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Abstract: The final mechanical properties of hot-stamped steel are determined by the microstructures
which are greatly influenced by the cooling process after hot stamping. This research studied
the effect of the cooling path on the microstructures and hardness of 22MnB5 hot-stamped steel.
The cooling path was divided into continuous and discontinuous (primary and secondary) processes.
After cooling, the Vickers hardness along the thickness of the specimens was measured. The results
indicate that, for a continuous cooling process, there was a critical cooling rate of 25 ◦C/s to obtain
fully martensitic microstructure. For the discontinuous cooling process, the slower was the cooling
rate, the higher was the degree of auto-tempering that occurred, and the greater was the amount of
carbides that formed, regardless of the primary or secondary cooling rate. When the cooling rate was
lower than the critical value, a higher primary cooling rate suppressed the auto-tempering of lath
martensite and increased the quenched hardness. By contrast, the hardness was not sensitive to the
cooling rate when it exceeded the critical value.
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1. Introduction

Due to the increasing demand for vehicle weight reduction, safety improvement, and improved
crashworthiness, ultra-high strength steels have become more and more popular to manufacture
automobile structural components [1]. The application of ultra-high strength steels inevitably brings
about the problems of springback [2], mold wear, etc. Hot stamping is a promising process that can
deal with these problems [3–5]. The hot-stamped steel is usually heated to an austenitizing temperature
of 900–950 ◦C to obtain low strength and high formability [4]. The steel sheet is then press formed
and simultaneously quenched hardened with the die to obtain an intended shape and high strength
due to a fully martensitic microstructure. The hot-stamped steel is widely used in manufacturing
of automobile components, such as body pillars, rockers, roof rails, bumpers, and door intrusion
beams [6]. The hot-stamped 22MnB5 steel is one of the most commonly used steel grades in hot
stamping processes. It has a given microstructure consisting of ferrite and pearlite with a tensile
strength of about 600 MPa. After the hot stamping process, the component finally has a martensitic
microstructure with a total strength of about 1500 MPa and elongation of no less than 5%.

The ultra-high strength of hot-stamped steel is attributed to its fully martensitic microstructure.
According to previous research, the final mechanical properties and microstructures of hot-stamped
steel were greatly influenced by cooling conditions [7–9]. For a continuous cooling process, there is a
critical cooling rate to obtain a fully martensitic microstructure [4,10,11]. However, in the industrial
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hot stamping process, the steel sheet is cooled at varying cooling rates [9], decreasing from the value
more than 60 ◦C/s to less than 10 ◦C/s. A slow cooling rate below martensite start (Ms) temperature
facilitates the formation of carbides, causing auto-tempering [12], reducing quenched hardness [13] and
strength [14]. Martensite features high strength and high-density dislocations [15]. Auto-tempering of
martensite usually occurs immediately when martensite forms [16]. The tempering of martensite is
accompanied by the formation of carbides [16–21], which consumes the carbon of the martensite matrix,
leading to a decrease in effective carbon content [22] and dislocation density [23,24]. A lot of research
has been conducted on the phase transformation of hot-stamped steels as well as the tempering of
martensite under isothermal conditions. Few attempts have been made to explore the auto-tempering
and phase transformation of hot-stamped steel in discontinuous cooling process. In this research,
we studied the effect of cooling path on the microstructures and hardness of hot-stamped 22MnB5 steel.

2. Materials and Experimental Procedure

The hot-stamped 22MnB5 steel was used in this study with the chemical composition shown in
Table 1. Specimens with dimensions of 1.8 mm × 4 mm × 10 mm were machined from the hot-rolled
strip produced by Compact Strip Production (CSP) process with 1.8 mm in thickness. The thermal
dilatation of specimens was measured using a dilatometer (DIL 805A) with an induction heating
system to investigate the continuous and discontinuous cooling transformation. In this experiment,
specimens were heated to 1150 ◦C at a heating rate of 10 ◦C/s, holding for 5 min to homogenize the
austenite and chemical compositions. Then the austenitized specimens were quenched at a cooling
rate of 10 ◦C/s to 950 ◦C, holding for 5 s. Afterward, the specimens were divided into two groups with
different heat treatments. Specimens in one group were cooled to room temperature with different
cooling rates varying from 0.5 to 50 ◦C/s, as shown in Figure 1a. Specimens in the other group were
first cooled to 410 ◦C (about 12 ◦C above Ms temperature) at 25 and 50 ◦C/s, respectively, and then
quenched to room temperature with cooling rates ranging from 1 to 50 ◦C/s, as shown in Figure 1b.
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Figure 1. Schematic diagram of the experimental procedures: (a) continuous cooling process,
(b) discontinuous cooling process.

All specimens were ground, polished, and etched using a 4% nitric acid alcohol solution to
reveal the microstructure. Axiplan 2 Imaging Zeiss Light Optical Microscope (OM) and Scanning
Electron Microscopy (SEM) were used to observe and analyze the microstructures at room temperature.
The Vickers hardness was measured by applying 1 kg loading for 5 s along the thickness of the
specimens. Standard discs of 3 mm in diameter were prepared by punching the thin foil samples of
60 µm in thickness. Then, the thin foils were electropolished in a mixed solution of 5% perchloric acid
and 95% alcohol at about 30 ◦C by a DJ2000 twin-jet electropolisher. A JEOL JEM-2100F Transmission
Electron Microscopy (TEM) was employed to observe the fine lath martensitic structure and carbides
of specimens at 200 KV.
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Table 1. Chemical Composition of 22MnB5 Hot-Stamped Steel (wt.%).

C Si Mn P S Als Ti Nb N B Cr Fe

0.22 0.25 1.26 0.01 0.0018 0.031 0.029 0.028 0.0053 0.0026 0.2884 Bal.

3. Results and Discussion

3.1. Continuous Cooling Transformation Behavior

3.1.1. Microstructure and Hardness

The optical and scanning electron micrographs with different cooling rates are represented in
Figures 2 and 3. Microstructures consisted of polygonal ferrite and pearlite were formed at a cooling
rate of 0.5 ◦C/s, as shown in Figures 2a and 3a. As the cooling rate increased to 1 ◦C/s, less ferrite and
pearlite were found, and bainite was observed (Figures 2b and 3b). When the cooling rate increased
to 3 ◦C/s, a large volume of granular bainite appeared, and most of the ferrite was needle-like or
flake-like, as shown in Figures 2c and 3c. The ferrite disappeared when the sample cooled at a cooling
rate of 8 ◦C/s, and the microstructure mainly consisted of granular bainite and lath bainite, as shown
in Figures 2d and 3d. The lath bainite was predominant when the cooling rate increased to 15 ◦C/s.
It was speculated that martensite may exist at the same time. To obtain a fully martensitic structure,
the cooling rate should be greater than 25 ◦C/s, as shown in Figures 2f–i and 3f–i. The results were in
good agreement with the previous study [6,10].

Figure 2. Microstructures with different continuous cooling process by optical microscopy: (a) 0.5 ◦C/s;
(b) 1 ◦C/s; (c) 3 ◦C/s; (d) 8 ◦C/s; (e) 15 ◦C/s; (f) 25 ◦C/s; (g) 30 ◦C/s; (h) 40 ◦C/s; and (i) 50 ◦C/s.
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Figure 3. Microstructures with different continuous cooling process by sanning electron microscopy:
(a) 0.5 ◦C/s; (b) 1 ◦C/s; (c) 3 ◦C/s; (d) 8 ◦C/s; (e) 15 ◦C/s; (f) 25 ◦C/s; (g) 30 ◦C/s; (h) 40 ◦C/s;
and (i) 50 ◦C/s.

To further confirm the types of phases of the samples with different cooling rates, Vickers hardness
test was conducted. The result is shown in Figure 4. It could be seen that the hardness value increased
from 200 to 456 HV when the cooling rate increased from 0.5 to 25 ◦C/s. Above 25 ◦C/s, the hardness
tended to be stable. According to the previous research [25–29], a hardness value between 200 and
250 HV is related to the ferrite phase, while a value greater than 400 HV is attributed to the martensite
phase. The decrease in the volume of ferrite and pearlite and the presence of bainite corresponded to
the hardness value ranging from 250 to 400 HV. It should be noted that the hardness value of the sample
at the cooling rate of 15 ◦C/s was lower than that of samples with higher cooling rate, and presented
considerable fluctuations, although the hardness value was greater than 400 HV. Based on this result,
we inferred that this sample was not composed of a fully martensitic structure. We speculated that
bainite and martensite coexisted.
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Figure 4. Vickers hardness of the samples with different continuous cooling rates.

3.1.2. Start and Finish of Phase Transformation

Phase transformation correlates with a change in the crystal structure [16]. In the case of austenite
decomposition, volume expansion will occur macroscopically. The dilatometric curves of the samples
at different cooling rates were obtained by conducting dilatometric experiment [30]. By tangent method,
combining the metallographic and hardness test results, the start and finish temperatures of phase
transformation in hot-stamped 22MnB5 steel under different cooling conditions were determined,
as shown in Table 2. It should be noted that the start temperature of the sample with a cooling rate of
15 ◦C/s was about 107 ◦C higher than the martensite start temperature (Ms = 396 ◦C). Hence, we could
safely confirm that it was not fast enough to eliminate the bainite-like microstructures with a cooling
rate of 15 ◦C/s. A cooling rate of 25 ◦C/s is recommended to obtain a fully martensitic microstructure.

Table 2. Start and Finish Transformation Temperatures of the Steel at Different Cooling Rate.

Cooling Ferrite and Pearlite (◦C/s) Bainite (◦C/s) Martensite (◦C/s)

Rate (◦C/s) Start Finish Start Finish Start Finish

0.5 726 545 - - - -
1 679 - - 454 - -
3 587 - - 387 - -
8 554 - - 271 - -

15 - - 503 - 226
25 - - - - 392 208
30 - - - - 399 203
40 - - - - 394 213
50 - - - - 402 215

According to the start and finish temperatures of phase transformation, metallographic and
hardness test results with different cooling rates, the continuous cooling transformation (CCT) diagram
of hot-stamped 22MnB5 steel was obtained, as shown in Figure 5. It can be seen that 25 ◦C/s is a
critical cooling rate, and only when this value is exceeded can a fully martensite structure be obtained.

3.2. Discontinuous Cooling Process

3.2.1. Microstructures

Effect of secondary cooling rate with the primary cooling rate of 25 ◦C/s.
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Figure 5. The CCT diagram of hot-stamped 22MnB5 steel.

Based on previous research [6,10,11] and aforementioned experimental results, the cooling rate
must be greater than 25 ◦C/s to obtain a fully martensitic microstructure, otherwise diffusion phase
transformations would occur. The martensite start temperature was tested ay about 396 ◦C by
dilatometry. To ensure that there was no martensite transformation at the beginning of the secondary
cooling stage, as well as the temperature uniformity, the temperature at which the secondary cooling
started was set to 410 ◦C, about 14 ◦C higher than the Ms temperature.

The scanning electron micrographs of specimens with different cooling rates after cooled to
410 ◦C at 25 ◦C/s are displayed in Figure 6. It can be seen that the higher cooling rates facilitated the
formation of lath martensite at room temperature, as shown in Figure 6a,b. The lath width seemed
to be smaller as the cooling rate increased. When the cooling rate decreased, well auto-tempered
martensite appeared [13]. The martensitic lath boundaries became blurred and the lath structure
coarsened. Carbides preferentially precipitated at the grain or lath boundaries [31], demonstrating the
elongated packet-lath morphology of lath before auto-tempered [32], as shown in Figure 6c. As the
secondary cooling rate decreased to 1 ◦C/s, the lath martensite structure was well-tempered. In some
region, the carbide coarsened and recrystallization of ferrite occurred [33].

Detailed morphologies of lath and intra-lath carbides with the cooling rates of 50 and 25 ◦C/s
are presented in Figure 7. It can be seen that the lath width increased as the cooling rate decreased.
More large laths could be found in the samples with the cooling rate of 25 ◦C/s. Needle-like intra-lath
carbide could be found in both cases resulting from the auto-temping process. It should be noted that
the needle-like carbide in the sample at the cooling rate of 50 ◦C/s (Figure 7c) was much finer than
that of the sample at the cooling rate of 25 ◦C/s (Figure 7d). The dislocation density of the sample
in Figure 7a,c was higher. The carbide in the sample shown in Figure 7b,d seemed to have begun
to coarsen.

The formation and ripening of carbides reduce the effective carbon content of the martensite
matrix when auto-tempering occurs [22,34]. A martensite grain is hierarchically divided into packet,
block, and lath [22,35–37]. In lath martensite, there is as high as an order of 1014–1015 m−2 dislocation
density [15]. The majority of carbon atoms are trapped in the vicinity of dislocation, forming the Cottrell
atmosphere [38,39]. According to previous research [22], when the effective carbon content decreases,
the lath and block width increases, and the dislocation density decreases. To obtain a martensitic
structure without auto-tempering, the cooling rate should exceed 300 ◦C/s [13]. The cooling rate in
this research was not high enough. Therefore, although it was equal or higher than the critical cooling
rate to form fully martensitic microstructure, auto-tempering and formation of carbide were inevitable.
The lower is the cooling rate, the higher is the strength of auto-tempering, the coarser are the carbides,
and the lower is the dislocation density (Figure 7).
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Figure 6. Microstructures with the primary cooling rate of 25 ◦C/s at different secondary cooling rates
of: (a) 50 ◦C/s; (b) 25 ◦C/s; (c) 8 ◦C/s; and (d) 1 ◦C/s .

Effect of secondary cooling rate with the primary cooling rate of 50 ◦C/s.
The scanning electron micrographs of specimens in different cooling processes after being

cooled to 410 ◦C at 50 ◦C/s are presented in Figure 8. The microstructure was mainly composed of
auto-tempered martensite. Similar to the results in the previous section, with the decrease of cooling
rate, the amount and size of carbides increased. The lath boundary was getting blurred, but the lath
morphology could still be distinguished.

Figure 9 shows the lath morphology and carbide in detail of the samples with cooling rates of
50 and 25 ◦C/s. There were needle-shaped intra-lath carbides in the relatively wider lath of both
samples. The martensite transforms sequentially [40,41]. These wide laths were deduced to be primary
martensite which underwent auto-tempering first, making the lath coarsening [32,41,42]. It should
be noted that more needle-shaped carbides with four directions were found in the sample with a
cooling rate of 25 ◦C/s, as shown in Figure 9d. As for the less-tempered regions, there was no obvious
difference in lath width and dislocation density, as shown in Figure 9c,d.

Effect of primary cooling rate.
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Figure 7. Detailed morphology of lath and carbides with a primary cooling rate of 25 ◦C/s and the
secondary cooling rate of: (a,c) 50 ◦C/s; and (b,d) 25 ◦C/s.

Comparing Figures 7 and 9, we can infer that the slower primary cooling rate facilitates
the auto-tempering of martensite. The lath width of the sample with primary cooling rate of
25 ◦C/s (Figure 7a,b) was wider than that of the sample with cooling rate of 50 ◦C/s (Figure 9a,b).
More intra-lath carbides are found in Figure 7c,d than in Figure 9c,d. Moreover, the carbide in Figure 7d
tend to coarsen, whereas they remain needle-shaped in Figure 9d. These subtle detailed differences
could not be observed clearly in SEM images (compare Figures 6a,b and 8a,b). As the secondary
cooling rate decreased to 8 and 1 ◦C/s (Figures 6c,d and 8c,d), the influence of the primary cooling rate
became more obvious. Auto-tempered lath martensite with elongated packet-lath morphology was
observed in the samples with the primary cooling rate of 50 ◦C/s, as shown in Figure 8c,d, by contrast,
the lath boundaries shown in Figure 6c seemed more blurred, and even the recrystallization of ferrite
was found, as shown in Figure 6d.
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Figure 8. Microstructures with the primary cooling rate of 50 ◦C/s at different secondary cooling rates
of: (a) 50 ◦C/s; (b) 25 ◦C/s; (c) 8 ◦C/s; and (d) 1 ◦C/s.

3.2.2. Hardness

Experimental Vickers hardness of the samples with the different cooling path is given in Figure 10.
It can be seen that the hardness increased with the secondary cooling rate, regardless of the primary
cooling rate. The hardness value leveled off when the secondary cooling rate was equal to or above
25 ◦C/s, with a stable value of approximately 456 HV. However, as discussed in previous sections,
the auto-tempering process was influenced by the cooling rate, not only the secondary but also the
primary cooling rate. The precipitated carbides varied in amount and morphology, affected the effective
carbon content, and should make a difference in the quenched hardness [43]. This contradiction was
inferred to be due to the effect of precipitation hardening of the carbides [44]. On the one hand,
the precipitation of carbides reduces the effective carbon content of the matrix, coarsens the lath
martensite, and reduces the dislocation density [23,24]. On the other hand, the precipitated carbides
play a role in hardening by pinning dislocations. The comprehensive effect was that the hardness was
not very sensitive to the cooling rate and path when the cooling rate was higher than the critical value,
25 ◦C/s.
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Figure 9. Detailed morphology of lath and carbides with a primary cooling rate of 50 ◦C/s and the
secondary cooling rate of: (a,c) 50 ◦C/s; and (b,d) 25 ◦C/s.

A great discrepancy in hardness was found between the primary cooling rates of 25 and
50 ◦C/s when the secondary cooling rates decreased to 8 and 1 ◦C/s. This was consistent with
the metallographic results, shown in the previous section. A higher primary cooling rate made the
lath martensite less tempered, as shown in Figure 8c,d. The hardness value of the sample with cooling
rates of 50 ◦C/s (primary) and 8 ◦C/s (secondary) was as high as 456 HV, 88 HV higher than that
of the case with the primary cooling rate of 25 ◦C/s. This value was almost identical to those with
high cooling rates equal or above 25 ◦C/s, although auto-tempered martensite was found clearly in
Figure 8c. The hardness value of the sample with the primary cooling rate of 50 ◦C/s was still higher,
even when the secondary cooling rate decreased to as low as 1 ◦C/s.

The tempering of martensite involves five different stages [16–21]: redistribution of carbon atoms,
the precipitation of η- or ε-carbide, the formation of Hägg carbide, the decomposition of retained
austenite, and the formation of cementite and recrystallization of ferrite. As for auto-tempering during
a quenching process, the formation of carbides occurs immediately when austenite transforms to
martensite. Undoubtedly, the first stage of auto-tempering must be the redistribution of carbon atoms
as well [38], forming carbon atom clusters. These carbon atom clusters contribute to the formation of
carbides [45,46]. According to the experimental results of this study, the primary cooling rate had a
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great influence on the martensite auto-tempering process. This fact indicated that the formation of
carbon atom clusters due to redistribution had occurred well above the martensite start temperature.
These carbon atom clusters played a significant role in carbides formation during auto-tempering of
the subsequent cooling process.
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Figure 10. Vickers hardness of the samples with discontinuous cooling rates.

4. Conclusions

This research clarified the effect of the cooling path on the hardness and microstructures of
hot-stamped boron steel. The following conclusions can be drawn:

• In the continuous cooling process, there is a critical cooling rate of 25 ◦C/s for the formation of a
fully martensitic microstructure in hot-stamped 22MnB5 steel.

• The secondary cooling rate greatly affects the auto-tempering of martensite transformed.
The amount of carbides decreases with the secondary cooling rate. The hardness increases
with secondary cooling rate when the cooling rate is lower than 25 ◦C/s, above which the
hardness is not sensitive to the cooling rate.

• The primary cooling rate determines whether a martensite structure is formed. A higher
primary cooling rate will inhibit the martensite auto-tempering and reduce and refine carbides.
The discrepancy in hardness between the primary cooling rate diminishes when the secondary
cooling rate is above 25 ◦C/s.
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