lPost with the same value as lPre.
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measured using Design-II was about 11% higher than that using Design- 
I, while the value obtained using Design-III was about 17% higher than 
for Design-I. The ductility values obtained using Design-II and Design-III 
were very similar, but much smaller (about 35% smaller) than that using 
Design-I. In the tests carried out under the other hot stamping condi-
tions, similar effects of the specimen design on these thermomechanical 
properties can be seen (Fig. 18(b)). It is therefore concluded that the 
specimen design, specifically the initial length L0 and width W0, strongly 
affects the engineering stress-strain curves and the UTS and ductility 
values obtained from them. 

3.5. Distribution of microstructural features in the gauge length – A case 
study 

The nonuniform temperature distributions (Figs. 4 and 15) may 
affect the distributions of microstructural features and properties (e.g. 
geometrically necessary dislocation (GND) density, grain size and phase 
fractions and sizes) along the gauge length by influencing the kinetics of 
phenomena including but not limited to recovery, recrystallisation and 
phase transformation. A case study was carried out, as an example, on a 
22MnB5 specimen with Design-I. A hot stamping heat treatment was 
carried out, in which, as illustrated in Fig. 3(b), the material was heated 
to 925 ◦C followed by soaking for 60 s with the aim of achieving com-
plete transformation from ferrite to austenite, and then rapidly 
quenched at a rate of 60 ◦C/s to room temperature. The microstructure 
of the specimen at four locations L1, L2, L3, L4 at distances D from the 
centre of 0, 8, 16, 24 mm respectively, was characterised. The results are 
shown in Fig. 19. As can be seen in Figs. 19(a)-(b), the material at L1 and 
L2 was fully transformed to martensite, indicating that full austenitisa-
tion had occurred before quenching [36]. However, at locations L3 and 

L4, as shown in Figs. 19(c)-(d), residual ferrite can be seen, with a 
greater proportion of such ferrite at L4 (D = 24 mm) than at L3 (D = 16 
mm). This indicates that, due to the temperature decrease along the 
gauge length, full austenitisation was not achieved at L3 and L4. It can 
therefore be concluded that, to investigate the microstructure produced 
during the thermo-mechanical tests, the location used for characterisa-
tion of the microstructural features should be as close as possible to the 
specimen centre due to the nonuniform temperature distributions. It 
should be noted that the microstructure of AA6082 was not investigated 
in the present study because this case study of boron steel is sufficient to 
support that nonuniform temperature distributions along the gauge 
length could result in nonuniform microstructure distributions. 

4. Discussion 

For thermo-mechanical testing at high temperatures, it is essential to 
accurately control both the temperature and the strain rate in the gauge 
length throughout the deformation [37]. In the tests conducted using the 
Gleeble system, the temperature distributions along the gauge length are 
nonuniform and the temperature is highest at the specimen centre, as 
shown in Figs. 4 and 15. In addition, only the temperature at one given 
location (namely the specimen centre in the present study) can be 
controlled accurately. The nonuniform temperature distributions lead to 
a concomitant nonuniformity of strains (Fig. 7) and strain rates (Fig. 8) 
along the gauge length; both strains and strain rates are highest at the 
specimen centre. Therefore, control of the displacement of the specimen 
grips used to stretch specimens can directly control only the strain rates 
at the specimen centre; the strain rates elsewhere in the specimen are 
controlled indirectly. In summary, in the tests performed in the Gleeble, 
both the temperature and the strain rate are nonuniformly distributed 

Fig. 11. Evolution of apparent true strains within different selected post-forming gauge lengths (lPost) of 4, 8, 16, 24 and 32 mm in tests on 22MnB5 under different 
test conditions. All the tests were performed using a pre-forming gauge length lPre of 32 mm. 
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along the gauge length, and these parameters can only be controlled 
directly at the specimen centre where their values are the highest. 

As a result of the nonuniformity of the deformation along the gauge 
length, it is difficult to control the practical values of the strain rates in 
the gauge area to obtain target values. In the present study, Eq. (1) was 
used to calculate the displacement of the specimen grips required to 
stretch the specimens for the attainment of the target strain rates. 
However, the use of this equation is based on the assumption that the 
deformation in the gauge area is uniform, which is not the case in tests 
using the Gleeble even in the early stages of deformation. Indeed, ac-
cording to Fig. 8, the value chosen for the pre-forming gauge length lPre 

in this equation significantly affects the actual strain rates in the gauge 
area; the higher lPre, the higher the strain rates at a given location. In 
practice, the strain rates are not constant with respect to time, but 
change continuously from the beginning of the deformation, with values 
at different locations in the gauge area changing in different ways. This 
indicates that the target strain rates cannot be obtained at any location 
(e.g. the specimen centre) in the gauge area simply by using Eq. (1) to 
determine the displacement required to stretch the specimens. To ach-
ieve the target strain rates, Eq. (1) needs to be improved by taking into 
account the nonuniformity of temperature distributions along the gauge 
length in the calculation. According to Figs. 4 and 15, the temperature 
distributions are dependent on the material and the specimen di-
mensions, namely the length and width of the gauge area. Therefore, an 
improved version of Eq. (1) would probably need to consider the ma-
terial and the specimen dimensions. 

The nonuniformity of the distributions of temperature and strain rate 
along the gauge length results in variability in the apparent values of 
materials properties under a given set of test conditions, such as the 
ductility and the UTS, depending on the parameters used in the thermo- 
mechanical tests and the interpretation of their results. According to 
Figs. 13 and 14, the apparent ductility obtained depends strongly on the 

post-forming gauge length; the longer the lPost, the lower the ductility. 
This is because of the nonuniform deformation along the gauge length 
which is in turn caused by the nonuniform temperature distributions 
[38] and the occurrence of necking [39]. For testing at room tempera-
ture, an initial sample gauge length L0 which is 4 to 6 times the initial 
width W0 of the gauge area is usually recommended to minimise the 
effect of the nonuniformities in deformation caused by necking on the 
ductility measured within the gauge length [40]. However, the present 
study has shown that this rule for selection of an appropriate gauge 
length is not applicable to thermo-mechanical testing. This is because 
nonuniform deformation already starts at the beginning of the test due 
to the nonuniformity of the temperature distribution. Given that the 
strain distributions within the same gauge length are dependent on the 
pre-forming gauge length lPre (Fig. 7) and the specimen dimensions 
(Fig. 16), the ductility value obtained using the thermo-mechanical tests 
is therefore relative and dependent on lPre, lPost and the specimen di-
mensions (i.e. the initial length L0 and width W0 of the gauge area). The 
measured UTS is, according to Figs. 9 and 18, dependent on lPre and the 
specimen dimensions L0 and W0. Considering that the specimen centre 
has the highest deformation and fracture occurs at this location, the UTS 
is the maximum stress that the material at the specimen centre can 
withstand while being stretched. The strain rates at the specimen centre 
depend on lPre (Fig. 8), L0 and W0 (Figs. 17), giving rise to the observed 
variabilities in the UTS value measured in thermo-mechanical testing. 

Furthermore, it is challenging to determine true stress–true strain 
curves for sheet metals subjected to thermo-mechanical tests in the 
Gleeble. Usually, a true stress–strain curve is valid only while defor-
mation is uniform, due to the effects of nonuniform deformation (e.g. 
necking) on the calculation of true stresses [41]. In the thermo- 
mechanical tests in the present work, however, the deformation is 
nonuniform from the beginning of testing (Figs. 5 and 6). One may 
consider that, similarly to testing at room temperature, the true 

Fig. 12. Evolution of average strain rates with different selected post-forming gauge lengths (lPost) of 4, 8, 16, 24 and 32 mm in tests on 22MnB5 under different 
conditions. All the tests were performed using a pre-forming gauge length lPre of 32 mm. 
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stress–true strain curves could be determined using the test data from 
the part of the curve before the maximum of engineering stress (i.e. the 
UTS) is reached. However, the form of the resulting curves would still be 
dependent on the pre-forming gauge length lPre, the post forming gauge 
length lPost, and the specimen design. In addition, for AA6082 (Fig. 14), 
the total true strain would be very small (e.g. 0.03) because the UTS 
occurs almost at the beginning of the deformation, indicating that the 
specimen Design-I and the data post-processing method used are for 
AA6082 not adapted particularly. Therefore, a standard method needs 
to be developed in future to determine unique true stress–true strain 

curves for sheet metals at high temperatures. 
It should be noted that the dependencies on experimental parameters 

investigated in the present study are not restricted to high-temperature 
testing in the Gleeble, but would apply to any tests in which temperature 
distributions along the gauge length are nonuniform, especially when 
the total deformation is relatively high [42]. 

5. Conclusions 

In thermo-mechanical tests where temperature distributions along 

Fig. 13. Engineering stress-strain curves obtained using different post-forming gauge length lPost values of 4, 8, 16, 24, 32 mm in tests on 22MnB5 under different 
conditions. All the tests were performed using a pre-forming gauge length lPre of 32 mm. 

Fig. 14. Engineering stress-strain curves obtained using different post-forming gauge length (lPost) values of 5, 10, 20 and 30 mm in tests on AA6082 under different 
test conditions. All the tests were performed using a pre-forming gauge length lPre of 16 mm. 
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the gauge length are nonuniform throughout the deformation due to 
heat loss to the specimen grips, these temperature distributions lead to 
nonuniformity in the distributions of both strain and strain rate. The 
strain and strain rate have their highest values at the specimen centre 
where the temperature is highest, and decrease with increasing distance 

from the specimen centre. In a case study, the temperature distributions 
were found to result in nonuniformities in the microstructure along the 
gauge length. 

Since the strain and strain rate along the gauge length are nonuni-
form, the apparent values of mechanical properties of sheet metals, such 

(a) Design-II (half length) (b) Design-III (half width) 
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Fig. 15. Temperature distributions along the length direction of the 22MnB5 specimens with different designs, Design-II and Design-III, for tests in which the 
temperature at the specimen centre reaches target values of 650, 750, 850 and 925 ◦C. 

Fig. 16. Major strains (or axial strains) at the locations L1 and L2 which are at a distance D = 0 and 8 mm respectively from the centre along the long axis of the 
specimens, plotted for the different designs: Design-I, Design-II and Design-III, in the tests on 22MnB5 under different hot stamping conditions using lPre = 16 mm. 
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Fig. 17. Evolution of strain rates at the locations L1 and L2 that are at a distance D = 0 and 8 mm respectively, from the centre along the long direction, in the 
specimens with the different designs: Design-I, Design-II and Design-III, in the tests for 22MnB5 under different hot stamping conditions using lPre = 16 mm. Note that 
in (e)-(h) only the strain rates at the specimen centre are plotted. 

R. Zhang et al.                                                                                                                                                                                                                                   



Journal of Manufacturing Processes 101 (2023) 737–754

752

as the ductility and the ultimate tensile strength (UTS), as determined 
from the thermo-mechanical tests depend strongly on the pre-forming 
gauge length lPre, the post forming gauge length lPost, and the specimen 
design. Specifically: 1) The value of lPre determines the displacements 
required to stretch specimens directly, and thus affects the strain rates in 
the gauge area. A higher lPre results in higher strain rates applied to the 
gauge area. For the same specimen design, and setting lPost = lPre, a 

higher UTS and a lower ductility are obtained. 2) Decreasing the lPost 
value increases both the average strain and average strain rate within 
the gauge length, especially in the later stages of each test. The lPost value 
has only a small effect on the UTS, but affects the ductility characterised 
from the test considerably; the higher lPost, the lower the ductility. 3) In 
terms of the effects of the specimen design, only the initial length L0 and 
width W0 of the gauge area were investigated in the present study. A 

Fig. 18. Engineering stress-strain curves obtained using specimens with different designs, Design-I, Design-II and Design-III in tests on 22MnB5 under hot stamping 
different conditions in which the pre-forming and post-forming gauge lengths were set to the same value lPre = lPost = 16 mm. 

(a) D = 0 (b) D = 8 (c) D = 16 (d) D = 24 

Fig. 19. Microstructure distributions along the length direction of a boron steel specimen (Design-I) after the hot stamping thermal cycle, showing four locations at 
distances (D) of 0, 8, 16 and 24 mm from the specimen centre. 
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smaller L0 leads to a decrease in the strain rates and the ductility, but an 
increase in the UTS. In contrast, decreasing W0 increases the strain rates 
and the UTS, but has only a small effect on the ductility. 

Due to the uncertainties mentioned above, it is very challenging to 
characterise absolute materials properties, such as UTS and ductility, 
from these thermo-mechanical tests using the Gleeble, because the 
specimens are subjected to nonuniform temperature distributions along 
the gauge length. Further work is required to develop methods to obtain 
target strain rates and to determine true stress–true strain curves with 
these test methods. 
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