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Abstract
Background A significant amount of uniaxial tensile tests has been carried out using Gleeble systems to investigate the
viscoplastic deformation of boron steel (22MnB5) under hot stamping conditions. However, due to heat loss through the end
clamps, a temperature gradient in the reduced parallel section of dog-bone shaped specimens is inevitable.
Objective In the work reported in this paper, the effect of temperature gradient on measured outcomes is examined.
Methods Uniaxial tensile tests on 1.5 mm thick boron steel specimens are carried out, under hot stamping conditions and strain
fields are quantified using the digital image correlation (DIC) technique. The effect of gauge length on the properties of boron
steel, as calculated from observed test results, is determined.
Results Compared with the test at room temperature, a bell-shaped strain distribution occurs within the gauge length even before
the appearance of the maximum load. Also, average strain within the gauge length, especially in the later stages, changes with
gauge length within the investigated range, and thus, different engineering stress-strain curves and fracture strains are determined.
In addition, normalized strain rate is significantly dependent on gauge length, which results in over 16% difference among the
computed flow stresses by using a unified constitutive model.
Conclusions The characterized properties of the material are dependent on gauge length and thus, a testing standard for measur-
ing thermal-mechanical data of materials by using a Gleeble need to be defined.
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Introduction

In the vehicle manufacturing industry, an increasing demand
to improve strength to weight ratio of metallic panel compo-
nents has stimulated technological development in sheet metal
forming [1]. The hot stamping and cold die quenching process
(abbreviated as ‘hot stamping’) has been developed for the
manufacture of high-strength steel components [2, 3] and
complex-shaped light alloy components [4, 5]. Boron steel is
the most commonly used steel grade for hot stamping appli-
cations for automobiles [6]. The sheet is heated above its Ac3-
temperature followed by soaking for a prescribed time to

ensure transformation of its microstructure into austenite and
is then formed and quenched simultaneously, between cold
dies, into a complex-shaped component with a fully martens-
itic structure with ultra-high strength [7].

To enable accurate material and process modelling of hot
stamping, knowledge of the effect of process conditions on
constitutive properties of the workpiece material is essential
[8, 9]. Considering the complex temperature profile experi-
enced by workpieces in hot stamping processes, Gleeble
thermal-mechanical simulators, which enable accurate control
of temperature and testing speed, are commonly used to obtain
relevant constitutive data. Merklein et al. [10] investigated
thermal and thermal-mechanical properties of boron steel by
performing hot tensile tests appropriate to hot stamping pro-
cesses, using a Gleeble 1500 machine. Li et al. [11] adopted a
modified Arrhenius model and an improved Johnson-Cook
model to describe hot deformation of boron steel, by regres-
sion analysis of true stress-strain curves, determined using a
Gleeble 1500D over ranges of temperature, 20 to 900 °C and
strain rate, 0.01 to 10 /s. Gui et al. [12] performed hot tensile
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tests on boron steel using a Gleeble 3500 over a temperature
range, 700 to 850 °C and strain rate range, 0.01 to 1 /s, and
analyzed effects of an Al-Si coating on mechanical properties
of the material. Li et al. [13] studied effects of heating rate and
soaking temperature on the formation of austenite using a
Gleeble 3800. Li et al. [14] also investigated effects of defor-
mation temperature and strain rate on the fracture and work
hardening of boron steel by carrying out hot tensile tests over a
temperature range, 550 to 850 °C and strain rate range, 0.01 to
5 /s in a Gleeble machine.

One limitation of testing accuracy in using a Gleeble ma-
chine for tensile testing is that, as specimen ends are secured
by water-cooled jaws, heat loss occurs and a temperature gra-
dient from mid-length to ends of a specimen arises. A temper-
ature gradient within the reduced parallel section of dog-bone
shaped specimens has been reported, which probably affects
property characterization [17–19]. Table 1 shows fracture
strain and tensile strength, calculated fromGleeble test results,
for boron steel at 700 °C and strain rate 0.1 /s, taken from five
different publications. It is shown that both fracture strain and
tensile strength vary between references and depend on spec-
imen dimensions and gauge length. Gui et al. [12] proposed a
method to calibrate the experimental stress-strain data, but the
calibration is practically difficult as it is based on an assump-
tion of homogeneous temperature within a small gauge length.
In order to provide a means for determining accurately and
consistently, high temperature constitutive relations using ten-
sile tests on Gleeble machines, an in-depth understanding of
effects of the temperature gradient is required.

To enable analysis and quantification of the effect of the
temperature gradient on calculated constitutive relations, de-
tails of strain fields within deforming specimens must be re-
corded. The non-contact strain measurement method of DIC,
firstly introduced by Peters and Ranson [20], enables the mea-
surement of strain fields by mathematically mapping displace-
ment of grey intensity patterns, sprayed onto specimen sur-
faces, between reference and deformed images [21, 22].
Because of the advantages of suitability to large deformation
and use of subsets during correlation, speckle patterns have
been commonly used in the DIC technique [23]. Martínez-

Donaire et al. [24] generated high contrast stochastic patterns
using a customized paint, and measured strain fields in alumi-
num alloys at room temperature. Güler and Efe [25] adopted
the DIC technique to measure strain fields in an aluminum
alloy and a steel at room temperature, in which speckle pat-
terns were generated by spraying a black paint background
against white paint dots containing 30% of acrylic paint and
70% of acetone. Few applications of the DIC technique for
strain field measurement in high temperature tests have been
found. Shao et al. [26, 27] measured strain fields in aluminum
alloy AA6082 at temperatures between 400 and 500 °C and
strain rates between 0.1 and 4 /s, in which high contrast ran-
dom speckle patterns were generated by using a paint
consisting of amorphous precipitated silica and titanium diox-
ide which can withstand temperatures up to 1093 °C.
However, due to serious oxidation of boron steel at high tem-
perature, and burning and peeling off of speckle patterns, no
publications have been found for the measurement of strain
fields in boron steel at high temperature [28].

The aim of this study is to investigate effects of temper-
ature gradient existing in the reduced parallel section of
dog-bone shaped specimens used for uniaxial tensile tests
under hot stamping conditions. Particular attention has
been paid to effects of gauge length selection on the char-
acterized thermal-mechanical properties of boron steel and
on flow stress computations. Uniaxial tensile tests were
conducted on specimens cut from 1.5 mm thick boron steel
sheet under hot stamping conditions in a Gleeble 3800
machine, and strain fields were measured using the DIC
technique. Based on the measured strain fields, the strain
distributions within gauge length under hot stamping con-
ditions were compared with that at room temperature. Then
several different gauge lengths were selected and the
thermal-mechanical properties of boron steel (e.g. fracture
strain) were characterized by using the different gauge
lengths. The normalized strain rate within the gauge
lengths was also calculated and compared, and the
viscoplastic flow stress was computed, with a set of unified
viscoplastic constitutive equations, by using the normal-
ized strain rate within the different gauge lengths.

Table 1 The fracture strain and the UTS of boron steel, tested in a Gleeble machine at 700 °C and strain rate, 0.1 /s. Results taken from 5 different
publications

Reference Steel grade Specimen dimensions Strain measurement Gauge length (mm) Fracture strain UTS (MPa)

Parallel length (mm) Width (mm)

[15] USIBOR 1500 P 46 12 Width variation 26 0.48 250

[11] B1500HS 60 10 Gauge length variation 30 0.47 275

[12] 26MnB5 38.1 12.7 Gauge length variation 8 0.55 325

[16] 22MnB5 34 12 Gauge length variation 15 0.13 213

[14] B1500HS 50 10 Width variation 20 0.53 260
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Experimental Programme

Material and Specimen Design

The chemical composition of boron steel 22MnB5 used in this
study is given in Table 2. The geometry and dimensions of the
dog-bone shaped specimens, which were milled from 1.5 mm
thick zinc-coated boron steel sheet along the rolling direction,
are shown in Fig. 1. The relatively long parallel length was
designed to improve the temperature uniformity along the
length direction of the specimens. A pair of thermocouples
was welded at the mid-length of the specimens to record target
temperature at this location. Considering the symmetry of the
specimens, the other two pairs of thermocouples were welded
only in one direction for temperature distribution measure-
ment, at distances of 10 mm and 20 mm from the mid-length.

Experimental Programme

Experimental Procedure and Data Processing

Considering the complex temperature profile experienced by a
workpiece in hot stamping processes, the tensile tests were
conducted in a Gleeble 3800 machine, in which a specimen
is heated by its resistance to an electric current provided by
water-cooled jaws clamped at each end. The direct resistance
heating system is capable of providing smooth control of tem-
perature and heating and cooling rates within a specimen. The
temperature profile used in the tests, which mimics industrial
hot stamping conditions used for boron steel, is shown in
Fig. 2(a) [12, 29]. Specimens, mounted in the Gleeble, were
heated to an austenitization temperature of 925 °C at a heating
rate initially of 10 °C/s, which was reduced to 5 °C/s near to
target temperature, to avoid overshooting. After soaking for
60 s to ensure complete austenite transformation, the speci-
men was quenched at a quenching rate of 60 °C/s to a speci-
fied forming temperature, held for 2 s to stabilize temperature
and subsequently stretched at a specified strain rate.
Figure 2(b) shows the experimental setup in the Gleeble
3800 for the uniaxial tensile tests. A high-speed camera with
a constant frame rate of 250 frames per second (fps) was used
to capture specimen deformation. A pair of purpose-built
wedges was used to ensure that the top surface of specimens
was parallel to the camera lens [26]. Two flat-head nozzles
connected to an air-cooling system in the Gleeble were used
for quenching. A laptop connected to the high-speed camera
was used to record the captured images, and the commercial

software ARAMIS (GOM, Germany) was adopted for data
post-processing.

The tests were performed over the range of temperatures
and strain rates shown in Table 3. For comparison, uniaxial
tensile tests were also carried out at room temperature at a
constant speed of 10 mm/min, which approximates to 0.2 /s.
In order to realize the constant target strain rates, the stroke to
stretch specimens was determined according to the following
Eq. (1) based on an assumption of isothermal deformation
[30]:

Δl ¼ l0 exp t � ε̇T
� �

−1
h i

ð1Þ

where Δl is the stroke, l0 is original gauge length, t is time and

ε̇T is target strain rate.

Digital Image Correlation Setup

In order to extend application of the DIC technique to
strain field measurement under the unique conditions of
these tests, a novel method for generating robust, high
contrast speckle patterns on boron steel surfaces, was de-
veloped. Firstly, the zinc coating on the boron steel was
removed using 800-grit silicon carbide paper, then the sur-
faces were roughened slightly by being ground with 80-grit
paper. The random speckle patterns were prepared by
spraying a white paint, ULFALX-Ofenfarbe (309310), ca-
pable of withstanding temperatures up to 1200 °C to gen-
erate randomly distributed white dots, against a thin layer
black background obtained by spraying black paint,
ULFALX-Ofenfarbe (309310), with an airbrush operating
at 30 psi pressure with about 12 cm distance from speci-
men surface. During the tensile tests, a vacuum environ-
ment was used to avoid the oxidization of boron steel at the
high temperatures.

Table 2 Chemical composition
of boron steel 22MnB5 C (%) Si (%) Mn (%) P (%) S (%) Cr (%) B (%)

0.20–0.25 0.20–0.35 1.00–1.30 0.030 0.010 0.14–0.26 0.0015–0.005

Mid-length

Thermocouples

Fig. 1 Geometry and dimensions of dog-bone shaped specimen of boron
steel (all dimensions in mm)
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Experimental Results and Discussion

Temperature Distribution and Strain Field
Measurement

Temperature distribution along the length direction of the dog-
bone shaped specimens, measured when the temperature at
specimen mid-length reaches target value, is shown in
Fig. 3. It can be seen that temperature decreases at an increas-
ing rate from the mid-length towards the end of the parallel
reduced section of the specimen, i.e. an increasing temperature
gradient exists along the length of the specimen. Temperature
distribution during deformation remains almost the same as
that immediately before deformation, given that the closed-
loop temperature feedback control was used. Referring to
Fig. 3, a gauge length of 26 mm was chosen, in which the
maximum temperature gradient is less than 20 °C.
Subsequently, the uniaxial tensile tests for boron steel were
carried out under the various conditions shown in Table 3.

Measured major engineering strain fields in specimens de-
formed at 750 °C and strain rates of 2 /s and 0.2 /s, are shown
in Figs. 4(a) and (b). The values 0.2, 0.5, 0.8, 0.9 and 1.0 are
normalized times t/tf, where t is current time and tf is time at
fracture. The major strain fields in the reduced section of

specimens are heterogeneous even at the normalized time of
0.5, and with increase of the normalized time, deformation
gradually concentrates in the center of specimens, where tem-
perature is the highest (Fig. 3).

Using average strain within the 26 mm gauge length, engi-
neering stress-strain curves are plotted in Fig. 5. The dashed
lines represent the level of the UTS of the material under each
condition. As expected, the UTS is higher for either a lower
temperature or a higher strain rate, which indicates the
viscoplastic nature of the material under the testing conditions.
The strain at onset of diffuse necking were determined accord-
ing to the Considère criterion [31]. As can be seen in Fig. 5,
engineering strain at UTS is within a range of 20% to 30%,
and approximately 60% lower than the fracture strain, for each
test condition.

Table 3 Test programme (‘√’ represents the selected test conditions)

Strain rate (/s)
Temperature (°C)

0.02 0.2 2 0.2

20 √
700 √
750 √ √ √
850 √
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900
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m
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ra
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re

 (
C)

Distance from mid-length (mm)

Half of selected gauge length

Fig. 3 Temperature distribution along the length of dog-bone shaped
specimens

(a) (b)

0 50 100 150 200
0

200

400

600

800

1000
Te

m
pe

ra
tu

re
(

C)

Time (s)

Heating rate 10 C/s

Cooling rate 60 C/s

Heating rate
5 C/s

Soaking time
60 s

Tension

Fig. 2 (a) Temperature profile and (b) experimental setup for boron steel in the uniaxial tensile tests under hot stamping conditions
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Effect of Temperature Gradient on Strain Distribution

The effect of temperature gradient on strain distribution
in the reduced section is investigated. Figures 6(a1) to
(a6) show strain distribution within a specimen length
of initially 40 mm, as indicated as dashed lines in Fig.
4, for specimens deformed at 20 °C and 750 °C, at
different normalized times t/tf. The strain distribution
in the specimen at room temperature is almost uniform
until t/tf reaches 0.8, and after that, localized deforma-
tion occurs at t/tf = 0.9 and terminates at t/tf = 1.0. In the
specimen deformed at 750 °C, however, a bell-shaped
strain distribution is observed at t/tf = 0.3. That is, strain
becomes nonuniform soon after the start of deformation.
This is due to the temperature gradient, and deformation
is mainly localized at mid-length where temperature is
the highest. With increasing the time, nonuniformity of
strain significantly increases, and at t/tf = 0.8, the strain
at mid-length is about 170% higher than that at the
gauge length ends. Figures 6(b) and (c) show relations
of stress with time for the tests at 20 °C and 750 °C,
respectively, in which the engineering stresses at each
of the normalized times relating to Figs. 6(a1)-(a6) are
marked. For the deformation at 20 °C, the maximum

load (or engineering stress) occurs at t/tf ≈ 0.73.
Referring to Figs. 6(a1)-(a6), the strain distribution is
uniform before the appearance of the maximum load.
However, for the deformation at 750 °C, the maximum
load occurs at t/tf ≈ 0.64, between stages in Figs. 6(a3)
and (a4), and nonuniform strain distribution arises be-
fore the maximum load and is maintained throughout
deformation, as shown in Figs. 6(a1)-(a6).

The effect of the temperature gradient on the strain distri-
bution in the narrowed length of the specimen, is further quan-
tified by selecting different gauge lengths, situated about mid-
length and plotting average strain along them as shown in
Figs. 7(a) and (b) for 20 °C and 750 °C deformation respec-
tively. As shown in Fig. 7(a), the average strain within the
different chosen gauge lengths is the same until the time when
the maximum load occurs. After this, due to increasing local-
ized deformation, values diverge according to each particular
chosen gauge length [32]. As shown in Fig. 7(b), at 750 °C
however, average strains within the different gauge lengths
diverge early, before occurrence of maximum load, and with
increasing gauge length from 2 to 40 mm, the average strain at
the maximum load decreases by about 22%.

The ASTM standard for isothermal uniaxial tensile test
specimens, is that the gauge length should be greater than or

Fig. 4 Major engineering strain fields in the reduced section of the dog-bone shaped specimens deformed at temperature and strain rate of (a) 750 °C and
2 /s, (b) 750 °C and 0.2 /s, in which the initial length of the section (dashed black) is 40 mm
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equal to 4 times specimen width [33]. This is because a high
ratio can minimize differences between average strains mea-
sured on different gauge lengths after the maximum load, and
thus enable characterization of mechanical properties (e.g.
fracture strain), which are independent of specimen geometry
[34]. Due to the temperature gradient arising in specimens on
Gleeble machines, the ASTM criterion for gauge length is not

suitable, and using parallel length may underestimate charac-
terized mechanical properties. To overcome this deficiency
and ensure accurate material specific mechanical properties
can be obtained, it is necessary to redefine gauge length for
uniaxial tensile tests on Gleeble machines.

The variation in values of UTS listed in Table 1, measured
by different workers, is likely to be attributable to temperature
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gradient in the reduced width section of the specimens used.
Since specimens are heated by direct resistance in the Gleeble,
temperature uniformity is highly dependent on specimen ge-
ometry and dimensions. Temperature gradients cause bell-
shaped strain distributions at the start of deformation, as
shown in Figs. 6(a1)-(a6), which affect the value of the max-
imum load sustainable by the specimen material [35, 36].

Effect of Gauge Length on Characterized Thermal-
Mechanical Behavior

Flow Stress and Fracture Strain Curves

Engineering stress-strain curves are determined using average
strain within gauge lengths of 2, 6, 12, 26 and 40 mm and the
results are presented in Fig. 8. As for the average strain-time
relationships shown in Fig. 7, the curves in this figure,
representing different temperatures, strain rates and gauge
lengths are almost same at stresses less than the UTS.
Curves for stresses greater than the UTS diverge greatly, de-
pending on gauge length, especially those for deformation at
high temperature.

Fracture strains based on the various gauge lengths
are plotted in Fig. 9. As expected, fracture strain de-
creases rapidly and significantly with increasing gauge
length for all three test conditions, due to the field of
high strain concentrated around fracture, as shown in
Fig. 4. For example, fracture strain at 750 °C and 0.2
/s decreases by 200.4% with increasing gauge length
from 2 to 40 mm. At strain rate 0.2/s, for a particular
gauge length, fracture strain at 750 °C is the same as
that at 850 °C, but fracture strain is affected by strain
rate at 750 °C.
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Computation of Flow Stress

Normalized Strain Rate Normalized strain rate within various
gauge lengths is calculated for tests performed under various
conditions and the results are plotted in Fig. 10. In order to
reduce the influence of noise from strain field measurement,
normalized strain rate at each moment is calculated by fitting
four adjacent points of average strain with a first order poly-
nomial function using the least square method. Given that the
rate capacity to achieve programmed stroke, in a Gleeble ma-
chine, is up to 2000 mm/s, the effect of acceleration time on
measured strain rates is neglectable. Figures 10(a), (c) and (e)

show evolution of normalized strain rate over time, on log
scale and Figs. 10(b), (d) and (f) show evolution of normalized
strain rate over average strain on log scale, at temperature and
strain rate of, 750 °C and 2 /s, 750 °C and 0.2 /s and 750 °C
and 0.02 /s. As shown in Figs. 10(a), (c) and (e), normalized
strain rates are lower than the target constant values at initial
stages of deformation and increase with increasing deforma-
tion. Furthermore, an increasing difference arises between
values of normalized strain rate, with increase in value of
average strain and higher values of normalized strain rate oc-
cur within shorter gauge lengths. For example, at 750 °C and
target strain rate of 2 /s, normalized strain rate within 2 mm
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Fig. 10 Effect of gauge length on
normalized strain rate with
respect to time, (a), (c), (e) and
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750 °C and 2 /s, (c)-(d), 750 °C
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gauge length at the final stage of deformation is 13.34 /s. This
is 567% higher than the target strain rate, and 689.3% higher
than that within 40 mm gauge length. In Figs. 10(b), (d) and
(f), an exponential increase of normalized strain rate with av-
erage strain occurs until fracture, within each gauge length. In
initial deformation stages, for a particular value of true strain,
normalized strain rate within each gauge length is similar, but
at higher values of true strain, strain rate becomes higher the
shorter is the gauge length.

Numerically Computed Flow Stress In order to investigate the
effect of normalized strain rate within a particular gauge
length, on computed flow stress, a set of unified viscoplastic
constitutive equations [37, 38], presented as Eq. (2) to Eq. (5)
below, which takes into consideration mechanism-based mi-
crostructural parameters, such as dislocation hardening, recov-
ery and recrystallisation, has been adopted for calculating flow
stress of boron steel under hot stamping conditions [39]. Eq.
(2) describes flow stress for an elastic-viscoplastic regime
which consists of the threshold stress k, the isotropic harden-
ing R and the flow stress related to viscoplastic strain rate
(Odqvist’s law) [40]. Isotropic hardening R is related to dislo-
cation density and is expressed in Eq. (3), in which ρ is a
normalized dislocation density and ρ ¼ ρ−ρI

ρS
, where ρI is initial

dislocation density and ρS is the saturated dislocation density
[41]. Eq. (4) describes evolution of normalized dislocation

density, in which the first term A 1−ρð Þ ε̇p
�� �� represents accu-

mulation of dislocation density due to plastic deformation and
dynamic recovery, and the second term Cρn2 represents static
recovery of dislocation density [39]. The flow stress σ is
expressed in the Eq. (5) by Hooke’s law, where εT is total true
strain. The parameters K, k, n1, B, C and E are temperature-
dependent material constants which are expressed by taking
the form of Arrhenius equations, as illustrated in Eqs.
(2)–(11), where R0 (R0 = 8.314 J/mol·K) is the universal gas
constant, T is absolute temperature, and A, n2, K0, QK, k0, Qk,
n01 , Qn1 , B0, QB, C0, QC, E0 and QE are material constants to
be determined from experimental data.

ε̇p ¼ σ−R−k
K

� �n1

ð2Þ

Ṙ ¼ 0:5Bρ
−0:5

ρ̇ ð3Þ

ρ̇ ¼ A 1−ρ
� �

ε̇p
�� ��−Cρn2 ð4Þ

σ ¼ E εT−εp
� � ð5Þ

K ¼ K0exp
QK

R0T

� �
ð6Þ

k ¼ k0exp
Qk

R0T

� �
ð7Þ

n1 ¼ n01exp
Qn1

R0T

� �
ð8Þ

B ¼ B0exp
QB

R0T

� �
ð9Þ

C ¼ C0exp
−QC

R0T

� �
ð10Þ

E ¼ E0exp
QE

R0T

� �
ð11Þ

The above equations are solved by using the forward Euler
method [42], and the material constants are calibrated by trial
and error in fitting experimental true stress-true strain data,
based on a gauge length of 26 mm, before the onset of diffuse
necking. The calibrated material constants are shown in
Table 4. Computed and experimental flow stress curves for
various strain rates, are shown in Fig. 11, in which good
agreement between the two types of curve can be seen.
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Fig. 11 Computed flow stress curves (solid lines) and experimental data
(symbols), for a temperature of 750 °C and three different strain rates

Table 4 Material constants in the unified viscoplastic constitutive equations for boron steel under hot stamping conditions

K0 (MPa) k0 (MPa) n01 B0 (MPa) C0 E0 (MPa) A

0.49 0.56 0.31 6.15 0.85 270.5 1.65

n2 QK(J/mol) Qk(J/mol) Qn1 (J/mol) QB(J/mol) QC(J/mol) QE (J/mol)

5.05 32,512 18,500 17,513 22,506 1453 32,552

1297Exp Mech (2020) 60:1289–1300



Using the calibratedmaterial constants in Table 4, flow stress-
es are computed for a temperature of 750 °C and target strain
rates, 0.2 /s and 2 /s, within gauge lengths of 2 mm and 40 mm.
The effect on flow stress of target strain rate and chosen gauge
length is shown in Fig. 12. As shown in Fig. 12(a), flow stress
computed using the normalized strain rates within a gauge length
of 2 mm reaches 349.8 MPa, which is 16% higher than that by
using the target strain rate. A similar situation is shown in Fig.
12(b). This demonstrates that the unified viscoplastic constitutive
equations cannot capture flow stress response accurately without
considering the effect of the heterogeneous strain field in the
gauge length, especially the response in a short gauge length
which is fully occupied by large strain.

Conclusions

In this study, uniaxial tensile tests have been conducted on
specimens of boron steel sheet under hot stamping conditions,
using a Gleeble 3800 machine and issues concerning strain
field measurements using digital image correlation (DIC)
technique and temperature gradient effects have been investi-
gated. This provides for better understanding of the variation
in existing published elevated temperature constitutive data.
In particular, the following conclusions can be drawn:

1) Application of the DIC technique has been successfully
extended, for the first time, to strain field measurement in
uniaxial tensile tests using a Gleeble materials simulator,
for boron steel under hot stamping conditions.

2) Due to the nature of the resistance heating used on
Gleeble machines a temperature gradient arises in dog
bone shaped specimens and a bell-shaped strain distribu-
tion occurs within the gauge length at an early stage of
deformation. This causes the calculated value of strain
during deformation to be dependent significantly on cho-
sen gauge length.

3) The characterized properties of the material are
highly dependent on gauge length and in tests re-
ported in this paper, an increase in gauge length
from 2 mm to 40 mm results in a difference in
calculated fracture strain of more than 200%, and
a difference in normalized strain rate within the
gauge length of more than 689%.

4) Depending on the chosen gauge length normalized strain
rate could be over 567% higher than the target strain rate
and flow stress computed using unified viscoplastic consti-
tutive equations and normalized strain rate for 2 mm gauge
length, is 16% higher than that using the target strain rate.

5) To bring conformity to elevated temperature tensile
testing on Gleeble machines a testing standard
which includes gauge length, specimen size and ge-
ometry, for measuring thermal-mechanical data
needs to be defined.
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