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Hot stamping (press hardening) is widely used to fabricate safety components such as door beams and B pillars with increased
strength via quenching. However, parts that are hot-stamped from ultra-high-strength steel (UHSS) have very limited elongation,
i.e., low ductility. In the present study, a novel variant of hot stamping technology called quenching-and-partitioning (Q&P) hot
stamping was developed. This approach was tested on several UHSS sheet metals, and it was confirmed that this method can be
used to overcome the drawbacks associated with conventional hot stamping. The applicability of Q&P hot stamping to each of these
steels was also assessed. The part properties and performances of three widely used ultra-high-strength sheet metals, BISOOHS,
27SiMn, and TRIP780, were evaluated through tensile testing and microstructural observations. The results demonstrated that the
ductility of Q&P hot-stamped sheet metals was notably higher than that of the conventionally hot-stamped parts because Q&P hot
stamping gives rise to a dual-phase structure of both martensite and austenite. Further, material tests demonstrated that the Q&P
treatment had positive effects on all three selected materials, of which TRIP780 had the best ductility and the highest value of
the product of strength and plasticity. Scanning electron microscopy images indicated that the silicon in the steels could limit the

formation of cementite and would, therefore, improve the mechanical properties of Q&P hot-stamped products.
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1 Introduction

Hot stamping is widely used to produce ultra-high-strength
steel parts. During the hot stamping process, a blank of boron
steel is initially heated to approximately 900°C and held in
the furnace for 3 to 5 min until it is fully austenitized. Then,
the heated blank is quickly transferred to the stamping tool,
and the forming process is immediately performed. Simulta-
neously, the quenching process takes place inside the tool,
where cooling channels are integrated to ensure a suitable
cooling rate. Thus, a high-strength product with good stamp-
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ing precision is obtained after cooling to room temperature
[1-3].

The strength of hot-stamped products reaches 1500 MPa or
higher, which makes them popular in automotive manufactur-
ing so as to increase the safety and decrease the weight of the
vehicle. However, such hot stamping products usually have
lower elongations of approximately 5% [1,4,5], which signif-
icantly reduces the ductility of the final products. The prod-
uct of strength and plasticity (PSP), given as o, - 4, (where
o, represents the tensile strength and 4, represents the total
elongation), is used to represent the comprehensive perfor-
mance of a mechanical part during energy absorption [6]. The
PSPs of most hot-stamped parts produced today are less than
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10 GPa%, which meets the standards for only first-generation
automotive sheet steels [7].

Higher PSPs can be attained by designing new materials
that have higher percentage compositions of rare and precious
metals; this is the manner in which second-generation steel is
created. However, such steels are usually expensive, which
is a barrier to widespread implementation in the automotive
industry. Another approach to increase the PSP while con-
trolling the material cost to an acceptable level is to integrate
advanced heat treatments into the forming process. Introduc-
ing a tempering treatment after the hot stamping process can
eliminate residual stress and can be used to attain different
strengths and elongations by adjusting the tempering temper-
ature [8,9]. It has also been shown that higher ductility can
be achieved through a semi-hot stamping process, the process
of which is similar to conventional hot stamping but uses a
lower heating temperature; however, this method slightly de-
creases the strength of the material [10]. In addition, Naderi
et al. [11] observed that the presence of ferrite phase induced
by the use of a water-cooled punch can increase the PSP; this
finding was further supported by Santofimia et al. [12] and
Hao et al. [13].

Quenching and partitioning (Q&P) is a novel heat-treat-
ment process presented by Speer et al. [14,15]. By Q&P,
dual-phase microstructures of martensite and residual austen-
ite can be formed, which notably improves the elongation
of the material. Based on the Q&P process, Hsu et al.
[16] proposed a new heat treatment, called the quench-
ing-partitioning-tempering process, for designed steels
containing carbide formation elements. In addition, Chen
et al. [17] integrated deformation-induced ferrite transfor-
mation with the Q&P process (DIFT+Q&P) for low-carbon
boron steels, achieving PSPs higher than 20 GPa% in all
samples. Liu et al. [18,19] proposed to combine the Q&P
treatment with hot stamping, creating a process called
Q&P hot stamping (HS+Q&P); a thermal simulation of
this process showed that the elongation of the final part
significantly increases and the high strength of the material
is retained. Han et al. [20,21] designed an experimental tool
to perform the HS+Q&P process. Lin et al. [22] proposed
a hot stamping/bake-toughening process, demonstrating
that carbon partitioned from martensite to untransformed
austenite, resulting in a PSP as high as 21.9 GPa%.

Currently, boron steels are widely used to produce
ultra-high-strength parts via the hot stamping process.
Various boron alloys have been developed and pro-
duced by different steel companies such as Usibor1500,
20MnBS5, 22MnB5, 27MnCrBS, B1500HS, BR1500HS,
WHTI1300HF, among others.  Some of them contain
coatings and others do not; nevertheless, the chemical
compositions of these steels are similar. On the contrary,
most of the metals proposed for Q&P heat treatment in
the published literature, including 0.35C-1.3Mn-0.74Si
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wt%  [14],  0.19C-1.61Mn-0.35Si-1.1A1-0.09P  wt%
[23], 0.28C-1.4Si-0.67Mn-1.49Cr-0.56Mo  wt% [24],
0.41C-1.27Si-1.30Mn-1.01Ni-0.56Cr ~ wt% [25], and
0.2C-1.40Si-1.80Mn wt% [26], are in the experimental
stages and have not been mass produced.

In this study, a new Q&P hot stamping process was de-
veloped based on previous studies. An experimental U-cap
stamping tool was introduced and a series of Q&P hot stamp-
ing trials were executed, and the results were compared with
the results of conventional hot stamping. Three mass-pro-
duced and readily available steels, BISO0HS, 27SiMn, and
TRIP780, were used in this study; their performances during
the Q&P process were evaluated using a thermal simulation
machine, Gleeble3500.

2 Description of Q&P hot stamping process
and experimental tool design

In the conventional hot stamping process, when the hot blank
is moved to the cool tools, it undergoes forming and quench-
ing as its temperature drops continuously toward room tem-
perature. However, in Q&P hot stamping, when the ele-
vated blank is moved into the tool, the forming and quench-
ing processes simultaneously commence with hot stamping.
Thus, the blank is not quenched to room temperature directly;
rather, the temperature change is interrupted at a certain tem-
perature called the quenching temperature (7q), which is be-
tween the temperatures at which the martensitic transforma-
tion begins (Ms) and ceases (Mf). Then, the blank is held at
another temperature, called the partitioning temperature (7p),
for a fixed time interval, called the partitioning time (zp). 7p
can be greater than or equal 7q; when 7p>Tyq, the process is
called a two-step Q&P hot stamping process and when 7p=Tyq,
it is called a one-step Q&P hot stamping process (depicted
in Figure 1). A previous study of 0.2C-1.53Si-1.46Mn steel
by Zhong [27] showed that the ductility of steel after the
two-step Q&P process is higher than that after the one-step
Q&P process. However, the temperature of a sheet changes
in a complicated way during the two-step process and can
hardly be measured with the existing experimental tools. So,
only the one-step Q&P hot stamping process was studied in
this study.

Compared with the conventional hot stamping process,
the partitioning stage was more pronounced in the Q&P hot
stamping process. According to the results of a study of
Speer et al. [14,15], the partitioning stage causes partitioning
of supersaturated carbon from martensite to retained austen-
ite, leading to carbon enrichment and austenite stabilization.
Thus, the final part is composed of dual-phase microstruc-
tures containing both martensite and austenite, which is
regarded as the main reason for the observed improvement
in the elongation and PSP.

It is well accepted that cooling channels should be included



1694 Han X H, et al.

Austenizing
[ Ac,

Deforming
Quenching

Partitioning
To=Tp MF

Temperature

Time

Figure 1 Schematic of the one-step Q&P hot stamping process.

in the conventional hot stamping tool to maintain it at a low
temperature during the hot stamping process, thereby ensur-
ing that the cooling rate of the steel is higher than a critical
value. However, there are two quenching steps and one par-
titioning step during the Q&P hot stamping process; the tem-
perature should rapidly decrease during the quenching pro-
cesses but be maintained at an elevated value during the par-
titioning process. This requirement presents a unique chal-
lenge to the tool design. Figure 2 presents an experimental
tool design for the Q&P hot stamping process, which was pre-
sented by the authors as a patent in 2015 [28]. Instead of the
water-based cooling system used in conventional hot stamp-
ing tools, in this design, a heating system was integrated into
the die and punch to increase the temperature of the tool to
Tq; the high cooling rate required during the quenching step
is provided by a blast system with cooling air. The tool is
heated before the hot stamping process and kept at 7o dur-
ing the whole process. The cooling air is injected when the
quenching step begins and then switched off at the start of
the partitioning step. To allow the cooling air to pass through
the bottom of the die into the cavity, a special porous plate
was designed, as shown in Figure 3. The cooling effects can
be controlled by using different porous plates with different
hole densities and distributions. Although the tool shown in
Figure 2 was designed for a U-cap part, the same principle
can be applied to other parts.

The partitioning process can also be achieved outside of
the tool as follows. First, the hot blank is put into a conven-
tional hot stamping tool with cool channels to perform the
forming and quenching processes until the temperature of the
blank decreases to 7. At this time, the tool is opened and the
formed part is quickly transferred into a furnace, which is kept
at Tq, to perform the partitioning process for a period of #p.
Then, the part is removed from the furnace to perform the sec-
ond quenching process by water spraying or other methods.
For this method, no changes to the conventional hot stamp-
ing tools are needed and the cycle time can be minimized to
save time on the production line. However, the temperature
in the tool must be monitored and controlled very precisely
and an additional heating furnace and an extra transfer system
are needed. Moreover, the dimensional accuracy may not be
as high as that obtained with the partitioning method carried
out inside the mold.
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Figure 2 (Color online) Experimental tool design for Q&P hot stamping.
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Figure 3 Designs for the porous plate.

3  Hotstamping experiments for a U-cap part

In this section, the Q&P hot stamping process was carried
out on an uncoated and cold-rolled steel, BISO0HS, produced
by BaoSteel Co. B1500HS is a commonly used hot stamp-
ing material with a composition of 0.25C-0.22Si-1.29Mn-
0.056A1-0.0021B wt.%, which is similar to that of 22MnBS5.
During the hot stamping experiments, the blank was heated
up to 920°C and held at that temperature for 5 min to en-
sure that the steel fully austenitized. It was then transferred
quickly to the stamping tool as described above to succes-
sively perform the forming, quenching, and partitioning pro-
cesses. Then, the formed part was removed from the tool and
quenched to room temperature using water. To study the ef-
fects of the quenching temperature and partitioning time, 7g
was varied to 350, 300 or 250°C with #»=80 s, and fp was
varied to 40, 80, or 120 s with 7g=350°C. Conventional hot
stamping was also performed in the same tool to compare the
results of these two processes. The formed part was kept in-
side the cool tool until it reached room temperature following
both processes.

The final part is shown in Figure 4(a), and its dimensions
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Figure 4 (Color online) Experimental part. (a) The produced part; (b) a
dimensional drawing of the part.

are defined in Figure 4(b). According to the geometrical prop-
erties of the part, three characteristic regions were examined:
bottom, middle, and top. The tensile specimens were cut from
the centers of these parts, and the tensile tests were performed
at room temperature.

Figure 5 presents the mechanical properties measured by
the tensile tests, in which HS denotes the conventional hot
stamping and HS+Q&P represents the Q&P hot stamping.
The results show that the PSPs of most of the samples from
the Q&P hot stamping process are better than those from con-
ventional hot stamping. Figure 5(a) shows that different posi-
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tions of the part have different mechanical properties. Specif-
ically, the strength of the bottom region is generally higher
than the strength in the other regions and the elongation of
the top region is higher than that of other regions and the side
region properties between those of the other two regions. This
observed profile of mechanical properties arises from the con-
tact conditions during the forming process, which affects the
temperature variation and influences the microstructure evo-
lution.

It should also be noted that the process parameters used
for the conventional hot stamping were optimized for that
process and have been used in many studies. However, Q&P
hot stamping involves more process parameters and, there-
fore, facilitates more possibilities for different properties. For
the studied U-cap model, the optimized combination of pa-
rameters can be identified to yield a better strength and elon-
gation for all positions compared with those of the conven-
tional hot stamping, as shown in Figure 5(b). For example,
when 7¢=350°C and #=40 s, the PSPs of the top, side, and
bottom regions of the Q&P hot-stamped parts reached 13.0,
15.8, and 18.0 GPa%, respectively, which are higher than the
corresponding values in the conventionally hot-stamped parts
(11.4, 12.8, and 11.4 GPa%).

4  Material selection for the Q&P process

According to previous studies dealing with the hot stamp-
ing process and Q&P treatment, several alloying elements are
commonly used: carbon (C), manganese (Mn), Silicon (Si),
aluminum (Al), and boron (B). A high C content increases the
strength and hardness of the steel; further, retained austenite
can be stabilized at room temperature only if there is enough
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Figure 5 (Color online) Mechanical properties in different regions of the parts produced by the two processes. (a) The strength and elongation; (b) the PSP

as a function of the process parameters.
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C from martensite available during the partitioning process.
However, an excessive C content causes the formation of twin
martensite and decreases the ductility and weldability of the
steel. The function of Mn is to increase the strength and hard-
enability of the steel. In the Q&P hot stamping process, Mn
decreases the Ms and helps stabilize the retained austenite.
Si promotes the diffusion of C from as-quenched martensite
to austenite and retards cementite precipitation from these
phases, which is important during the partitioning process. Si
also helps to strengthen the ferrite phase. The recommended
content of Si is higher than 1% for such purposes [29,30],
but an excessive Si content decreases the rolling quality and
readily induces surface defects. However, the occurrence of
these surface defects can be reduced by increasing the Al con-
tent, as Al functions like Si but with fewer adverse effects,
although its solution-strengthening effect is less significant,
as explained in ref. [31]. B is very commonly used in the ex-
isting steels used for hot stamping as it pushes the time-tem-
perature transformation TTT curve to the right and effectively
increases the hardenability [32]. However, recent research by
Mohrbacher [33] demonstrated that B may lead to the forma-
tion of intermetallic Fe»3(C,B)s particles that precipitate on
the grain boundaries at lower austenite temperatures, which
negatively impacts the final properties.

By considering the functions of these basic elements,
three mass-produced steels were selected to test the Q&P
hot stamping process in this study: B1500HS, 27SiMn, and
TRIP780. The chemical compositions of these materials are
shown in Table 1.

B1500HS as a commonly used hot stamping steel as
discussed above. TRIP780 is a common transformation-
induced-plasticity steel, and 27SiMn is usually used as a
structural alloy steel. Both TRIP780 and 27SiMn are nor-
mally formed at room temperature and are not regarded as
hot stamping steels. However, based on Table 1, they have
higher concentrations of Si than the hot stamping boron steel,
B1500HS, which is important to promote C diffusion in the
Q&P process. It should also be noted in Table 1 that

Table 1 Chemical compositions (wt.%) of three steels
Material B1500HS TRIP780 27SiMn

C 0.245 0.19 0.207

Si 0.22 1.38 1.4
Mn 1.29 1.68 1.28
Al 0.056 0.053 0.06

B 0.0021 0.0015 -
0.02 0.0024 0.003
P 0.022 0.012 0.019

Cr 0.174 0.021 -
N 0.19 0.028 0.079

Mo 0.002 - -
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TRIP780 has a lower concentration of B than B1500HS,
while 27SiMn has very little B. So, this set of samples also
offers an opportunity to test the effects of B in the Q&P
process. In addition, the chemical composition of 27SiMn
is close to that of TRIP780, but 27SiMn is generally less
expensive than TRIP780 and B1500HS.

Figure 6 displays the temperature-phase diagrams and
continuous-cooling transformation CCT diagrams for the
three steels, which were created using a commercial software
package, Jmat-pro 4.1. Based on Figure 6, the austenite
transformation temperature is 810°C for B1500HS, 844°C
for TRIP780, and 856°C for 27SiMn. The Ms is 387°C for
B1500HS, 374°C for TRIP780, and 350°C for 27SiMn, and
the martensitic transformation 90%-completion temperature
is 273°C for B1500HS, 259°C for TRIP780, and 234°C
for 27SiMn (as a reference, the martensitic transformation
100%-completion temperature, Mf, for BIS00HS is 235°C
according to the experimental results presented by He [34]).
Further, the critical cooling rates for the martensitic trans-
formation are 27°C/s for B1500HS and 70°C/s for both
TRIP780 and 27SiMn. Evidently, the lack of B affects the
critical cooling rate; hence, a higher cooling rate must be
provided to ensure a complete martensitic transformation.

A thermal simulation machine, Gleeble3500, was used to
perform the Q&P process for these steels. To focus on the
effects of the heat treatment and eliminate the influence of
plastic deformation, the forming process was not conducted
in these experiments. According to the material properties of
the steels presented above, the scheme of the thermal simu-
lation was designed, as shown in Figure 7. The three steels
were heated to 900°C and held at that temperature for 5 min to
allow them to be fully austenitized. 7o was defined sep-
arately for each steel because their Ms and Mf values are
different: Tq values of 350, 320, and 280°C were used for
TRIP780, while 350, 300, and 250°C were used for B1500HS
and 27SiMn. The # values used for all three steels were
10, 40, 80, and 120 s. As the critical cooling rates for the
steels vary widely, the cooling rates in Gleeble3500 were set
to 30°C/s for BISOOHS and 70°C/s for both TRIP780 and
27SiMn. In addition, for the purpose of comparison, full
martensitic transformations were carried out wherein only
one quenching process was included, the partitioning process
was ignored, and the applied cooling rates were 30°C/s for
B1500HS and 70°C/s for both TRIP780 and 27SiMn.

5 Results and discussion

5.1 Mechanical properties

After the Q&P treatments with various parameters, the
mechanical properties of the samples were measured. The
strength, elongation, and PSP are plotted in Figure 8 and
listed in Table 2. The results demonstrate that the strength
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Figure 6 (Color online) Temperature-phase diagrams and CCT diagrams for B1SO0OHS (a), TRIP780 (b), and 27SiMn (c).
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Figure 7 Thermal simulation scheme of the Q&P treatment for the three
steels.

range of 27SiMn is higher than those of TRIP780 and
B1500HS, while the elongation range of TRIP780 is higher
those of 27SiMn and B1500HS. Overall, the PSP values
of TRIP780 are generally better than the PSP values of the
other steels.

Based on the PSP results, the optimal parameters are
adopted as follows: 7¢=300°C and #=40s for B1500HS;
To=300°C and #p=120s for 27SiMn; and 7¢=350°C and

tp=120 s for TRIP780. These optimal PSPs, strengths, and
elongations of the three Q&P hot-stamped steels are com-
pared with those of the unmodified steels and the samples that
underwent the full martensitic transformation, which corre-
sponds to the conventional hot stamping process. As shown
in Figure 9, the strengths of these steels increased markedly
after the full martensitic transformation, but the elongations
decreased, limiting the comprehensive performances (PSPs)
of these steels. In contrast, the strengths of the steels after
the Q&P process were close to those of the full martensitic
transformation but the elongations of the Q&P steels were
notably higher in comparison. Thus, the PSPs after the Q&P
process are much better than those after the full martensitic
transformation. Specifically, the PSP of B1500HS after the
Q&P process reached 21.0 GPa%, which is 42.9% higher
than that of the original sheet and 144.2% higher than that of
the sample that underwent a full martensitic transformation.
The PSP of 27SinMn after the Q&P process reached 22.7
GPa%, which is 48.4% higher than that of the original sheet
and 164.0% higher than that of the sample that underwent a
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Table 2 Mechanical properties of the three steels

Steel 5 (MPa) Ay (%) osdi (GPa%)
B1500HS 13901624 8.4-13.2 12.7-21.0
TRIP780 1482-1637 8.9-17.8 13.9-26.7
27SiMn 1612-1803 6.2-13.1 10.1-22.7

full martensitic transformation. The PSP of TRIP780 after
the Q&P process reached 26.7 GPa%, which is 29.6% higher
than that of the original sheet and 99.3% higher than that of
the sample that underwent a full martensitic transformation.
The effects of partitioning time, fp, when 7¢=350°C are
shown in Figure 10. The results show that the strengths of
these metals decreased as ¢p increased, but the ranges of these
changes were small. Taking TRIP780 as an example, the
strength dropped 8.3% from 1637 to 1501 MPa. While the
elongations increased evidently as #p increased, for TRIP780
as an example, the elongation increased 49.6% from 11.9%
to 17.8%. As the increase of elongation was much larger
than the decrease of strength, the PSP generally increased as
tp increased. It is also noted that when #p was higher than
80 s, the elongation and PSP of B1500HS began to decrease,
unlike TRIP780 and 27SiMn. As discussed above, B1500HS
lacks Si and therefore lacks the ability to prevent cementite
precipitation from the martensite and austenite phases, espe-

cially with a long #p. This mechanism will be discussed in the
following section using scanning electron microscopy (SEM)
observations.

The effects of T on the PSP are shown in Figure 11. The
effects on the PSPs of TRIP780 and 27SiMn are relatively
evident. For TRIP780, the best PSPs were attained when
Tq=350°C for all values of tp. The optimal PSP for 27SiMn
was attained when 7o=300°C except for when #p=10 s; how-
ever, this case may be ignored since the PSPs were small un-
der this short partitioning time. However, a clear trend in
the effect of 7 on the PSP of B1500HS was not evident.
The optimal 7q values were different for each ¢p, which im-
plies that some unexpected microstructure changes occurred
in BI5SO0HS during the Q&P process in addition to the car-
bon partitioning from martensite to retained austenite.

5.2 Microscopic mechanism

5.2.1 Microstructure observation

Figure 12 shows metallographic images of BIS00HS after a
full martensitic transformation and following the Q&P treat-
ment. The lath-shaped martensite shown in Figure 12(a) is
characteristic of a full martensitic transformation. For the
Q&P process with Tq=350°C and =80 s, the sizes of marten-
site remained almost unchanged compared with those of the
martensite after full martensitic transformation but had white
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Figure 10 (Color online) Mechanical properties after the Q&P process as a function of the #p. (a) Strength; (b) elongation; (c) PSP.
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Figure 11 PSPs after Q&P process with different 7. (a) BISO0HS; (b) 27SiMn; (¢) TRIP780.

Figure 12 Metallographic structure of BI1SOOHS after a full martensitic transformation (a) and the Q&P process (b).

austenite between the martensitic structures as illustrated in
Figure 12(b). A change in the austenite content was also de-

Table 3  Austenite contents of three steels following different treatments

Austenite content(%)

tected by XRD measurements, as shown in Table 3. Steel Full martensitic

During the partitioning process, C atoms migrate from transformation Q&P process
martensite to austenite, which makes the austenite phase B1500HS 1.2 4.7
rich in C and stable at room temperature. Thus, the final TRIP780 32 9.5
structure of B1500HS after Q&P treatment is composed of 27SiMn 0.12 1.87

both martensite and austenite. The martensite structure pro-
vides the required high strength, and the austenite structure
offers good deformability and TRIP effects to release local
stress concentrations. Such composite microstructures offer
advantageous comprehensive mechanical properties.

The optical microscopy observations of TRIP780 and
27SiMn reveal similar structures to that of BIS00HS and
are not shown here due to space limitations. However, the
differences between these steels after the Q&P process can

be observed in the SEM images in Figure 13, in which
To=350°C and #»=80s. As shown in Figure 13(a) for
B1500HS, a large number of white grains approximately
0.1 um in diameter were distributed and dispersed in the
martensite matrix, which were identified as cementite. The
ductility of cementite is extremely poor and its presence
decreases the elongation and PSP of the material, as shown
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Figure 14 Morphology of the tensile-fracture surface of 27SiMn after a full martensitic transformation (a) and the Q&P process (b).

in Figure 10. Transitional e-carbide precipitates from marten-
site and tends to transition to relatively stable cementite dur-
ing the partitioning process. However, Si can retard the for-
mation and growth of cementite. As shown in Figure 13(b)
and (c), no obvious cementite can be observed in TRIP780 or
in 27SiMn, which contain high concentrations of Si.

5.2.2  Fracture appearance

Tensile tests were performed at room temperature with a
crosshead speed of | mm/min using a Zwick/Roell Z100
material-testing machine. The samples were cut from the
thermal test pieces described above. Figure 14 presents
the fracture appearances of samples that underwent a full
martensitic transformation those that were Q&P treated with
To=350°C and #=80s.

Figure 14(a) shows that the fracture surface of the sample
which underwent a full martensitic transformation appears in-
homogeneous, indicating a combination of both brittle frac-
ture and ductile fracture. Most of the surface shows features
of ductile fracture with the presence of dimples, the sizes of
which are generally small and greatly vary. However, the brit-
tle fracture can also be observed in the left part of the surface
shown in Figure 14(a), where the fracture started along the
grain interface in the form of an intergranular fracture. In ad-
dition, long secondary cracks appear in Figure 14(a).

The tensile-fracture surface of the Q&P hot-stamped sam-
ple exhibited typical ductile fracture appearance, as shown
in Figure 14(b), with dimples which are larger than those in
Figure 14(a). This indicates that the ductility of 27SiMn after

the Q&P process is better than that after the full martensitic
transformation.

The fracture appearances of BISOOHS and TRIP780 were
similar to those of 27SiMn.

6 Conclusions

The Q&P hot stamping process for UHSS was further devel-
oped in this study. Here, an experimental U-cap stamping
tool was developed to perform the forming process. Three
widely used UHSS sheet metals were compared in terms
of their microstructures and mechanical properties after
the Q&P process. The key conclusions are summarized as
follows.

(1) Q&P hot stamping technology, which integrates a Q&P
heat treatment into the conventional hot stamping process,
can be used to produce sheet-metal parts with improved
ductility. The microstructure of the material after Q&P hot
stamping is composed of martensite and austenite phases.

(2) If the typical boron steels designed for conventional hot
stamping, such as BIS00HS and 22MnBS5, are used for Q&P
hot stamping, cementite may appear during the partitioning
process, which is likely to decrease the comprehensive prop-
erties at higher partitioning times. 27SiMn and TRIP780
are not usually used with hot stamping, but thermal simula-
tion experiments show that both steels can be used in the hot
stamping process. Moreover, the performances of 27SiMn
and TRIP780 after the Q&P process are better than that of
B1500HS. The main reason is that both materials are rich in
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Si, which can reduce the formation and growth of cementite.

(3) A U-cap part was fabricated using the experimental
stamping tool. Based on the mechanical testing results, the
PSP value of the formed region of boron steel can reach 18.0
GPa% with a strength of 1598 MPa and an elongation of
11.3%, the PSP is 57.9% higher than that of the convention-
ally hot-stamped sample. The key advantage of this Q&P hot
stamping tool is that the cooling in quenching stage and tem-
perature holding during the partitioning stage are balanced.
The present tool only works for boron steels such as BISOOHS
for which the critical cooling rate can be attained relatively
easy. Further research is necessary to achieve the higher cool-
ing rates needed for the quenching stage for materials that
lack boron, such as TRIP780 and 27SiMn.

This work was supported by the National Natural Science Foundation of
China (Grant Nos. 51105247 & U1564203).
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