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1. Introduction

The growing effort to reduce vehicle weight and improve passenger safety in the automotive industry has
drastically increased the demand for ultra-high strength steel components. Hot stamping is one of the most
successful processes used to produce complex components with superior mechanical properties (Karbasian
and Tekkaya, 2010). Boron steel after hot stamping is a typical ultra-high strength steel. With a uniform
martensitic structure, it can have a yield stress of 1200MPa and a tensile stress of 1500MPa (Adamczyk
et al, 1997), which is three to four times the strength of the standard deep drawing steel (George et al, 2012).
Much research has been undertaken to determine thermal transfomation aspects such as, temperature-time
transformation curves (Barcellona et al, 2009), austenitizing temperature as well as soaking time (Merklein
et al, 2006), and thermoforming properties (Xing et al, 2009) of boron steel alloys, but to enable processes
to be made more efficient, much needs to be learned about the mechanics of boron steel under hot stamping
press hardening conditions. For instance, knowing fundamental material characteristics could enable
damage, which is related to stress state, strain rate and the microstructure of the work-piece (Lin et al, 2005),
to be delayed and greater formability and more uniform product thickness to be achieved. Quality assurance
demands require materials to be processed with known mechanical properties and this can be achieved only
through an understanding of damage evolution and hardening laws during hot stamping. Such data

characterising an alloy can be mathematically described using viscoplastic constitutive equations.

Conventionally, data for sheet materials is ususally generated through tensile tests; and in view of the effect
on data accuracy due to temperature change and necking, it is necessary to adopt special experimental
measures. Zhou et al. (2013) established unified viscoplastic constitutive equations for 22MnB5 steel in
which a correction factor dealt with the apparent decrease in strength as fracture was approached associated
with the sudden downward slope of the stress-strain curve obtained from experiments. Li et al. (2012)
acknowledged the role of thermal activation deformation behaviour in austenitization of B1500HS boron
steel. However, in both work, the temperature rise during deformation was not considered and effect of on

flow stress was not corrected. Luo et al. (2000) proposed a correction method for temperature rise
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considering deformation heat effect in GH4169 alloy during a constant strain rate extrusion process. This
method indicated that the flow stress at high strain rates must be corrected for the temperature rise induced
by plastic deformation. Luan et al. (2014) also adopted a similar correction approach in studying the
constant temperature extrusion of AZ31 magnesium alloy. In this paper, deformation heat effect and
necking played an important role in the analysis of experimental results, so it is necessary to improve on
experimental technology. Lin et al. (2005) summed up damage evolution mechanisms, damage modeling
and its calibration for several kinds of process conditions such as creep, superplastic forming and hot
stamping. This study assumed the main agents of damage in hot deformation are microvoids and cracks
created at second phase particles and/or around grain boundaries. The relative importance of the tweo
agents for damage changes according to the strain rate, temperature and grain size. The micro voids and

micro cracks merge to form the macroscopic cracks.

The deformation temperature for hot stamping is similar to superplastic forming, apart from that the
deformation rate is about 10° higher than that of superplastic forming (Lin and Dunne, 2001). In addition,
fine grain size materials are normally used for superplstic forming, which facilitates grain boundary sliding
and grain rotation deformation mechanisms during the slow forming process. Strain rate hardening is the
main hardening mechnism for achieving uniform deformation of materials under superplastic forming
conditions (Cheong et al. 2000). Even if there are many differencies, such as deformation mechanisms,
hardening mechanisms, between hot stamping and superplastic forming processes, they both belong to
viscoplastic deformation (Lin and Dean, 2005) and thus the general modelling framework for

viscoplasticity can be used for both processes (Lin, 2003).

Mechanism-based constitutive models, with dislocation density evolution taken into account, for predicting
deformation and fracture patterns in hot sheet deformation, have been under devolopment. To model
hardening, Mohamed et al. (2012) developed a constitutive model based on the dislocation density

evolution in AA6082 alloy during hot stamping; Cai (2011), Li et al. (2011), and Zhou et al. (2013) adoptd



a similar model to that of Mohamed to predict the hardening law of boron steel. In the dislocation density
evolution, the softening effect of recovery leading to reducing of dislocation density was considered.
Engaging in another aspect of ductile fracture, Bariani et al. (2012) reported on a method using continuum
damage mechanics to replace the traditional forming limit curve to analyze hot stamping of high strength
steel, which reflected the dynamic progression of material damage. The model considering temperature and
strain rate had a great effect on numerical modeling and the formulation of process plans for hot sheet
stamping (Li et al, 2012). Li et al. (2011) employed a damage evolution model for boron steel and Al alloy
based on continuum damage mechanics and simulated the formability of different metal during hot

stamping.

The work in this paper utilises the above models to develop an advanced material and process model to
extend the understanding of the behaviour of B1500HS bosron steel during hot stamping processes. The
results of quasi-isothermal tensile tests of B1500HS, carried out at different temperatures and strain rates,
are described. True stress-strain curves corrected for temperature rise and necking have been obtained and
the variation of hardening and softening characteristics and strain to failure, with temperature and strain
rate, has been characterised. Using this information, a set of unified viscoplastic damage constitutive
equations has been established based on dislocation density and damage evolution mechanisms, and
calibrated from experimental results, which can provide a theoretical basis for predicting the deformation

limits of boron steel when press hardening complex parts.

2. Experimental programme

2.1 Material and equipment

The material used in this study was boron steel B1500HS. Quasi-isothermal tensile tests were conducted
using a Gleeble 3800 materials simulator. The chemical composition of materials is listed in table 1. The
dimensions of the tensile specimens are shown in Fig.1. All specimen used for the experiment were

machined from the same batch of as-delivered, 1.58 mm thick, boron steel sheet.



Tablel. Chemical composition of B1500HS boron steel (wt. %).

C Si Mn P S Cu Cr Ni Al Ti B

0.20 0.19 1.24 0.016  0.0027 0.02 0.19 0.02 0.044  0.021

Experiments were carried out using a Gleeble (3800) materials simulator. Equipped with resistent heating,
air, gas and water cooling, the test machine is commonly used for the characterisation of thermo-mechnical
properties of metals in various practical thermal mechanical processing conditions. It has accurate
feed-back systems, which enables the defined temperature profiles and deformation rates to be accurately

controlled for the measured regions.

In order to control the heating rate and achieve the target deformation temperature, a pair of K-type
thermocouples was welded to the centre of the test piece surface to provide measured temperature feedback
to the controller. A C-Gauge was clamped in the middle of the specimen to measure the width strain
associated with deformation. They are schematically shown in Fig.1. In order to apply a high cooling rates

(higher than 50 °C/s), two compressed-air nozzles were integrated.

Thermocouples
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Fig.1 Specimen design (dimensions are in mm) with schematic dilatometer and a pair of K-type
thermocouples attached.



2.2 Experimental programme

Under hot stamping conditions, boron steel is deformed in the austenitic phase. Although the nominal
forming temperature in industry is 700 °C, temperature will change during forming due to heat transfer
between the blank and the dies. Therefore, testing conditions have to be defined over a range of forming
temperatures. In this work, uniaxial hot tensile tests were performed to determine the thermo-mechanical
characteristics of B1500HS within the strain rate range of 0.01-5 s and temperature range of 550-850 °C.

The selected strain rate range is sufficient to cover the range experienced in industrial practice.

Fig. 2 shows the designed heating route to simulate the thermal history profile for industrial hot stamping
processes. The heating process was divided into two steps: the first step was to heat the specimens to
730 °C with a heating rate of 8 °C/s; the second step was to 900 °C with a slower heating rate of 3 °C/s.
This particular austenisation temperature (900 °C) was chosen (T/Tn, = 0.53, where T,, = 1700 K is the
melting temperature of the material) to ensure that (i) the temperature enables the virgin phase of the
material to be completely transformed to austenite and (ii) no obvious grain growth (Cai, 2011). Thus the
grain size would be fairly stable at the heat treatment and deformation processes. To simplyfy the studies,
the effect of grain size on the deformation Is not considered. After heating, test-pieces were cooled to
testing temperatures at a cooling rate of 50 °C/s, which is similar to that experienced in transporting the
blank to the press, in the industrial process (Cai, 2011). Then, tensile tests were carried out under isothermal

conditions.
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Fig.2 Temperature profile for the experimentation.

3. Corrections for accurate strain and stress records

3.1 Strain correction at necking stage

For tensile testing, when failure doesn’t occur at the specimen centre section where the dilatometer is
clamped, the strain obtained from dilatometer measurement cannot accurately present the deformation
behaviour of specimen after onset of necking. Therefore, a method has been defined to correct measured

strain data to represent that at the necking position.

Fig. 3 schematically shows the longitudinal area of interest between the centre section and failure section of
a tensioned specimen. At the time just before onset of necking (at the peak load), the area of interest is
shown as a light grey rectangle. The specimen width and the distance between centre section and failure
section are Wy and lo, respectively. When localised deformation takes place, the shape of the area deviates
from rectangular, and in this method, it is simplified as a trapezium: the trapezium drawn in dashed lines
represents an instantaneous shape during necking, where the widths of centre section and failure section are
Wi and Wy, respectively, and the distance between centre section and failure section is |;; the trapezium in
dark grey represents the final shape of the longitudinal section when the specimen fails, where the

corresponding dimensions are Wc,, Ws,, and I,,. The angle o represents the deviation of specimen edge from



its original direction. It equals zero in the beginning, and for a constant strain rate, it is assumed to increase

proportionally with time during necking.

?'Iatometer
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I AN AN ANDE U y _. X —_
Centre Failure
section section

Fig.3 Strain correction method at necking stage.

The target is to map the evolution of W,; to W5, thus the corrected true strain at necking stage can be given

by:

& ——2|nWfi

where W is the initial width of specimen. The calculation of Ws; is given in detail as follows:

The instantaneous width of the failure section Wy can be formulated as:

W, =W, -2l tang,

where W;; is obtained from dilatometer measurement, and

Ii =Io*‘l(ln _Io)
n

1)

(2)

(3)

(4)



where n is the total number of time intervals for the necking stage in data acquisition, i represents an

instantaneous time interval.

Regarding equation (3), lo is given by:

Sy (5)
where Sp and S, correspond to the strokes (data from Gleeble data acquisition) at the onset of necking and

failure, respectively. The value of I, can be manually measured from the fractured specimen.

Regarding equation (4), the final angle o, can be calculated by:

fn

W, W
o, = arctan T

" (6)
where W, is read from dilatometer measurement, Ws, and |, are manually measured from the fractured

specimen.
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Fig.4 An example true stress-strain curve, at the temperature of 700 °C and strain rate of 1 s™, before and

after correction (red points show failure; blue point shows criticality for necking).

Fig.4 shows the true stress-strain curve, tested at temperature 700 °C and strain rate 1 s, before and after

correction at necking stage. It can be seen that, beyond the strain value of 0.3, the uncorrected and corrected
10



true stress-strain curves deviate considerably and the failure strain for the corrected curve is significantly

higher.

3.2 Stress correction

Flow softening is a common characteristic of stress-strain curves at elevated temperatures. This is typical of
most metals, and is commonly a result of higher dislocation mobility (by increased thermal vibration of the
lattice, lower relative strength of obstacles to dislocation motion, etc.), higher activation of diffusion
controlled processes such as grain boundary sliding and rotation and dislocation climb, as well as generally
more active recovery mechanism, all of which are thermally activated processes (Mohamed et al, 2012). It
is generally understood that, during workability testing such as hot stamping, about 95% of the energy of
plastic deformation is converted to heat to raise the temperature of the specimen, while the rest 5% stays in
the material as stored energy. In the tensile tests, the temperature is measured and controlled by
thermocouple and computer, but the response time of thermocouple is often too long for good measurement
accuracy. When strain rate is high, it is not possible to control the instantaneous heat generation to maintain
a constant temperature. So the deformation process is not completely isothermal (Li et al, 2002). As a result,
during a test, the specimen temperature is increased due to plastic deformation and the resulting flow stress

will be lower than the flow stress at the desired test temperature under isothermal conditions.

Fig.5 (a) and (b) show the measured temperature changes during tensile tests at a range of strain rates of
0.01-5 s at the present temperatures of 700 °C and 800 °C, respectively. It can be seen that, at a strain rate
of 0.01 s, the maximum temperature rise is about 2 °C; however, at a strain rate of 5 s™, the maximum
temperature rise is 25 °C. Therefore, the flow stress at high strain rates (1 s-1 and 5 s™) must be corrected to
account for the temperature rise induced by plastic deformation. The changes of stress caused by

temperature rise can be calculated by the following equation (Luan et al, 2014):

11
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Where o is the flow stress (MPa), T, is the present temperature (°C) and AT is the difference between T,

(7)

(°C) and the specimen temperatures measured by thermocouples.
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Fig.5 Temperature rise (AT) during hot deformation of boron steel, at different strain rates (0.01-5 s™), at the

pre-set temperature of (a) 700 °C and (b) 800 °C.

Fig.6 shows the comparisons of the flow stress curves of B1500HS boron steel before and after correction.
It can be seen that the thermal effect on flow stress becomes larger at a lower temperature and a higher

strain rate.

12
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Fig.6 Comparison of flow stress before (solid curves) and after (symbols) correction at the strain rate of (a) 1

s™ (temperature range: 550-850 °C) and (b) 5 s (temperature: 700 °C and 850 °C).
4. Test results and discussion

4.1. Ductility
4.1.1 Effect of Temperature on ductility
The symbols in Fig.7 show the strain to failure for B1500HS tested at different deformation temperatures

(550-850 °C) at a strain rate of 1 s™*. The measured strain to failure increases with increasing temperature

although the results seem scattered due to experiment error. In general, greater ductility can be obtained
13



with increased temperature. Increased ductility implies that the formability can be increased by forming at a
higher temperature, hence more complex shapes in terms of larges depth, sharp corners and multi-part

assemblies can be produced.
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Fig.7 Strain to failure at different temperatures at a strain rate of 1 5™,

4.1.2 Effect of Strain rate on ductility

As a general rule, ductile fracture during tensile deformation results from the nucleation, growth and
coalescence of damage (Nicolaou et al, 2000). The dependency of tensile behaviour of the boron steel on
strain rate has been investigated at different strain rates (0.01 to 5 s™). Fig. 8 (a) and (b) show the strain to
failure of the boron steel tested at 700 °C and 800 °C, respectively. The minor changes of the values reflect
low sensitivity of ductility with strain rate at the typical hot stamping temperature range, which would
benefit forming of complex parts at a high forming speed for the increase of productivity and reducing heat

loss.
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Fig.8 Strain to failure at different strain rates at the temperature of (a) 700 °C and (b) 800 °C.

4.2. Flow stress

4.2.1 Effect of Temperature on flow stress

The influence of temperature on the flow stress of the tested material B1500HS has been investigated for a
range of temperatures (550-850 °C) in the austenitic state after rapid cooling. Exemplarily for a test at the
temperature of 850 °C (with a strain rate of 1 s™), an interpretation for the tendency of the shapes of the true
stress-strain curve and strain hardening gradient (6o/0¢€) curve is shown in Fig.9 (a). The strain hardening
gradient (0o/0¢) decreases while strain increases, which indicates that the effect of recovery balances the
strain hardening and the dislocation net-work reaches saturation state for further plastic deformation.

Before strain reaches 0.2, the test piece is deformed in uniform deformation zone (light yellow area in Fig.

15



9 (a)) with strong strain hardening. Then, the curve asymptotically becomes stable. While true stress

reaches the peak value, the strain hardening gradient drops to zero.

Fig. 9 (b) shows the strain hardening gradient (0o/0¢) curves at different temperatures (550°C, 700°C and
850°C) for the strain rate of 1 s™. Due to temperature dependency, the level of strain hardening gradient is
lower and the variation of strain hardening is less apparent at a higher temperature. As deformation
proceeds, there is a tendency for strain hardening gradient to be steady due to dynamic and static recoveries,

at all the tested temperatures.
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Fig.9 (a) Curves of true stress-strain and strain hardening gradient (for temperature: 850 °C, strain rate: 1 5™);

(b) Comparison of strain hardening gradient at different temperatures, at a strain rate of 1 5™,
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Fig. 10 shows the effect of temperature on the maximum true stress. It can be seen that the maximum true
stress decreases with increasing temperature. This is a result of greater active dislocation mobility at a
higher temperature. More sliding systems promote plastic deformation of metals and thus the strength of

the alloy reduces.
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o O
1 1
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o
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Fig.10 The maximum true stresses for different temperatures at a strain rate of 1 s,
4.2.2 Effect of strain rate on flow stress

The dependency of the material tensile behavior on the strain rate has been investigated at a range of strain
rates (0.01-5 s™). Fig. 11 shows that increasing strain rate leads to appreciable increase of the stress level
when the boron steel is deformed at 700 °C. Inner stress of material could be generated during a tensile test,
which would make the metal crystal slip. Insufficient crystal rotation occurs and slip saturates at a higher
strain rate so that flow stress increases at the macro level; furthermore, deformation would be hindered due
to strain hardening. For a higher strain rate, the viscous stress is higher; at the same time, there is less time
for static recovery which is normally the main softening mechniam for deformation at elevated
temperatures. Therefore, the external force has to be increased to maintain deformation, which explains the

increasing resistance to deformation and enhanced strength.
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Fig.11 The maximum true stresses for different strain rates at a temperature of 700 °C.

Fig. 12 shows that the strain hardening gradient at a strain rate of 1 s™ is larger than that of 0.01 s™ during
the whole deformation processes. This is mainly due to less static recovery occurs during a higher strain
rate deformation at the same temperature. High strain hardening increases the drawability of the material in

hot stamping processes.
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Fig.12 Comparison of strain hardening gradient at different strain rates at a temperature of 700 °C.
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5. Determination of a constitutive model

5.1. Flow rule

Constitutive equations for viscoplasticity have been developed for many types of metals. The equations
enable a wide range of time-dependent phenomena to be modelled, such as strain hardening and stress
relaxation, and allow finite element model implementations of the equations to accurately reproduce
time-dependent plastic deformation in forming simulation, including strain rate effects and recovery. Lin et al.
(2005) made further contributions to model viscoplastic behaviour under hot forming conditions by
developing a set of dislocation-based, coupled viscoplastic constitutive equations for general multiaxial
stress and strain states, which are able to account for the effect of interdependent aspects of microstructure

evolution, such as recrystallization, grain growth and dislocation behaviour, on viscoplastic flow.

For ductile metals and alloys at temperatures less than 0.4Ty, at which plastic deformation occurs by
dislocation motion, the hardening relationship is conventionally described by a power-law (Mohamed et al,

2012)
- N
o=K-¢, (8)

where K is a stress constant and N is the strain-hardening exponent. When the temperature rises above

0.5Tn,, thermally activated processes become significant and the flow stress depends on strain rate:

o=K.¢g) -] 9)

where &, is the plastic strain rate and m is the strain rate hardening exponent.

p

In practice, most metals and alloys show plastic yield and work hardening during straining. The material has

an initial yield stress k . After sufficient plastic strain occurs, dislocation entanglement, pile-ups, etc., harden
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the material by an amount H (Nes, 1997); the stress that leads to viscoplastic flow is reduced to (0 -H- k)

(Mohamed et al, 2012). Thus the flow rule can be modified to depend directly on the isotropic hardening and

initial yield stress. Eq. (9) is replaced by

6, - (G_TH_kj (10)

which is the traditional power-law viscoplastic flow formulation and K and n, are material constants.

5.2 Modeling of dislocation density

Dislocations are accumulated when mobile dislocations are trapped and halted at discontinuities, such as
grain boundaries, or inclusions, or when mobile dislocations interact with other dislocations during the
plastic deformation (Cai, 2011). With increasing density, the stored energy of dislocations provides the
driving force for static recovery which is time dependent. Static recovery occurs faster when dislocation

density is higher.

It can be seen from the results of this work that softening predominates after reaching a critical strain from the
hardening rate curve in this paper, which can be explained by the start of recovery with increasing strain.
However, recrystallization should not be considered because the stress-strain curves have not expressed a
obvious stable tendency along with increasing strain. Therefore, in consideration of high temperature
deformation mechanisms, static and dynamic recovery, a constitutive equation for normalized dislocation

density evolution is proposed by Cai (2011):
IBZA.(]__,E).‘CC}P‘_C.[)}'Z (11)

where A and y, are material constants, and C is a temperature dependent parameter:
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czco-exé—&j (12)
RT

where C, is a material constant, Q. is the activation energy for static recovery.

The normalized dislocation density varies from O (the initial state) to 1 (the saturated state of a dislocation
networks). The first term in Eq. (12) represents the development of dislocation density due to plastic strain
and dynamic recovery; the second term gives the effect of static recovery on the evolution of dislocation

density.

5.3. Modeling of damage

Under a hot metal forming condition when the forming temperature is normally half T,, or greater, and
strain rates are higher than 1 s™, plasticity induced damage may occur around inclusions and hard particles.
The grain boundary diffusion at high temperatures which facilitates grain rotation and grain boundary
sliding tend to be inhibited, due to the high strain rates (Lin et al, 2005). The damage dominating in hot

stamping conditions can be schematically illustrated, as shown in Fig. 14.

Paqicles Holes and cracks

Strain rate 1
inati |
L oad predominating 6 L oad
direction direction
= “y —

ot straining

Fig.14 Schematic illustration of damage mechanism under hot metal forming condition (Lin et al. 2005).

Theoretically, in hot deformation, higher strain rates and consequent higher flow stresses result in more

microcracks; thus damage is a function of flow stress and plastic strain rate, given by:
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D=1(T,0,.4,) (13)

where D is the damage evolution rate, T is the absolute temperature. Odquist and Hult (1961) have further
demonstrated that the damage rate can be a separable function of o, T and D, therefore the above equation

was present as:
D=f(Dp o, ¢ (14)
where £, isa material constant to represent the temperature effects on damage evolution.

A new damage model suitable for hot deformation comprehensively includes equivalent stress, plastic strain
rate and damage was established based on damage mechanism, high temperature creep damage model (Lin et
al, 2005) and the existing damage model (Cai, 2011) proposed by scholars, which highlighted the importance
of strain rate on damage.

o, & (15)

B-p,- 2k
B (1_D)73

The value of D lies in a range from 0 to 1. When D=0, the material is undamaged. A value of D=1 would

represent a completely disintegrated material, which is practically impossible, as metals fail at damage levels
lower than D=1. d, and y, are materail constants. The temperature dependent parameter S, can be given

as:

_poexh
LY "

where £, is a material constant, and Q is the activation energy associated with damage.
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5.4. Formulation of unified viscoplastic damage constitutive equations

Unified constitutive equations for viscoplasticity damage have been developed for many metal materials
(Lin et al, 2002). This work intends to develop a set of unified viscoplastic damage constitutive equations to
model the evolution of recovery, dislocation density, hardening and damage to rationalize their
inter-relationships and effects on viscoplastic flow of metal alloys. It is noted that the influence of grain size
IS neglected for simplification. The mechanism-based unified viscoplastic damage constitutive equations

for hot stamping may take the form:

E =

o 1, when o>0
-1, when o<0

p=A-(1-p)-|¢°|-C-p" (17)

H :B.50.4

D=p, e
P oy

o=E-(1-D)-(&' -&)

Relevant temperature dependent parameters are given by:

—k . Q
k=k, exp(RTj
K. Q
K=K, exp(RTj
— . Qn
n.=n, exp(RTj
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C=C,-exp (——j (18)

_pexp| o
po-ooo(2)

where T is the absolute temperature, R is the gas constant, Q, Q,, Q., Qg,and Q, are activation energy

associated constants.

5.5. Determination of the equations via optimization

The equation set has a total of 17 material constants that must be determined. These are: k,, K,, n,, Cg,

B,, Ey, B, Q, Q,, Q, Q, Qu, 7, 72, 75, A, d,. They are calibrated by fitting computed and

experimental true stress-strain curves for different strain rates and deformation temperatures. The values of
the material constants were determined by the optimization techniques (Li et al, 2002), and are listed in Table

2.
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Table 2 Determined material constants of boron steel for viscoplastic damage constitutive model

Q QC QD k0 BO C0 K0
(J/mol)  (I/mol)  (I/mol) (MPa) (MPa) ) (MPa)
8400 99900 10650 12.4 80 13000 30
No " A Vs Vs d, E,

) ) ) ® ® ) (MPa)

0.0068 0.1 3.666 1.54 16.3  0.9178 1100

Qe By Q, R

@/mol) () (Imol) (Imol-K)

17500 1.09e-4 50000 8.314

5.6. Verification for the constitutive model

The determined constants in Table 2 were used to make the model predictions (solid curves) of true stress
versus true strain shown in Fig.15. Subfigures (a) and (b) show the true stress-strain curves of B1500HS
boron steel at different strain rates (temperature: 700 °C) and different temperatures (strain rate: 1 s™),

respectively. Good agreements between computed and experimental results have been obtained for both

groups of curves.
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Fig.15 Comparison of experimental (symbols) and predicted (solid curves) true stress-strain curves at ()
different strain rates (temperature: 700 °C) and (b) different temperatures (strain rate: 1 s™).
To further explore the model calibration, the predicted true stress values for deformation temperature of 700
°C are plotted against the experimental ones in Fig. 16. As is evident, most of the data points lie close to the
best regression line, and the correlation coefficient Rc for the predicted constitutive model is 0.969, which
shows that a good correlation between the predicted and experimental data has been achieved. For further
demonstrating the accuracy of the constitutive model, the absolute average relative error ¢ has been used as

an unbiased statistical parameter to evaluate the deviation of the predicted values (Ismael et al, 2009). This

error is expressed as:

5oLy Ei—e‘ (19)

where E,; is the experimental stress (MPa), P, is the predicted stress (MPa) calculated using the obtained

model and N is the number of data employed in this present investigation (this contains 212 data). The
calculated value of average relative error 6 was 3.73%, which indicates that the material model can give an

accurate estimate of the hardening and fracture for B1500HS boron steel and can be used to numerically

analyse the hot stamping process of this material.
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From Fig. 16, some discrepancy can be observed. Possible sources for the errors may come from: (1)
constitutive model: the employed model should be improved by further understanding of physical
mechanism of boron steel in order to predict deformation behaviour in greater detail; (2) experimental data:
the data has been generated at high temperatures, where inhomogeneity of deformation due to uneven
temperature distribution of the specimen, is most likely to adversely affect results; (3) experimental
facilities: the location of thermalcouples and C-Gauge may have deviated from the centre line of some

samples and have not been precisely in the highest temperature region.

6. Conclusions

(1) In elevated temperature tensile tests of B1500HS boron steel, flow stress was corrected by taking
temperature rise due to deformation energy into consideration and strain at necking stage was corrected to
minimize measurement errors. The maximum value of stress correction is 50 MPa and the maximum value
of strain correction is 0.1. It is verified that experimental accuracy is improved by promoting data

processing techniques.
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(2) In the aspect of hardening for B1500HS boron steel: increasing strain rate, in the range 0.01-5 s, leads
to appreciable increase of the flow stress level and strain hardening gradient; increasing temperature, in the

range 550-850 °C, leads to a significant reduction of the flow stress level and strain hardening gradient.

(3) In the aspect of fracture for B1500HS boron steel: the measured strain to failure increases with

increasing temperature for a particular strain rate 1 s; the strain rate sensitivity for ductility at studied

temperatures 700 °C and 800 °C is low.

(4) Constitutive equations were formulated to predict the hardening and damage of B1500HS boron steel
accurately. The results show that the constitutive equations give a precise estimation as the correlation
coefficient is 0.969, and the absolute average relative error is 3.73 % in the range of allowable experimental

conditions.
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Figure Captions
Fig.1 Specimen design (dimensions are in mm) with schematic dilatometer and a pair of K-type

thermocouples attached.
Fig.2 Temperature profile for the experimentation.
Fig.3 Strain correction method at necking stage.

Fig.4 An example true stress-strain curve, at the temperature of 700 °C and strain rate of 1 s™, before and

after correction (red points show failure; blue point shows criticality for necking).

Fig.5 Temperature rise (AT) during hot deformation of boron steel, at different strain rates (0.01-5 s™), at

the pre-set temperature of (a) 700 °C and (b) 800 °C.

Fig.6 Comparison of flow stress before (solid curves) and after (symbols) correction at the strain rate of (a)

1 s (temperature range: 550-850 °C) and (b) 5 s™ (temperature: 700 °C and 850 °C).
Fig.7 Strain to failure at different temperatures at a strain rate of 1 5™,
Fig.8 Strain to failure at different strain rates at the temperature of (a) 700 °C and (b) 800 °C.

Fig.9 (a) Curves of true stress-strain and strain hardening gradient (for temperature: 850 °C, strain rate: 1

s™1): (b) Comparison of strain hardening gradient at different temperatures, at a strain rate of 1 s™.
Fig.10 The maximum true stresses for different temperatures at a strain rate of 1 5™,

Fig.11 The maximum true stresses for different strain rates at a temperature of 700 °C.

Fig.12 Comparison of strain hardening gradient at different strain rates at a temperature of 700 °C.

Fig 13. Variation of stress at a strain level of 0.2 with different strain rates (0.01-5 s™) for the material

deformed at the temperature of 700 °C and 800 °C.

Fig.14 Schematic illustration of damage mechanism under hot metal forming condition (Lin et al. 2005).
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Fig.15 Comparison of experimental (symbols) and predicted (solid curves) true stress-strain curves at (a)

different strain rates (temperature: 700 °C) and (b) different temperatures (strain rate: 1 s™).

Fig.16 Correlation between the experimental and predicted true stress data at 700 °C.
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Table Captions

Tablel. Chemical composition of B1500HS boron steel (wt. %).

Table 2 Determined material constants of boron steel for viscoplastic damage constitutive model
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Table

Tables

Tablel. Chemical composition of B1500HS boron steel (wt. %).

C Si Mn P ) Cu Cr Ni Al Ti

0.20 0.19 1.24 0.016 0.0027 0.02 0.19 0.02 0.044 0.021




Table 2 Determined material constants of boron steel for viscoplastic damage constitutive model

Q Q. Q, K, B, C, K,
(J/mol)  (I/mol)  (I/mol) (MPa)  (MPa) ) (MPa)
8400 99900 10650 12.4 80 13000 30
Ny 2 A 72 Vs d, E,

() () ©) () O N O B ()
0.0068 0.1 3.666 1.54 16.3 0.9178 1100
Qe Po Q R
(J/mol) O] (J/mol)  (J/mol-K)
17500 1.09e-4 50000 8.314




