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Abstract: Tailored properties hot forming of 38MnB5Nb by partition cooling can be configured on-
demand. A gradient distribution microstructural characteristic can be generated by undertaking an
appropriate cooling-tempering process for the regions with different properties requirements before
forming. A unified viscoplastic constitutive model coupled with the primary cooling temperature
and related material constants is established based on genetic algorithm. Meanwhile, the use of the
mixture of jet air and dry ice particles to cool the partition region is essential to achieve different
primary cooling temperatures. In this paper, the inverse heat conduction problem is solved to obtain
the relationship between the interfacial heat transfer coefficient and different cooling conditions in
the partition cooling process. The U-shaped part is taken as an example to simulate the change of
temperature, stress-strain, thickness, and spring-back in the process of partition cooling and tailored
hot forming properties. The results show that the gradient microstructural characteristic formed by
partition cooling has a great influence on the stress field distribution. The maximum stress of 345 MPa
can be reached after complete pressure holding in the partition slow cooling tailored properties
of the hot forming process. The maximum stress can reach 743 MPa in the partition fast cooling
tailored properties of the hot forming process due to the relatively high deformation resistance of the
tempered martensite at the bottom center. The maximum residual stress in the two processes after
spring-back drops to 305 MPa and 545 MPa, respectively. The spring-back is small under the two
processes, with a maximum spring back angle of no more than 1°.

Keywords: hot forming; partition cooling; tailored properties; constitutive model

1. Introduction

In order to meet the increasing requirements for lightweight, energy-saving and emis-
sion reduction of automobiles, and improve crash safety performances, ultra-high-strength
steel (UHSS) is used in the manufacture of important structural and safety parts, such as
A-pillars, B-pillars, bumpers, anti-collision beam and roof rail. UHSS hot forming tech-
nology has the advantages of small forming load and small spring-back, which can make
UHSS form a martensite to ensure its ultra-high strength [1,2]. Therefore, hot forming
technology is widely used in the production of body-in-white components. Recently, it has
been proposed that different mechanical properties should be applied to the same part to
achieve better impact energy absorption. Thus, on the basis of the traditional hot forming
technology, the tailored properties process of hot forming (TPP) is proposed, which can
make specific regions of the part have higher tensile strength and lower ductility to improve
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intrusion resistance [3]. Regions that need to improve energy absorption properties have
higher ductility [4], whereas, the regions such as trimming and perforation require lower
strength [5,6]. At present, the tailored properties of collision structural parts based on the
hot forming is mostly realized by welding [7,8], rolling [9], partition heating [10-13], differ-
ential cooling [14,15] and annealing [16-19]. Merklein [10] and Nakagawa [1] summarized
the ways to realize the TPP.

Tailor-welded blank (TWB) hot forming technology is to connect two or more metal
blanks with different properties by welding before forming. Munera et al. [20] tailor-
welded the Ductibor 1500P blank with good stability and high ductility after quenching
and USIBOR 1500P blank with high quenching strength but poor plasticity to reduce the
weight of the body-in-white. Tang et al. [21] established a multi-field coupled numerical
model to simulate the hot forming of laser-welded blank and verified the reliability of the
model by hot forming experiments of B-pillar stiffener parts. Lamprecht et al. [8] found
that the coating layer should be removed before the Al-Si coated UHSS blanks were welded
since the mesophase formed by the reaction of Al and Si with the matrix would weaken the
mechanical properties of the welding line.

Tailor-rolled blank (TRB) hot forming technology is to apply different thicknesses in
different regions on the same material with complex rolling technology to obtain different
mechanical properties. Billur et al. [22] designed uncoated and coated blanks with different
thicknesses to satisfy the mechanical properties needed by the final product, which are
manufactured by flexible rolling process. Lei et al. [23] conducted high-temperature tensile
tests at different strain rates using UHSS blanks with different thicknesses and established
a high-temperature constitutive relationship of unequal thickness blanks. Hang et al. [24]
used forming limit surface (FLS) the influence of thickness to evaluate the formability of
the front longitudinal of TRB.

UHSS can be austenitized when heated to above austenite transformation temperature
Acj, and then transformed into a high-strength martensite through hot forming. The
transformation can be prevented by controlling the temperature of the parts of the blank
below Acz, so that its strength is lower, but its plasticity is better. Wilsius et al. [25]
placed different regions of the blank in different furnaces with different temperatures to
obtain different degrees of austenitization to achieve a gradient distribution of the strength
of the parts. Mori et al. [12,26] designed a heating device with shunt resistance. The
contact part between the copper electrode and the blank was a low-strength region, and
the partition austenitization of the blank was realized by electric heating. Mu et al. [27]
analyzed the austenitization mechanism during the heating process and established a
dynamic model of austenitization transformation suitable for partition heating, as well as a
unified viscoplastic model coupled with the austenite volume fraction through elevated-
temperature tensile test.

The part is quenched and cooled uniformly in the traditional hot forming, and the
microstructure of the part is martensite. Based on the characteristic of phase transformation
when cooling UHSS, partition cooling technology controls the cooling rate in different
regions of the part and produces different microstructures in different regions, thereby
achieving different strength and toughness distributions. Mori et al. [14] got a non-contact
part with the blank during forming by grooving the die. The strength of the non-contact
part was low due to the lack of quenching, while the strength of the contacted part was
high due to quenching. Feuser et al. [28] established a complete process window to realize
the change of mechanical properties by heating the die, which was verified by numerical
simulation. Casas et al. [29] designed a block die to obtain different thermal conductivities
on different die blocks. In the region of low thermal conductivity, the rate of heat exchange
between the blank and the die is low, and the cooling rate is low, resulting in bainite and
ferrite/pearlite. However, in the region with high thermal conductivity, a martensitic
microstructure is formed due to high heat exchange rate. Kolleck et al. [30] inlaid heat-
insulating materials such as stoneware bricks in the die, which are hard to cool due to the
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large heat capacity to reduce the temperature difference between the mold and the blank,
resulting in low cooling rate.

Tailored tempering technology was proposed by ThyssenKrupp™. The principle is
that the parts are partially tempered after the forming of the blank, so that the strength of
the partial region is reduced and the plasticity is improved. The methods of tempering
include flame heating, electromagnetic induction heating and laser heating. The control
of temperature during the tempering process is the key, and the warping deformation
of parts during the tempering process should be considered. Zimmermann et al. [31]
tempered parts by flame heating. When the maximum tempering temperature was 793 °C,
the minimum strength of the parts was 580 MPa, and the size of the transition region was
40 mm~45 mm. Wang et al. [32] used a tailored tempering hot forming to achieve different
hardness distributions in different regions, and the elongation in the annealed regions
reached 20.6%.

In this paper, TPP, which is different from the five methods mentioned above, is
proposed to realize the on-demand customization of the properties of UHSS, help reduce
costs, and improve production efficiency. A constitutive model considering the process
of heat treatment before forming is also proposed, and the distribution of interfacial
heat transfer coefficient in different regions under different cooling states is obtained by
calculation. The hot forming of tailored properties of U-shaped parts is simulated by FEM
simulation ABAQUS 2020/Explicit software, and the accuracy of the numerical model is
verified by hot forming experiments.

2. Tailored Properties Hot Forming

Two TPP are proposed, which are partition slow cooling tailored properties hot form-
ing process (TPP-S) and partition fast cooling tailored properties hot forming process
(TPP-F) according to the different cooling rates in soft region. The TPP-S (Figure 1a) re-
quires that blanks to be heated to above the martensite start temperature Mg in the soft
regions after fully austenitizing, and the hard regions to be cooled to below the tempera-
ture of Acs due to the influence of soft regions cooling (generally no higher than 100 °C).
The whole blank is tempered to keep the soft regions below Acz temperature while the
hard regions are above temperature Acs before the blank is quenched, after which the
microstructure is ferrite and pearlite in the soft regions and martensite in the hard region.
The TPP-F (Figure 1b) is different from the TPP-S in the primary cooling section, which
requires rapid cooling to below martensite finish temperature M in the soft regions to
form martensite, and then tempering to form tempered structure (tempered martensite and
tempered sorbite). After quenching, the soft regions are tempered structure, and the hard
regions are all martensite.
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Figure 1. (a) TPP-S; (b) TPP-F. Red lines (heating and isothermal), Yellow lines (slow cooling), blue
and dark blue lines (fast cooling).

3. Material and Specimen

In this experiment, the Al-Si coated 38MnB5Nb hot-rolled blank produced by
Shougang™ Group was used. The material composition shown in Table 1. All speci-
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mens used for the experiment were machined from the same batch of as-delivered steel,
which was 2 mm thick, and had a microstructure of about 64% ferrite and 36% pearlite.

Table 1. Chemical compositions of as-received 38MnB5ND steel (mass%).

Material C Si Mn Cr Al Ti Mo Nb Vv B
38MnB5Nb 0.36 0.24 1.39 0.19 0.05 0.05 0.002 0.05 0.05 0.0035

Elevated-temperature tension testing was carried out with a Gleeble 3500c thermo-
mechanical simulator (DSI Inc., New York, NY, USA), which was a fully integrated digital
closed loop control of thermal and mechanical testing system, combined with independent
control of strain and strain rates which were ideally suited to simulate the manufacturing
processes, in particular the stress-strain behavior of materials. The elevated-temperature
tension testing specimen (geometrical size shown in Figure 2) was taken from the blank,
which was cut by wire and polished with sandpaper.

K-Thermocouple &

Figure 2. (a) Sketch of the elevated-temperature tension testing specimen (units in mm), (b) Schematic
diagram of the elevated-temperature tension test.

In order to analyze the thickness distribution after forming and rebound angle change
after spring-back, the MCAXx 3D scanner (Nikon Metrology Inc., Brighton, CA, USA),
offering a measuring accuracy down to 10 microns, is used to carry out a digital modeling
analysis of the blank after TPP-S and TPP-F, as shown in Figure 3.

Figure 3. Schematic diagram of experimental the U-shaped part and thickness detection positions.
The arrow position is the measurement section.

4. Elevated-Temperature Tension Testing
4.1. Testing Procedure

The experiment includes three groups of tests, as shown in Figure 4. The hot forming
of fast cooling and slow cooling in the soft regions were simulated in groups A and B.
Firstly, the specimen is heated to 620 °C at a heating rate of 10 °C/s and then heated to
920 °C (above Acj3) at a rate of 1.25 °C/s for 30 s for the complete austenitization. This
heating method simulates the actual temperature rise of the blank in a standard electric
furnace FO810(Yamato Scientific Co.,Ltd., Tokyo, Japan). After complete austenitization,
Group A was rapidly cooled at 36 °C/s to 200 °C (lower than My) for 5 s, as 36 °C/s
was greater than the critical cooling rate of 10 °C/s, which could ensure a higher volume
fraction of martensitic microstructure. Then the blank was heated to 550 °C, 650 °C, 750 °C
at 18 °C/s, 23 °C/s, 28 °C/s respectively, and held for 5 s at each temperature. Group B
was cooled to 450 °C (between Acs and M) at 24 °C/s and kept for 5 s. Then the blank
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was heated to 550 °C, 650 °C, 750 °C at 5 °C/s, 10 °C/s, 15 °C/s respectively and held for
5 s at each temperature.

A

650/750/850 °C

920°C /' 1/0.1/0.01 s™*

1.25°Cls
550/650/750 °C
1/0.1/0.01 s7*

620 °C 0/5/10 °Cls

Temperature

10°Cls

18/23/28 °C/s
20°Cls

330s 20s+5520s+5s
> — s — %

Time

Figure 4. Experiment process of the hot tensile testing (units in mm). Red lines (heating and
isothermal), Yellow lines (slow cooling), blue and dark blue lines (fast cooling).

The hot forming of the hard regions was simulated in group C. The heating stages
were the same as that of group A and B. After completing austenitization, the material
was cooled to 650 °C (lower than Acj) at 14 °C/s and held for 30 s, or cooling to 650 °C
for 5 s, heated to 750 °C, 850 °C at 5 °C/s, 10 °C/s held for 5 s at each temperature to
ensure uniform temperature distribution, and to obtain a mixed microstructure composed
of austenite, ferrite, and pearlite.

Afterward, the specimens of groups were stretched at strain rates of 1s~1,0.1s7!, and
0.01 571, and finally cooled to room temperature at a cooling rate of 20 °C/s.

4.2. Flow Behavior

Both the work hardening and dynamic softening processes exist in the high-temperature
deformation of 38MnB5Nb. During the deformation process, dislocation multiplication and
mutual accumulation lead to work hardening. Dislocation merge and recombine through
climbing or cross-slip, and the material undergoes dynamic recovery and softening due
to external stress and thermal activation. At the beginning of deformation, the flow stress
grows rapidly with the increase of strain, which results in continuous dislocation prolifera-
tion. Meanwhile, the interaction between dislocations increases the movement resistance of
dislocations. At the same time, due to the small strain and small intracrystalline storage
energy, the dynamic softening process is difficult to carry out, while work hardening is
dominant at this time. When the stress reaches the peak value, the material enters the steady
deformation stage. As the strain is gradually increased, the intracrystalline storage energy
gradually increases, and the dynamic softening and strain hardening tend to be balanced.
At this time, the speed of dislocation movement is extremely fast, while the hardening
and softening are completed almost simultaneously in the process of thermal deformation.
When the hardening and softening reach a dynamic equilibrium, the true stress-strain
curve of the material tends to be horizontal [33]. The segment of the stress—strain curves
exhibiting a precipitous decrease was not the focus of this work, the damage incurred
was not taken into account while modeling the constitutive descriptions of 38MnB5Nb,
according to a previously published extension method [34], the true stress—strain curves
can be extended, groups A, B, and C of 38MnB5Nb at 550 °C, 650 °C, 750 °C and 850 °C are
shown in Figure 5.

The primary cooling temperature, deformation temperature, and strain rate have
obvious effects on the thermal flow behavior of 38MnB5Nb. It can be seen from Figure 5
that the peak stress decreases with the rise of the deformation temperature at the same strain
rate. As shown in Figure 5c, when the primary cooling temperature is 650 °C, under the
strain rates of 0.01 s71,0.157!, and 1 s}, the peak stresses at the deformation temperature
of 750 °C are 193 MPa, 245 MPa, and 320 MPa, respectively. When the deformation
temperature is 850 °C, the peak stresses are 125 MPa, 169 MPa, and 236 MPa, respectively.
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Figure 5. The stress-strain curves. (a) Group A TPP-F; (b) Group B TPP-S; (¢) Group C hard regions.

Figure 5a,c indicates that, under a certain deformation temperature, as the strain rate
rises, the material does not have enough time for dynamic recovery and recrystallization.
Peak stress is greater at high strain rates than at low strain rates, in Figure 5b, when the
primary cooling temperature is 450 °C and the deformation temperature is 550 °C, the true
stress-strain curve has an inflection point at the strain of 0.05 with the significant increase
of the slope of the curve, indicating that phase transformation occurs to the material at
this time. Moreover, as the deformation proceeds, the peak stress exceeds the strain rate of
0.1 s71. Thus, it can be considered that, during the tensile experiment, the low strain rate
has given enough time to the supercooled austenite to transform into bainite [35], resulting
in the increased deformation resistance. Conversely, at higher strain rates, the austenite
does not have time to transform, thus, at this time, the material has a higher peak stress at
a low strain rate.

After being completely austenitized, 38MnB5Nb will be transformed into different
microstructures when cooled to different temperatures at different cooling rates. When
cooled to temperature below M; at a faster cooling rate, part of the austenite is transformed
into martensite. Since the martensitic transformation is a non-diffusive transformation,
the degree of transformation is affected by the cooling temperature. The transformation
from austenite to ferritic pearlite or bainite occurs between the temperature of Mg and
Acz when cooling at a slower cooling rate. Figure 6a shows the effect of the primary
cooling temperature on the peak stress when the deformation temperature is 550 °C. Under
the strain rate of 1 s~!, the difference of the peak stress between the primary cooling
temperature of 200 °C and 450 °C has reaches 264.1 MPa, while the differences of the peak
stress at the rate of 1 5! at 650 °C and 750 °C are 101.0 MPa and 20.1 MPa, respectively.
Due to the simultaneous deformation of the soft regions and the hard regions during the
tailored properties hot forming by partition cooling, the large peak stress difference may
lead to uncoordinated deformation, cracking, or significant spring-back after forming.
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Figure 6. Influence of primary cooling temperature and strain rate at forming temperature of

(a) 550 °C; (b) 650 °C; (c) 750 °C on peak stress.

It can be concluded that the primary cooling temperature has an impact on the high-
temperature flow characteristics of 38MnB5Nb, so it is necessary to establish a unified
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viscoplastic constitutive model that considering the primary cooling temperature to meet
the requirements of TPP for numerical simulation.

5. Primary Cooling Temperature Coupled Constitutive Model
5.1. Establishment of a Constitutive Model

In order to summarize the evolution of recovery, dislocation density, grain size, and
recrystallization volume fraction under deformation conditions such as high temperature
creep, superplastic forming, and metal hot forming, Lin et al. [36,37] proposed a unified vis-
coplastic constitutive model, which has been proved to be reliable in predicting microstruc-
tural characteristic changes and macroscopic deformation behavior of various materials
after numerous practices. In terms of tailored hot forming properties, Mu et al. [27] estab-
lished a unified viscoplastic model coupled with the austenite volume fraction, which can
better reflect hot deformation behavior of UHSS with different austenite volume fraction.
Unlike Mu’s work, the partition-cooling hot forming technology in this study requires
primary cooling and tempering after complete austenitization. This means that the num-
ber of parameters to be fitted increases. Therefore, based on the viscoplastic constitutive
model, the influence of the primary cooling temperature is considered in this study, and a
unified viscoplastic constitutive equation coupled with the primary cooling temperature
is established.

At high temperatures, considering the strain rate and strain hardening effect, the
relationship between plastic strain rate and viscous stress can be expressed as:

ép_<0_f_k> (1)

where ép is plastic strain rate, ¢ means flow stress, k indicates initial yield stress, H is internal
stress due to isotropic hardening, K implies resistance coefficient, and 7 is the viscosity
exponent. The McCauley brackets ensure that it only makes sense to enter the plastic stage
after the material yields. Compared with Mu’s work, this model can significantly reduce
the amount of computation and facilitate parameter fitting [38].

Different primary cooling and tempering processes determine the microstructure of
38MnB5Nb during forming, which may include austenite, ferrite, pearlite, bainite and
tempered martensite. Since pearlite is a mixture of alternating lamellae of ferrite and
cementite in a single grain, the structure obtainable between Acz and M can be regarded
as a three-phase structure consisting of austenite, bainite and ferrite + pearlite, in order to
simplify the calculation, ferrite + pearlite is classified as ferrite in this study [39,40]. On this
basis, the overall plastic strain rate can be given as the combination of the related plastic
strain rates of these four phases [41,42], the total strain rate can be expressed as:

&p = epafa+epBfB+EpFfF +EpMmfMm ()

where €, 4, €., €p.F, €p.m is the plastic strain rate of austenite, bainite, ferrite and tempered
martensite, respectively, fa, fp, fr, fm indicates the volume fraction of austenite, bainite,
ferrite and tempered martensite, respectively. It is assumed that after full austenitization
the material is cooled at 30 °C/s and held or tempered for 30 s. It is assumed that martensite
is completely transformed into tempered martensite after tempering. According to the
DANTE heat treatment simulation software (DANTE Solutions, Inc., Cleveland, OH, USA),
the relationship between the volume fraction and the primary cooling temperature is

estimated as:
fm =1—exp[—my(my —T)]

fB = brexp {—(T;sz)z}
fr= cwxp[—(Tc_;z)z}
fa=1—fg—fr—fm

®)
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The volume fraction of each phase at each primary cooling temperature was calculated
by the software, and obtained by nonlinear fitting, where m; = 0.032, my =571, by = 0.79,
by =711.8, b3 =95.4, c1 = 0.82, ¢ =929.4, c3 = 59.3, which are the material constants (as
shown in Figure 7).

09 |
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00 [——Martensite| \
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0.0
09 |
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03

00 [— Bainite

09 |

03 F

00 —— Austenite :

L . L L L
0 100 200 300 400 500 600 700 800 900
Temperature /°C

Ferrite]

Volume fraction

Figure 7. Relationship between volume fraction of each phase and primary cooling.

When 38MnB5Nb is formed at high temperature, the evolution of the microstructure
is based on the evolution of dislocation density; hence, dislocation density is selected
as an internal variable to describe the isotropic hardening behavior of the material. The
dislocation density evolution equation is:

p=A(1-p)e| - cp (4)

The first term considers dislocation growth and dynamic recovery processes, and the
second term considers dislocation static recovery processes. p is the regularized disloca-
tion density, and the evolution of the dislocation density is limited between 0 and 1 by
regularization. ﬁ is the growth rate of dislocation density, and A, C and A are the material
constants. The hardening stress and dislocation density of material deformation can be

expressed as:
H = Bp*® ()

That is, the evolution equation of the isotropic hardening variable H is expressed as:
H=05Bp"% (6)

where B is the material constant, which shows that the isotropic hardening is mainly caused
by the accumulation and interaction of dislocation. However, the dislocation density
decreases due to the dynamic and static recovery, which makes the material soften.

The total strain & can be divided into elastic strain and plastic strain. The elastic
strain satisfyies Hooke’s law, and considering the viscosity equation, phase transformation
equation, work hardening equation, dislocation density evolution equation and Hooke’s
law, a viscoplastic constitutive equations system describing 38MnB5Nb at different primary
cooling temperatures can be obtained:

ép,xz<w>" X=A,B,F,M

&p = ep.afa +€pBfB+ EpEfF T EpMfM
Px = Ax(1—py)|épx| — Cxpx™* X =A,B,F,M )
Hyx = 0.5Bpy 50y X =A,B,E,M

o = Eo(ér — &)
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In the viscoplastic constitutive equations system, the material constants k, K, A, B, C,
and Ey are assumed to be related to temperature, and the relationship between temperature
and the material constants in the Arrhenius equation is introduced as:

k = kiexp(Qx/RT)
K = K;exp(Qg/RT)

AX = AiXexp(QAX/RT) X=A,B,F,M (8)
B = Bjexp(Qp/RT)
CX = CiXeXP(—ch/RT) X = A, B,F,M

Eo = Eiexp(Qg/RT)

where kg4, kg, kp, kj are the initial yield stress of austenite, bainite, ferrite, and tem-
pered martensite, respectively. Assume that kg = my-kq,krp = m f'k A kM = Mmpkg,
Kp = nyp-Ka, Kp = np-Ka, Ky = nm-Kg, which are the material constants. The equations
have a total of 35 material constants that must be determined: k;, K;, A;x, B;, Cix, Ei, Qk,
Qx, Qax, Qp, Qcx Qp, my, Mg, My, Ny, Mg, Ny, Ax,n (X = A,B,F, M). R is the universal
gas constant, and T is the absolute temperature in K.

5.2. Calibration and Verification of the Constitutive Model

The unified viscoplastic constitutive equations of 38MnB5NDb established in this study
are nonlinear and highly coupled with each other. In this study, MATLAB software (version
2021b, MathWorks, Inc., Natick, MA, USA) and a genetic algorithm are used to determine
the material constants in the constitutive equations. The solution of the ordinary differential
equations system adopts the forward Euler method, and the approximate solution of the
differential equations is obtained with a fixed step size. Then the objective function is used
to evaluate the difference between the approximate solution of the differential equations
system and the true stress-strain curve obtained by experiments, so as to judge the group
of the material constants. The relevant settings in the genetic algorithm are as follows:
the population size is 200, the number of genetic algebras is set to be 3000 generations,
the population crossover probability is 0.9 while the population mutation probability is
0.05, the optimization accuracy is 10-°. The objective function adopts the functional form
proposed by Cao and Lin [35,36], which is expressed as follows:

M Nj Ufj 2

- ﬁ L 2( ?.) ©)
j=1 ] i 1]

where X is the material constant vector to be determined. M is the number of stress-strain

curves obtained by the test. N; is the number of tested data points taken on the ji stress-

strain curve, and Uicj is the calculation of the flow stress at strain i. Uf]- is the experimental

value of the flow stress at strain 7.

The fitting effect of the constitutive model is quantitatively evaluated. Relative coeffi-
cient (R), average absolute relative error (AARE) and root mean square error (RMSE) are
selected as indicators to evaluate the fitting effect of the two models from the prospect of
statistics. The expressions of the three statistics are as follows.

Yioq (Ex—E) (P —P)
\/ZklEk E)’ T, (P~ P)

(10)

2

— D
Ej

N
AARE(%) = N Z x 100 (11)

k=1




Metals 2022, 12, 839

10 of 24

1 ¥ 2
RMSE = , | — Ex,— P 12
N X (Fe = P (12)

where E; implies the experimental data points, P is the temperature value calculated by
the fit model, E and P represent the mean values of the experimental data and fitted values,
respectively. N is the total number of data points. Figure 8 indicates the linear correlation
analyzed from all data. The predicted stress is in good agreement with the experimental
stress. R > 0.95 was considered a significant correlation [43].

The comparison of the stress-strain values calculated by the experiment and by the uni-
fied viscoplastic constitutive model at different primary cooling temperatures, deformation
temperature and strain rates are shown in Figure 9, in which the green, blue and red colors
represent the strain rate of 0.01 s71 01s7 11571 The symbol is the true stress-strain of the
experimental data, and the solid line is the calculated value according to the constitutive
model. It can be seen that the predicted values of the constitutive model are in good
agreement with the experimental values. Since the constitutive model established in this
paper does not take into account the effect of phase transformation during recrystallization
and deformation, this may lead to some errors in predictions under low strain. The material
constants for the proposed constitutive model are shown in Table 2.
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Figure 8. Linear correlation plot of Predicted stress-Experimental stress.
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Figure 9. Comparison of experimental and calculated strain-stress curves at different primary cooling
temperatures, deformation temperatures and strain rates. Blue, green and red colors represent the
strain rate of 0.01s71,0.1s71,1s7 L. Primary cooling at 200 °C, deformation at (a) 550 °C, (b) 650 °C,
(c) 750 °C, primary cooling at 450 °C, deformation at (d) 550 °C, (e) 650 °C,(f) 750 °C, primary cooling
at 650 °C, deformation at (g) 650 °C, (h) 750 °C, (i) 850 °C.

Table 2. The material constants for the proposed constitutive model.

k; Qxk K; Qx Ajp Qaa Ajp
4.834 985.4 2.524 3551 x 104 3.525 6.811 x 103 4.335
QaB Air Qar Aim Qam B; Qs

7.760 x 103 32.147 9.436 x 10° 10.117 1.411 x 10* 78.021 6.779 x 103

Cia Qca Cip Qca Cir Qcr Cim
5.289 2.878 x 104 111.458 3.763 x 10% 9.725 3.629 x 10* 149.906
Qcm Aa A AP AM 1y, my

6.867 x 103 1.288 0.479 35.791 4375 4.206 4.081

My ny ny Ny E; Qr n

18.105 1.069 0.712 1.925 556.589 2.149 x 104 10.017

6. Interfacial Heat Transfer Coefficient

In the TPP, the real-time data of the heat transfer coefficient of the partition cooling
process with temperature under different cooling conditions are necessary to make the
simulation closer to the actual production and improve the accuracy of the simulation.
During the partition cooling process of 38MnB5NDb, a large amount of heat exchange occurs
between the hot UHSS blank and the cooling medium. The cooling rate and the phase
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transition process of the blank will be affected by the different degrees of heat exchange,
which will eventually affect the mechanical properties of the part.

The degree of the heat exchange between the surface of the blank and the medium can
be expressed by the interfacial heat transfer coefficient. In the TPP, as one of the essential
boundary conditions, the interfacial heat transfer coefficient is a parameter that must be
input in the simulation analysis, which directly affects the accurate simulation of multi-field
coupling, temperature field, organization field, and stress field. Therefore, the study of the
interfacial heat transfer coefficient under different cooling conditions can help set the heat
transfer coefficient in the numerical simulation process of partition cooling and tailored hot
forming of 38MnB5Nb.

6.1. Experiment with Single-Nozzle Cooling

The experiment equipment is shown in Figure 10. The gas jet is generated by the
self-made air compressor, passing through the filter, the pressure tank, and the valve to
form a fully developed free jet, and at last, the gas jet is ejected from the circular straight
pipe. The uniform temperature in the cooling region, narrow temperature transition region
and controllable shape of the cooling region need to be satisfied during the partition cooling
process. Meanwhile, the return air system (Figure 10) is designed to reduce the influence of
lateral side flow and dry ice particle sputtered in the high-temperature region during the
cooling process. The bottom side of the return air system is a 20 mm x 20 mm square, which
is in contact with the surface of the blank, while the top side is a negative pressure region to
guide and discharge part of the heat exchange air. The dry ice particles are brought into the
gas jet pipeline from the block dry ice and the valve to form a dry ice-air mixed gas. The
inner diameter of the circular straight pipe is D = 4 mm, the length is L = 40 mm, and the
height of the nozzle from the surface of the workpiece is 20 mm. The lower part of the test
workpiece is insulated with aluminum silicate fiber, while the temperature of the workpiece
is measured by a K-type thermocouple and recorded by the data acquisition system. The
location of the temperature measurement point is shown in Figure 11. Thermocouples are
arranged at intervals of 10 mm from the central position, with a total of 8 temperature
measurement points (two in the central position). The size of the 38MnB5Nb blank used
in the experiment is 250 mm x 150 mm x 2.0 mm. This temperature measurement data
includes the blank’s transfer process (about 10 s).

Flowmeter

Thermocouple Recorder Pressure gauge

Furnace

Exhaust fan Air compressor Dry ice crusher

7

Figure 10. Diagram of the single-nozzle cooling experiment equipment.
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Figure 11. Schematic diagram of the welding position of the thermocouple (unit in mm).

6.2. Solving for Inverse Heat Conduction Problem (IHCP)

The corresponding position of each thermocouple under the temperature measurement
model is regarded as a 1D thermal conductivity model, and its geometry model is shown
in Figure 12.

The governing equation of the 1D thermal conductivity model is:

9*T
2

0 e e _k
ocg = go < x < L, t = Owhere the thermal diffusivity « = E (13)

The upper wall (x = 0) of the 38MnB5ND blank is the first boundary condition, and the
lower wall (x = L) is the third boundary condition, namely:

oT(x,t)

k pp =q(x,t) x=0, t>0 (14)
oT (x,t) B
B =0 x=L, t>0 (15)
the initial condition is:
T(x,t) =T, O<x<L, t=0 (16)

k is the thermal conductivity of the material, p means the material density, and C,
indicates the specific heat capacity at constant pressure of the material. Considering that
38MnB5NDb will undergo different degrees of phase transition under different cooling states,
k and Cp are considered to be related to the temperature and cooling rate, as shown in
Figure 13a,b. Material parameters are calculated by JMatPro®software version 7.0.

When convective heat transfer occurs, the heat flow is calculated according to New-
ton’s cooling formula:

q = h(Tw — Tgus) (17)

where T, is the temperature of the upper surface of the blank, / is the interface heat transfer
coefficient, of which the unit is W/ (mz-K), and Tggs is the fluid temperature (°C), which is
obtained by measurement, or considered as a constant. The heat fluxes g, and Ty, can solve
IHCP, as shown in Figure 14. The calculation is introduced below.

a9
LT
— T
= A
4

— cal-1
cal
w Point y-1 @y Point y+1 %ﬁ

Figure 12. Geometry model of heat transfer.
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Figure 14. Solving IHCP Flowchart.

The heat conduction problem is to solve the temperature fluctuation of the bottom
surface according to the temperature fluctuation of the upper surface cooled by the medium,
which is a fixed solution problem. However, the inverse problem of heat conduction is to
solve the temperature fluctuation of the top surface cooled by the medium according to
the temperature fluctuation of the bottom surface, which is an optimization problem. The
optimized objective function is shown as:

S = [ {(Toxp(L,0) — Tea (L, 1) as)

where Teyp is the measured temperature obtained by the thermocouple of the bottom
surface, T, is the calculated temperature obtained by solving the inverse problem of the
bottom surface and tf is the final time.

H is estimated via the conjugate gradient method (CGM) and the adjoint problem
function.

Step 1: Take an initial guess q°(t) for the heat flux function g(f). The number of
iterations k is set as k = 0.

Step 2: Solve the 1D heat transfer problem and calculate T(x,t) from qk(t).

Step 3: Check the stopping criterion until the function value S[g(t)]. reaches the
tolerance e. Output the heat flux function g(t) if the tolerance satisfied the stopping criterion,
and continue if not.

Step 4: Knowing T, (L,t) and the measured temperature T,y,(L,t), solve the accompa-
nying problem by the method in the literature [44] and calculate the gradient VS[gk(t)].
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Step 5: Knowing V S[gk(t)], 7 and the descending direction dX(t) are calculated accord-
ing to the following equation. ¥ is the conjugate coefficient obtained from the following
Fletcher-Reeves expression.

tZO{vs {qk(t)} }zdt

7= (19)
SLo{vslg1 (o]} ar
For the first iteration, 1 = 0.
d (1) = VS [gt()] + 24" () (20)

Step 6: Set Aqk(t):dk(t) and obtain AT(L,t) by solving the sensitivity problem [45].
Step 7: Knowing AT(L,t), the search step length gF is calculated from the follow-
ing equation

LT ) = Y(L D]AT(L, byt

Bt
ftzo [AT(L, t))dt

(21)

Step 8: Knowing the ¥ and d*(t), a new estimated g**!(f) is calculated according to the
following equation and then return to Step2.

gL (t) = qF (1) — BrdF (1) (22)

The temperature change of the bottom surface of the 38MnB5NDb blank under 0.1 MPa
jet pressure and 0.5 MPa jet pressure mixed with dry ice particles with a flow rate of 10 g/s
and a diameter of about 100 um is measured by experiments (Figure 15).
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Figure 15. Temperature measurement curves. (a) 0.1 MPa compressed air; (b) 0.5 MPa compressed
air mixed with dry ice particles.

For the hot-state experiment of the cooling blank under the partition jet condition of
the 38MnB5Nb blank, the temperature-time curve can be used to intuitively understand
the temperature change of each region of the selected blank during the cooling process.
As the jet has an influence on the temperature difference, the cooling rate at the center of
the blank is faster. Under the mixed jet of 0.5 MPa dry ice and air, the cooling capacity of
the mixed jet is improved due to the contact between the dry ice and the hot blank as the
dry ice particles sublime and absorb heat, during which the maximum cooling rate can
reach 68 °C/s. Affected by the return air system with negative pressure, the effect of the jet
flow is reduced when it deviates from the core jet region. The cooling rate is lower in the
region >30 mm.

Figure 16 shows the relationship between the temperature and the heat transfer
coefficient at each region. It finds that when the temperature is in the range of 850-920 °C,
the change of heat transfer coefficient and temperature is not obvious, as the process in this
temperature range is the process of blank transfer and air cooling. Affected by the 0.5 MPa
dry ice mixed with air jet in the central region, the heat transfer coefficient impacted by
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the jet significantly rises as the temperature decreases, reaching a maximum value of
1900 W/(m?-K) at about 300 °C, which is comparable to the heat transfer coefficient
of air-mist cooling. The heat transfer coefficient in the non-jet impingement region is
predominantly affected by radiation and lateral flow. Under the influence of 0.1 MPa
compressed air, the heat transfer coefficient in the central region increases at first and then
decreases, with a maximum value of about 570 W/(m?-K).
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Figure 16. Interfacial heat conduction coefficient. (a) 0.1 MPa compressed air; (b) 0.5 MPa compressed
air mixed with dry ice particles.

Considering the temperature changes of the blank under different cooling conditions,
the narrow transition regions’ width should be satisfied while ensuring the process require-
ments. The primary cooling step of TPP-S is realized by 0.1 MPa compressed air jet, while
that of TPP-F is realized by 0.5 MPa compressed air and dry ice mixture since it needs to be
cooled to about M¢ and requires a higher heat transfer coefficient.

Figure 17 shows the linear correlation analyzed from all data. It can be seen that the
temperature calculated by the interface heat transfer coefficient h obtained by the inverse
heat transfer method is accurate with the experimental results.
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Figure 17. Linear correlation plot of fitted values-experimental values. (a) 0.1 MPa compressed air;

(b) 0.5 MPa compressed air mixed with dry ice particles.

7. FEM of TPP
7.1. Applications

The designed tailored properties hot forming system (Figure 18) for 38MnB5Nb blank
is predominantly composed of austenitizing furnace FO810 (Yamato Scientific Co., Ltd.,
Tokyo, Japan), tempering furnace FO810 (Yamato Scientific Co., Ltd., Tokyo, Japan), and
self-made equipment, partition cooling device (“Cold Printer”), U-shaped part forming
die, 100 T press, air compressor and temperature monitoring system. The austenitizing
furnace is first heated and kept at 920 °C, while the tempering furnace needs to be heated
and kept at 900 °C, according to the TPP-S and TPP-F requirements respectively. The cold
printer is mainly composed of a cooling system, exhaust fan and temperature monitoring
system. The cooling system consists of 12 sets of cooling units with a cooling region of
20 mm X 20 mm arranged in a line. Each unit can be independently controlled by the
electronic control system, and the upper and bottom sides can be cooled at the same time.
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The “Cold Printer” realizes automatic feeding through the control system. When the region
to be cooled reaches the cooling unit, the cooling program starts to run, and the flow rate of
the nozzle and the flow of dry ice particles are controlled according to the required primary
cooling temperature difference to achieve partition cooling of the high-temperature blank.
The reference part is a U-shaped piece, which is achieved through the hot forming die
system shown in Figure 19 mounted on the 100 T press. The die system is mainly made up
of a lower die, a punch, a binder, and 8 nitrogen springs. The blank processed by partition
cooling, and tempering is placed on the lower die and fixed in the center by positioning
pins before the punch and the binder moving downward from the initial position (246 mm
above the upper surface of the lower die) at a speed of 50 mm/s. After the binder contact
the blank, a force of 20 KN is applied, while the punch continues to move downward for
54 mm at a speed of 20 mm/s. After reaching the position, a holding pressure of 200 KN is
applied for 15 s.

Temperature
monitoring system

Cold printer EENEA
ST .
L Dry ice crusher T

/

Binder,4 4 / v
Upper plate B / (
Nitrogen O O O] [«
R10_< &

spring
Binder

Die

Lower plate

Cooling
system

Figure 19. Die system for hot forming U-shaped parts.

The detailed partition cooling and tailored properties hot forming are as follows. The
250 mm (L) x150 mm (W) blank is put into a 920 °C austenitizing furnace for 7 min before
being taken out and put into the “Cold printer” for cooling, of which the transfer time is
about 10 s. the blank is cooled for 10 s by the 0.1 MPa compressed air jet in the TPP-S or by
the 0.5 MPa dry ice mixed jet in TPP-F before being tempered for 30 s the 900 °C tempering
furnace. Then the blank is transferred to the press for forming of which the transfer time is
about 10 s, while the die is filled with cooling water and maintained for 15 s.

7.2. Numerical Modelling

The hot forming of UHSS is an extremely complex nonlinear thermo-mechanical
coupling process. In order to improve the calculation efficiency, the original model was
simplified to a 1/4 symmetrical geometric model, as shown in Figure 20. In this model, the
die is divided into 28,080 units according to C3D8T, and the blank is divided into 1180 units
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according to S4RT. The thickness of the blank is 2 mm, and the number of integral points
along the thickness direction is 3. Meanwhile, the binder, the die, and the punch are set
as rigid bodies. The interfacial heat transfer coefficient between the die system and the
blank changes during the forming process. For example, when the blank is in complete
contact with the die, the interfacial heat transfer coefficient is related to the pressure, but
when there is no contact, the interfacial heat transfer coefficient is related to the gap size.
The set of interfacial heat transfer coefficient is based on the literature [46,47], while the
friction coefficient between the blank and the die system is set to 0.35 [21,48]. Constitutive
material models can be implemented into ABAQUS 2020/Explicit software using the
explicit user materials subroutine (VUMAT), which can use and update solution-dependent
state variables, e.g., plastics strain (¢), dislocation (p). The developed unified viscoplastic
constitutive equation system coupled with the primary cooling temperature model were
programmed into VUMAT using the FORTRAN language. The relevant physical property
parameters of the blank are obtained according to a published paper [46-49]. The interfacial
heat transfer coefficient between the blank and environment during austenitizing and
tempering is a function of temperature, of which the setting method in [50] is adopted.
The interfacial heat transfer coefficient calculated above is adopted in the primary cooling
process. Considering the field specificity of the square nozzle, the interfacial heat transfer
coefficient between the data points is calculated by the method of linear interpolation. In
order to reduce the calculation time and improve the calculation efficiency, a reasonable
mass amplification factor is set in the simulation process.

<+

¥/

Figure 20. Finite element model for partition-cooling hot forming simulation.

7.3. Results and Discussion

Unlike traditional hot forming technology, the partition-cooling hot forming technol-
ogy requires specific cooling of the blank before forming to achieve a specific microstructure
distribution in order to satisfy the tailored strength requirements. Figure 21 displays the
temperature distribution of the blank after partition cooling. The minimum temperature
of the central blank under TPP-S and TPP-F is about 453.7 °C and 201.5 °C, respectively.
Martensite is formed during the process. The uncooled region is kept above 650 °C with
the width of the transition regions being about 20 mm. The simulation results (Figure 22)
illustrate that the temperature of the central blank under the two processes is about 456 °C
and 196 °C, respectively, which are in good agreement with the experimental results. The
temperature field distribution of the two processes after being placed in the tempering
furnace at 900 °C for 30 min is shown in Figure 23. The time-temperature transformation
(TTT) “nose tip” region of 38MnB5Nb is about 600-650 °C [51]. The tempering temperature
should not be too high, otherwise, the amount of transformed ferrite and pearlite is too
small to meet the requirements of the tailored properties. Though the primary cooling
temperature of TPP-F is only about 200 °C, the temperature in this region reaches 588 °C
after tempering due to the small cooling region and the high tempering temperature. The
temperature field is used as the initial condition for both forming simulations.
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Figure 21. The temperature distribution of the blank after cooling in the acquisition region of the
thermal imager. (a) TPP-S; (b) TPP-E.
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Figure 22. The simulated temperature distribution of the blank after primary cooling. (a) TPP-S;
(b) TPP-E.
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Figure 23. The simulated temperature distribution of the blank after tempering. (a) TPP-S; (b) TPP-F.
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The temperature field in the forming stage when the blank transferring to the press is
shown in Figures 24 and 25. When the stroke is 27 mm, the contact time between the blank
and the die is 1.5 s. Because of the heat conduction during contact between the blank and
the die, the temperature of the flange edge in contact with the binder drops the fastest, to
123 °C and 136 °C, corresponding to the two tailored properties hot forming technology.
Meanwhile, the bottom and side surfaces of the U-shaped part below the punch and the
die have higher temperatures, which decrease during the formation stage. The pressure
holding stage in the hot forming is very essential, as it may lead to the uncomplete cooling
of the blank or the microstructure transformation if the pressure holding time is insufficient,
which will eventually cause uneven stress distribution, resulting in the deformation and
spring-back of the blank. It can be seen that, after pressure holding for 15 s, the temperature
of the whole blank drops below 120 °C, and the stress distribution is more uniform than
when the stroke reaches 54 mm.

In the initial stage of forming, the equivalent stress of the contact position between
the blank and the punch is the largest, and flat areas farther from the punch fillet are
less stressed. As the stroke increases, the maximum equivalent stress is transferred to
the sidewall region, because in the process of hot forming, the part of the blank that first
contacts the punch is deformed, and is subjected to tension and bending stress. Due to
the action of pressure, the heat of the sheet will be transferred to the cold die, resulting in
the temperature decreasing, and the deformation resistance increasing. When the punch
continues to move, more force is required to deform the blank. It can be seen that the largest
strain occurs at the fillet and sidewall, which at the region shows a higher strain tendency,
The equivalent plastic strain reaches 0.28, and the thickness thins to 1.91 mm.

The gradient microstructure formed by cooling also has a significant impact on the
stress field distribution. The stress in the bottom center is larger, at which the maximum
stress reaches 345 MPa after pressure holding for TPP-S and 743 MPa for TPP-F due to the
high deformation resistance of the tempered martensite structure at the center of the bottom.
In the spring-back stage without constraining, the residual stress can be released by plastic
deformation, and the maximum residual stress in the two processes after spring-back drops
to 305 MPa and 545 MPa, respectively.
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The minimum thickness measured on the wall is about 1.91-1.92 mm, with a thinning
rate of about 4.5%. There is no risk of rupture in this region. The flange edge contact with
the binder and the bottom contact with the punch are slightly thickened to 2-2.02 mm due
to radial and circumferential stress. Figure 26 points out that the numerical simulation is in
good agreement with the experimental results.
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Figure 26. Comparison of the thickness between numerical simulation of the U-shaped part and the
blank used in the experiment. (a) TPP-S; (b) TPP-F.

A material with a higher yield strength will have a greater ratio of elastic to plastic
strain and will exhibit more spring-back than material with a lower yield strength, due
to the high yield strength of 38MnBNDb5, which leads to the spring-back of the parts after
forming, especially under TPP as the UHSS after forming has different microstructure,
strain, stress and temperature distribution from traditional hot forming parts. In this
experiment, based on the analysis of the stress-strain field, the temperature transition
regions of the regional cooling process are found to be only about 20 mm, and the uneven
distribution of the stress-strain field does not touch the fillet and sidewall regions, with
the bottom in a plane stress state. The spring-back is small under the two processes,
with a maximum spring-back angle of no more than 1°. The numerical simulation of
the constitutive model established in this study has a high degree of agreement with the
experimental results (Figure 27).
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Figure 27. Comparison of the springback between numerical simulation of the U-shaped part and
the blank used in the experiment. (a) TPP-S; (b) TPP-F.

8. Conclusions

In this paper, a 38MnB5NDb constitutive model considering the primary cooling tem-
perature is proposed under the framework of a new tailored properties hot forming by
partition cooling. The influence of different organization fields formed by partition cooling
and tempering processes on the parameters of the unified viscoplastic constitutive model
and the material parameters are determined by the optimization method based on a genetic
algorithm. Considering the uneven temperature field generated by the partition cooling
process, IHCP was able to obtain the relationship between the interfacial heat transfer
coefficient and different cooling conditions in the partition cooling process. The established
constitutive model and the interfacial heat transfer coefficient obtained from the inverse
heat transfer method are applied to the commercial ABAQUS 2020/Explicit software and a
numerical model for partition-cooling tailored properties hot-formed U-shaped parts is de-
veloped. The measurements of the thickness of the cross-section and the spring-back angles
have verified that the numerical model is in good agreement with the experimental results.
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