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Abstract: To elucidate the phase transformation behaviors for 38MnB5NDb ultra high-strength steel,
the continuous cooling transformation (CCT) and time-temperature-transformation (TTT) curves
were determined by the thermal expansion method with different cooling rates and isothermal
temperatures after complete austenization. To be more accurate, the microstructure was observed and
the hardness was tested. The results showed that the starting and ending transformation temperatures
of austenite during heating are 748 °C and 805 °C, respectively. Bainite’s start temperature is
between 540 °C and 550 °C, while martensite’s start temperature is about 310 °C. The critical cooling
transformation rate is between 10 °C/s and 15 °C/s. The results showed that the microstructures
are severely related to the cooling rate during the continuous cooling process and are related to
isothermal temperatures during the isothermal process. The relationship between hardness and the
microstructure was investigated and hardness is severely related to the microstructure. Based on
the results of CCT curves compared with the conventional 22MnB5 hot stamping steel, the studied
38MnB5ND steel is more beneficial for selective cooling processes.

Keywords: ultra high-strength steel; CCT curves; TTT curves; microstructure; hardness

1. Introduction

It is well-known that the problems in energy production and environmental protection
have been becoming severe. According to statistics, the global oil reserves can only cover
40 years with the current extraction rate of oil [1-3]. Owing to the consumption of relatively
high oil resources for the production of car fuel and the environmental pollution of car
emissions, the automotive industry is still facing growing pressure to reduce the weight of
vehicles and improve crash performance since approximately 75% of the fuel consumption
is severely related to the car weight [4]. In order to reduce the vehicle weight and improve
crash safety performances, ultra high-strength steels (UHSS) have been applied to manufac-
ture vehicle components, such as A-pillars, B-pillars, roof rails, and so on. In this context,
hot stamping steels have been investigated and used [5,6].

Generally, the common hot stamping steel is 22MnB5, which has been widely used to
manufacture A-pillars, B-pillars, and so on, successfully. Gazi University in Turkey investi-
gated the effect of heat treatment conditions on microstructural features and mechanical
properties of 22MnB5 hot stamping steel [7]. Finally, the optimized heat treatment process
parameters were suggested to make A-pillars and B-pillars. 22MnB5 ultra high-strength
steel was applied to manufacture bumpers and pillars by the technology of hot stamping
and so the thickness of the parts was reduced owing to the good performance with a
final strength above 1500 MPa [8,9]. Tingzhi Si et al. studied the effects of microalloying
with Ti + Nb + V on the hydrogen permeation and damage behaviors of the 22MnB5 hot
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stamping steel [10]. Their research implied that the addition of Ti + Nb + V for 22MnB5
steel would largely reduce the hydrogen diffusion coefficient, which is of great importance
for A-pillars and B-pillars made of ultra high-strength steel. Finally, a model was proposed
to illustrate the improvements in hydrogen diffusion and hydrogen damage in the hot
stamping steel.

At the same time, other technologies were applied to increase the strength of parts so
as to reduce their weights. Hossein Nassiraei et al. [11] proposed an FE model to investigate
the effect of the collar plate size and joint geometry on the static strength of X-joints at
elevated temperatures. Finally, a new equation was proposed for determining the ultimate
strength of X-joints reinforced with collar plates subjected to compressive load at elevated
temperatures, which is a good means of lightweight. At the same time, Erfan Maleki [12-15]
suggested shot peening processes to increase the tensile strength and fatigue strength and
so on of parts, so the thickness of parts can be reduced and the weights are also reduced at
the same time.

Recently, novel hot stamping methods have been developed to obtain a part made
of 22MnBS steel consisting of both a high energy-absorption region and a high intrusion-
resistance region through a single process [16,17]. To achieve the above goal, innovative
processing strategies such as selective heating, selective cooling, and tailored tooling were
used to tailor the material mechanical properties [18-20]. The hot stamping by partition
heating to produce 22MnBS5 steel B-pillars was investigated to tailor parts with average
tensile strengths of 1565 MPa and 626 MPa in the high- and low-temperature regions,
respectively [21].

With the further demand for lightweight vehicle parts, 38MnB5NDb ultra high-strength
steel was developed. The tensile strength can reach as high as 2000 MPa with the treatment
of hot stamping or quenching. Guo et al. studied the effects of 0.054 Nb on the microstruc-
ture and mechanical properties of 38MnB5 steel [22]. The results indicated that the addition
of appropriate Nb can refine microstructures and enhance properties including tensile
strength, yield strength, and elongation. Our previous work studied the high-temperature
flow behavior of 38MnB5NDb steel taking into consideration the deformation temperature,
strain rate, and type of microstructure [23]. Finally, hot-formed U-shaped parts were inves-
tigated by means of numerical and experimental analysis. However, the microstructure
evolution behavior is not studied yet.

The phase transformation evolution behavior of steel is critical for manufacturing
qualified components. For example, the phase transformation behavior of steel can be
used to guide the design and optimize the hot stamping process, as well as the design of
hot stamping mold, and so on. So, in this paper, the continuous cooling transformation
(CCT) curves and time-temperature-transformation (TTT) curves of 38MnB5Nb ultra high-
strength steel were determined by the thermal expansion method with different cooling
rates and isothermal temperatures after complete austenization.

2. Methods

The chemical compositions of the studied 38MnB5Nb steel plates that were manufac-
tured with the process of hot-rolling by ShouGang in China are presented in Table 1. For
comparison, the chemical compositions of the conventional 22MnB5 hot stamping steel are
also listed in Table 1. It can be seen that both of them are added with amounts of Mn, which
can enhance the hardenability of the steel. So, it can be manufactured with the hot stamping
processes. Meanwhile, compared with 22MnB5 steel [24], the C content is increased by
about 0.11 and the Nb is added by about 0.05 in weight percentage, respectively. According
to the research [25], both the increment of C and the addition of Nb are beneficial for the
improvement of hardenability and the enhancement of strength after the hot stamping
processes, which make a contribution to the lightweight of components. The initial mi-
crostructures consist of ferrite and pearlite, as shown in Figure 1a, and the white areas
stand for ferrite with a grain size of 16 um, while the black areas are pearlite with a grain
size of 8~15 pum. It should be noted that before dilatometic experiments, the 38MnB5Nb



Metals 2023, 13, 190

30f13

steel plates were homogenized. They were heated to 950 °C and held for 30 min, followed

by cooling to room temperature inside the furnace (Beijing Research Institute of Mechanical
and Electrical Technology Ltd., Beijing, China).

Table 1. Compositions of the 38MnB5Nb and 22MnB5 steel (weight percentage, wt%).

Steel C Si Mn Cr B Nb Fe
38MnB5Nb 0.36 0.24 1.39 0.19 0.005 0.05 Bal.
22MnB5 0.25 0.24 1.36 0.2 0.005 ~ Bal.

Figure 2.
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Figure 1. Initial microstructures of 38MnB5Nb and experimental devices/tools. (a) Initial microstruc-

tures; white areas stand for ferrite and black areas stand for pearlite, (b) dilatometer, (c) optical
microscope, (d) hardness tester, and (e) Image Pro Plus.

A dilatometer (Bahr D805 L, Bachmuseum, Germany) equipped with quartz push-
rods (Figure 1b) was used to determine the phase transformation temperatures and phase
transformation time systematically with specimens 10 mm in length, 4 mm in width, and
2 mm in thickness, as shown in Figure 2a. A tangent method was used to determine the

phase transformation temperatures under different cooling rates and phase transformation
time under different isothermal temperatures.
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(a) Specimens’ size, (b) Acl and Ac3 dilatometic experiments, (c) CCT dilatometic experiments,
and (d) TTT dilatometic experiments.
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The dilatometic experiment for Acl and Ac3 is as follows. Firstly, the phase transforma-
tion temperatures (Acl: 748 °C and Ac3: 805 °C) were measured as shown in Figure 3 [26].
During this experiment, the specimen was slowly heated to 920 °C at 0.05 °C/s. After
holding for 5 min at 920 °C, it was quenched to room temperature at 50 °C/s, as shown in
Figure 2b.
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Figure 3. The phase transition temperature of 33MnB5ND steel measured by the thermal expansion method.
Acl, austenite’s start transformation temperature and Ac3, austenite’s start transformation temperature.

The dilatometic experiments for CCT curves is as follows. Secondly, the specimens
were heated to 920 °C with a constant heating rate of 10 °C/s and cooled to an ambient
temperature of about 30 °C with different constant cooling rates of 0.2 °C/s, 0.5 °C/s,
1°C/s,2°C/s,3°C/s,5°C/s,7°C/s,10°C/s,15°C/s,20 °C/s, and 30 °C/s after holding
for 5 min at 920 °C, as shown in Figure 2c.

The dilatometic experiments for TTT curves is as follows. Thirdly, the specimens were
heated to 920 °C with a constant heating rate of 10 °C/s; then, they were fast-cooled with
a cooling rate of 10 °C/s (the selection of the cooling rate is based on the CCT curves).
It can be seen that no transformation can happen during the cooling stage from 920 °C
to the different isothermal temperatures with a cooling rate of 10 °C/s to the isothermal
temperatures of 400 °C, 450 °C, 500 °C, 550 °C, 600 °C, and 650 °C and hold for 3000 s at
the above isothermal temperature. Finally, the specimens were fast-cooled to 30 °C with a
cooling rate of 30 °C/s, as shown in Figure 2d.

Microstructural analysis and hardness tests were carried out by optical microscope
(OM, Zeiss, Oberkochen, Germany, Figure 1c) after mechanical carefully polishing and
etching in 2% nital solution for about 10 s. The hardness of the specimens for the CCT
dilatometic experiments were tested with a Vickers hardness tester (Beijing Times, Beijing,
China, Figure 1d). During hardness testing, the load was kept at about 10 gf and the time
was kept for 10 s. Five values were measured for all CCT curve specimens and the average
values were adopted. Meanwhile, Image Pro Plus software (Figure 1le) was applied to
distinguish and characterize microstructures.

3. Results and Discussion
3.1. CCT Curves

The relationship curves between length changes of dilatometry specimens and temperatures
during the cooling of dilatometic experiments for CCT curves are shown in Figure 4(a-1-k-1).
The microstructures of different cooling rates are shown in Figure 4(a-2-k-2). The corresponding
images treated by Image Pro Plus software are displayed on the right of the microstructures
(marked by Figure 4(a-3-k-3)). Meanwhile, the phase transformation temperatures during
the cooling stage with different constant cooling rates are summarized in Table 2. It
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displayed that the phase start transformation temperatures and phase finish transformation
temperatures are severely relative to the cooling rate, which means the different phase
start transformation temperatures and phase finish transformation temperatures are reaped
under different constant cooling rates. It showed that the start transforming temperatures
under all cooling rates between 0.2 °C/s and 30 °C/s are below Acl. It can be seen that the
phase start transformation temperatures and phase finish transformation temperatures are
relatively high when cooling rates are between 0.2 °C/s and 3 °C/s, and the transforming
temperatures are decreased as the cooling rates increased. It can be inferred that ferrite
and pearlite with a grain size of about 40-60 pm are obtained for those cooling rates,
which is consistent with the microstructures (shown in Figure 4(a-2—e-2)). Figure 4(a-3—e-3)
show that the fraction of ferrite is decreased while the fraction of pearlite is increased with
the increment of cooling rate from 0.2 °C/s and 3 °C/s. At the same time, there exists
obvious inflection points between start and finish transformation temperatures with the
cooling rates of 0.2 °C/s and 0.5 °C/s, which can be explained by the phase transformation
changing from ferrite to pearlite. Compared with the cooling rates of 0.2 °C/s and 3 °C/s,
when the cooling rate reached 5 °C/s, despite the first transformation temperatures being
relatively high, the finish transformation temperature is reduced to 540 °C. According
to the microstructure as shown in Figure 4(f-2), austenite is firstly transformed to ferrite
and pearlite, and then the little untransformed austenite is transformed to bainite during
cooling at 5 °C/s. However, the first transformation temperature is about 320 °C with
cooling rates at 7 °C/s and 10 °C/s, which is largely lower than that of cooling at 5 °C/s.
This is owing to the absence of the ferrite and pearlite transformation; as a result, bainite
and martensite are obtained (shown in Figure 4(g-2-h-2)). Meanwhile, only martensite is
formed with cooling rates at 15 °C/s to 30 °C/s. So, martensite’s start temperature is about
310 °C, and it is obvious that the critical cooling rate is between 10 °C/s and 15 °C/s.

CR

Image treated by Image
Length changes vs. tem- Microstructur Pro Plus
perature e veture _| Ferrite, M Pearlite,

ite

0.2°C/

0.5°C/
s

1°C/s

)
-
=
]

Change in length/um

&
3

(b_l)lZu o

Change in length/um

(c-1)120

4

Change in length/um

H| Bainite, B Martens

0
constant cooling rate at 0.2°C/s

iz

638°C

0

%

b3

b3

200 400 600 800 1000

nstant cooling rate at 0.5°C/s

200 400 600 800 1000 :‘ .
Temperature / °C

Temperature / °C

constant cooling rate at 1°C/s

|~

/

axc s

685°C

200 400 600 800 1000 g
Temperature / °C .

Figure 4. Cont.



Metals 2023, 13, 190

6 of 13

2°C/s

3°C/s

5°C/s

7°C/s

10°C/s

15°C/s

20°C/s

0
(d-1)20 [ eating rate a1 2°Cs

1000

£
=
S
=
=
=2
R-|
o
=
=
=3
=
9]
-40
0 200 400 600 800
Temperature / °C
20
(e 1)2 ing rate at 3°C/s
£
=S
2
£
=
=
2
g
o
)
=
s
=
o
-40
0 200 400 600 800
Temperature / °C
-1)20
(f l’ constant cooling rate at 5°C/s
£
= 80
£
&
g
= 40
g
o
=]
s 0
=
&)
-40
0 200 400 600 800
Temperature / °C
-1)120
(g ) constant cooling rate at 7°C/s.
ES
]
=
=
2
-
o
=
=
8
=
&}
0
0 200 400 600 800
Temperature / °C
(h-1)120 —
constant cooling rate at 10°C/s
£
= %
=)
=
2
= 40
o
=
g
0 A
(@) T
oN30°C
40 . A . "
0 200 400 600 800
Temperature / °C
i-1)20
@ I)l constant cooling rate at 15°C/s
E 80
=
)
=
2 40
8
o
=4 -
g of ==z
= Coo
19}
315°C
-40
0 200 400 600 800
Temperature / °C
1y20 -
(- li constant cooling rate at 20°C/s
g
=
]
=
=
i
g
o
)
=
s
=
o

40
0 200 400 600 800

Temperature / °C

1000 ©

Figure 4. Cont.



Metals 2023, 13, 190

7 of 13

30°C/s

(k-1)120

Change in length/um

90

-30

constant cooling rate at 30°C/s

“Nazee

200 400 600 800

Temperature / °C

Figure 4. The relationship curves between length changes and temperature for CCT curve exper-
iments (a-1-k-1); the microstructures of different cooling rates (a-2-k-2); the images of different
cooling rates (a-3-k-3).

Table 2. Transformation temperatures under different cooling rates of 38MnB5NDb steel.

First Transformation Second Transformation Third Transformation

CR,°Cls Temperature, °C Temperature, °C Temperature, °C
0.2 705 668 638
0.5 688 652 622

1 685 623 -
2 668 587 -
3 656 566 -
5 655 540 -
7 328 190 -
10 320 166 -
15 315 186 -
30 312 162 -

The Vickers hardness (HV) of each specimen were measured after dilatometic exper-
iments for CCT curves, and the results are presented in Figure 5. Hardness is increased
slightly (221 HV — 224 HV), with cooling rates between 0.2 °C/s and 2 °C/s. It is con-
sistent with the microstructure analysis that ferrite and pearlite, whose hardnesses are
generally low are formed within the above cooling rates. However, hardness is obviously
increased (285 HV — 497 HV), as the cooling rates ranges from 3 °C/s to 7 °C/s. This is
principally because in this cooling rate range, austenite is transformed to ferrite, pearlite,
bainite, and martensite, and the fraction of bainite and martensite increased while ferrite
disappeared as the cooling rates increased. Generally, for the steel with the same chemical
compositions, the hardness of ferrite and pearlite is lowest, and then the bainite; while
martensite has the highest hardness. Meanwhile, with the cooling rate raised from 10 °C/s
to 15 °C/s, hardness is improved relatively slightly (557 HV — 576 HV). This can be owing
to the fact that austenite has the same transformation of austenite to bainite and martensite
multiphase. The types of microstructures which affect the hardness mostly are not changed.
So, the hardness changes with little range. From the above analysis, it can be inferred that
the hardness of specimens consisting of bainite is between 497 Hv and 557 HV. Finally,
hardness is kept at the level of 580 HV. From the dilatometic and microstructural results,
it can be seen that austenite is transformed to martensite as the cooling rates exceeded
15 °C/s; thus, hardness is almost not variable.

Based on the above analysis of the dilatometic results, microstructure results, and
hardness results, the continuous cooling transformation (CCT) curves are plotted, as
shown in Figure 6a. Additionally, the CCT curves of 22MnB5 hot stamping steel are
also shown in Figure 6b [27]. Obviously, compared with 22MnB5 hot stamping steel, the
ferrite /pearlite and bainite transformations of 38MnB5ND steel are shifted to the right,
which illustrates that the hardenability of 38MnB5Nb steel is higher than that of 22MnB5
steel and it is more easy to obtain the desired martensite microstructure during the hot
stamping processes. Martensite’s start transformation temperature was reduced from above
400 °C/s to about 310 °C/s; as a result, martensite’s finish transformation was reduced. The
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critical cooling rate is reduced from 30 °C/s to slightly above 10 °C/s but below 15 °C/s,
which is of great significance to the hot stamping process, particularly the quenching
process. The phase transformation temperature of Ac3 was largely decreased from 880 °C
to 805 °C, which means that the temperature for austenizaition during hot stamping
processes can be decreased to 850 °C-880 °C, while the phase transformation temperature
of Acl had little change. Importantly, it can be seen that there exists a wide cooling
rate range (0.2 °C/s~3 °C/s) to obtain the ferrite and pearlite microstructure without any
bainite and/or martensite for 38MnB4Nb steel, while it is more easily transformed to
the ferrite, pearlite, and bainite microstructure for 22MnB5 steel. This characteristic is
beneficial for selective cooling to tailor the material mechanical properties so as to meet
the requirements that the upper region consisted of martensitic microstructure for high
intrusion resistance while the lower region consisted of softer phases (ferrite and pearlite)
to provide high-energy absorption capacity to improve side crash performance, which is
helpful to A-pillars and B-pillars [13]. It is widely known that developing a part consisting
of both a high energy-absorption region and a high intrusion-resistance region is the future
trend [14,15].
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Figure 5. Relationship between hardness and cooling rates of the studied steel.
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Figure 6. CCT curves of 38MnB5ND steel (a) and 22MnBS5 steel; (b) data from [27]. A, austenite; F,
ferrite; P, pearlite; B, bainite; M, martensite.
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3.2. TTT Curves

The relationship curves between length changes of dilatometry specimens and tem-
peratures during cooling and the isothermal stage of the dilatometic experiments for TTT
curves are shown in Figure 7(a-1-f-1). These curves show that there is no transformation
during the subsequent cooling after isothermal treatment at different temperatures. Com-
bining with the relationship curves between the length changes of dilatometry specimens
and time during the isothermal stage of the dilatometic experiments for TTT curves, as
well as the microstructure, it can be inferred the austenite is completely transformed to
ferrite / pearlite or bainite during isothermal treatment at different temperatures for 3000 s.
The relationship curves between the length changes of dilatometry specimens and time
during the isothermal stage of the dilatometic experiments for TTT curves are displayed in
Figure 7(a-2—f-2). At the same time, the start time and finish times at different temperatures
are summarized in Table 3. It is obvious that the start time, as well as finish time, are
different with the different isothermal temperatures and that the transformation time is
within 350 s for the isothermal transformation. Generally, the start time and finish time are
different owing to the fact that the transformation-driven force and the diffusion coefficient
of carbon atoms are different at different isothermal temperatures. The shortest start time is
an isothermal temperature of 650 °C and the longest start time is an isothermal temperature
of 400 °C. Meanwhile, the shortest finish time is 650 °C and the longest finish time is 400 °C.
The microstructures of all the specimens for TTT curves are shown in Figure 7(a-3—£-3).
Obviously, it consists of ferrite and pearlite when isothermal at 650 °C, 600 °C, and 550 °C.
However, bainite is obtained when isothermal at 500 °C, 450 °C, and 400 °C. So, it can be
deduced that bainite’s start temperature is between 500 °C and 550 °C. However, from
the above CCT curves analysis, the microstructure is ferrite, pearlite, and bainite with a
cooling rate of 5 °C/s, in which the transformation start temperature is 655 °C and the
transformation finish temperature is 540 °C (as shown in Figure 6a). The microstructure
is ferrite and pearlite with a cooling rate of 3 °C/s, in which the transformation start
temperature is 656 °C and the transformation finish temperature is 566 °C (as shown in
Figure 6a). This means that bainite is formed at a temperature of about 540 °C but below
566 °C, which indicates that bainite’s start temperature is between 540 °C and 566 °C. In
summary, bainite’s start temperature is between 540 °C and 550 °C from the CCT curve and
TTT curve results. It is of great importance to determine the second heating temperature of
the partition slow cooling tailored properties hot forming process (TPP-S) and partition
fast cooling tailored properties hot forming process (TPP-F) [23].

Table 3. Transformation times under different isothermal temperatures of studied steel.

ISO-TEM/°C  Start Time/s Finish ISO-TEM/°C  Start Time/s Finish
Time/s Time/s

400 75 342 550 10 135

450 25 252 600 8 138

500 10 218 650 4 72

Finally, based on the above analysis, the time-temperature-transformation (TTT) curves
are plotted, as shown in Figure 8, which is of great importance for designing the selective
heating process and isothermal transformation parameters, such as temperature and time,
and so on.
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Figure 7. The relationship curves between length changes and temperature for TTT curve experiments
(a-1-£-1); the relationship curves between length changes and time for TTT curve experiments during
the isothermal stage (a-2—f-2); the microstructures of different isothermal temperature (a-3—-£-3).
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Figure 8. TTT curves of 38MnB5Nb steel. A, austenite; F, ferrite; P, pearlite; B, bainite; Fs, ferrite’s
start transformation line; Pf, pearlite’s finish transformation line; Bs, bainite’s start transformation
line; Bf, bainite’s finish transformation line.

4. Conclusions

The continuous cooling transformation (CCT) curves, as well as the time-temperature-
transformation (TTT) curves, are obtained from the 38MnB5NDb steel. The phase transfor-
mation behaviors during continuous cooling and isothermal is investigated. The following
conclusions are summarized.

The Acl and Ac3 are 748 °C and 805 °C. Combining the results of CCT curves and
TTT curves, bainite’s start temperature is between 540 °C and 550 °C; while martensite’s
start temperature is about 310 °C; the critical cooling rate is between 10 °C/s and 15 °C/s.

The microstructures are severely related to the cooling rate during the continuous
cooling process. Ferrite and pearlite microstructure’s are obtained with cooling rate ranging
between 0.2 °C/s and 3 °C/s. Ferrite, pearlite, bainite, and martensite are reaped with
cooling rate ranges of 3 °C/s to 7 °C/s; bainite and martensite are obtained with cooling
rate ranges of 7 °C/s to 10 °C/s; only martensite is reaped with a cooling rate exceeding
15°C/s.

The microstructures are related to isothermal temperatures during the isothermal
process. It consists of ferrite and pearlite when the isothermal is at 650 °C, 600 °C, and
550 °C. However, bainite is obtained when the isothermal is at 500 °C, 450 °C, and 400 °C.

Hardness is severely related to cooling rates, as well as microstructures. The hardness
of ferrite and pearlite is about 220 HV to 240 HV; the hardness of bainite is between 497 HV
and 557 HV; while the hardness of martensite is as high as 580 HV.

Compared with the conventional hot stamping 22MnBS5 steel, the studied 38MnB5Nb
steel is more beneficial for selective cooling processes.
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Nomenclature

UHSS ultra high-strength steel

CCT curves  continuous cooling transformation curves

OM optical microscope

Iso-Tem isothermal temperature

TPP-F partition fast cooling tailored properties hot forming process
FE model finite element model

TTT curves  time-temperature-transformation curves

CR cooling rate

TPP-S partition slow cooling tailored properties hot forming process
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