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Abstract
In the present research, the effects of Nickel (Ni) and Chromium (Cr) on cryogenic impact toughness (CIT) of low-carbon
bainite/martensite multiphase steels [processed by two different cooling processes: isothermal transformation process (ITP)
and continuous cooling process (CCP)] were investigated. It was found that due to the formation of carbides during isother-
mal treatment, the addition of Ni and Cr yielded no significant improvements in CIT. However, during CCP treatment, the
addition of Ni manifested a considerable enhancement in CIT, whereas the addition of both Ni and Cr caused a decrease
in CIT. Further, after ITP treatment, the microstructure of all steels consisted of bainite and martenite, while Ni+ Cr steel
contained the largest amount of bainite. The microstructures of the CCP-treated steels mainly also consisted of bainite and
martensite, but no retained austenite and carbides were observed, thus resulting in a superior CIT.
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Abbreviations

CIT

Cryogenic impact toughness

ITP  Isothermal transformation process

CCP  Continuous cooling process

Ni Nickel

Cr Chromium

Bs Starting temperature of bainitic transformation
Ms Starting temperature of martensitic transformation
SEM Scanning electron microscope

TEM Transmission electron microscope

XRD X-ray diffraction

RA Retained austenite

M Martensite

BF Bainitic ferrite

TM  Tempered martensite

TC Tempered carbide

M/A  Martensite and austenite
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GB Granular bainite
LM  Lath martensite
AM  Prior martensite
FM Fresh martensite
Mn Manganese

1 Introduction

With the continuous progress of society and economic
development, and the demands of environment protection
and energy saving has put a more stringent requirement for
high strength steels with improved mechanical properties
and low cost. Traditional martensitic steels are widely used
as wear-resistant steel, high-strength structural steel, and
tool steel etc. [1-3]. Although martensitic steels possess
high strength and hardness, their toughness and plasticity
are relatively poor [4, 5]. In recent years, nanostructured
bainitic steels have attracted considerable attention due to
their extremely high strengths (~2.5 GPa) and much higher
toughness as compared to martensitic steels [6—8].

It has already proved that both tempered martensite struc-
ture and isothermal bainite structure manifest excellent tough-
ness [9-11]. Isothermal bainite/martensite multiphase struc-
tures generally possess significantly higher toughness than that
of the single phase structure of tempered martensite or isother-
mal bainite [12—14]. However, due to long isothermal process
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and high energy consumption, their practical applications in
engineering industries are still limited. The continuous cool-
ing technology can effectively shorten treatment time and save
energy; therefore, it is worthwhile to investigate the effects of
continuous cooling on microstructural and mechanical proper-
ties of bainite/martensite dual-phase steels.

It is well known that the addition of Nickel (Ni) in steels
enlarges the austenite phase region, inhibits bainitic transfor-
mation, decreases the ductile-brittle transition temperature,
and effectively improves cryogenic impact toughness (CIT)
[15-17]. In contrast, Chromium (Cr) dissolves into Fe matrix,
shrinks the austenite phase region, and promotes bainitic trans-
formation [18]. Therefore, the addition of Cr in steels yields
profound improvements in strength and hardness and at the
same time, causes a significant increase in ductile-brittle tran-
sition temperature [19, 20]. Moreover, high Cr contents sig-
nificantly decrease the impact toughness of steels due to the
precipitation of d-phase [21]. However, there are fewer inves-
tigations on the effects of addition of Ni and Cr on microstruc-
ture and toughness of bainite/martensite dual-phase steels,
especially on the CIT at isothermal transformation process
(ITP) and continuous cooling process (CCP).

In the present study, two different cooling processes, i.e.
isothermal transformation process and continuous cooling pro-
cess, were adopted to prepare low-carbon bainite/martensite
multiphase steels of three different chemical composition (base
steel (without Ni and Cr), Ni-steel, and Ni+ Cr steel). Further,
the effects of different cooling processes on microstructures,
low-temperature impact energies, hardness, and CIT of the as-
prepared bainite/martensite dual-phase steels were investigated
in detail. The research results can provide theoretical reference
for the production of bainite/martensite dual-phase steels.

2 Materials and Methods

The chemical compositions of all three experimental steels
are presented in Table 1. The base steel without Ni and Cr
was used to compare with other two steels. The theoretical
starting temperature of bainitic transformation (Bs) and the
starting temperature of martensitic transformation (Ms) of the
steels were determined by MUCG 83 software developed by
Bhadeshia at Cambridge University [22, 23].

11 mmx 11 mm X 85 mm size were cut from the plates along
the rolling direction, and the top and the bottom surfaces of
the specimens were conventionally polished. The thermal
simulation experiments were implemented in a Gleeble-3800
thermal-mechanical simulator (Fig. 1). All specimens were
first heated to 950 °C at 10 °C/s for 10 min for austenitiza-
tion and then fast-cooled to 380°C at 20 °C/s. The cooling
rate of 20 °C/s was high enough to avoid high-temperature
transformations, such as ferrite and pearlite transformations.
In order to compare the influences of different cooling pro-
cesses on CIT of the specimens, two cooling processes (ITP
and CCP) were carried out after 380 °C. During ITP, the
specimens were held at 380 °C for 30 min and then cooled
to room temperature at 5 °C/s, whereas the CCP specimens
were directly cooled to room temperature from 380 °C at
5 °C/s. In all cases, the change in diameter of the specimens
during cooling was recorded using a thermal dilatometer.
After the thermal simulation experiment, the specimens
were machined into 55 mm X 10 mm X 10 mm size to
perform the V-notch Charpy impact test (Impact machine
model: JSCJ300-1) at —40 °C and fracture surfaces were
analyzed by a Zeiss Sigma 300 scanning electron micro-
scope (SEM). The hardness values of the specimens under
5 kg load were measured by an MHVS-50Z Vickers hard-
ness tester equipped with a pyramid-shaped diamond
indenter. In addition, metallographic samples were first cut
from the soaking zone of each thermal simulation speci-
men, then mounted and grounded with abrasive papers of
400-grit, 800-grit, 1200-grit, 1500-grit, and 2000-grit, then
polished with 1.5 pm diamond paste, and finally etched by
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The test steels were refined in a 50 kg vacuum furnace and >

then cast into ingots. The hot-rolled (thickness of 12 mm) Time (min)

plates were water-cooled to 500 °C and then air-cooled to

room temperature. The thermal simulation specimens of  Fig.1 The schematic illustration of experimental procedures

Table 1 Chemical composition Steel C Si Mn Mo Cr Ni P S Ms Bs

(wt%) and Ms, Bs (°C) of three

test steels Base 022 041 200  0.19 - - 0.008  0.0029 376 517
Ni 0.24 0.42 2.08 0.20 - 1.50 0.005 0.0024 349 488
Ni+Cr 0.25 0.42 2.04 0.22 1.63 1.50 0.010 0.0030 308 439
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4% nital, and the microstructures of the as-prepared sam-
ples were observed by a Nova 400 SEM. Moreover, the thin
foils samples for transmission electron microscope (TEM)
observations were prepared by a twin-jet polishing tech-
nique using an electrolyte containing perchloric aicd (6%)
and ethanol (94%) and the microstructures were observed by
a JEM-2100F TEM. The X-ray diffraction (XRD) analysis
was performed to measure the volume fraction of retained
austenite (RA) by an Empyrean diffractometer with Co-Ka
radiation with current of 50 mA and acceleration voltage
of 35 kV.

3 Results and Discussion
3.1 SEM Analysis

The microstructures of all steel specimens were analyzed
by SEM (Fig. 2). It is noticeable that the microstructures of
the samples mainly consisted of martensite (M) and bainitic
ferrite (BF). After ITP treatment, tempered martensite (TM)
and some lath-like BF were detected in the microstructure

of the base steel. Moreover, tempered carbide (TC) was
found to be uniformly distributed on the martensite surface
(Fig. 2a). It can be seen from Fig. 2b, as compared to the
base steel, Ni-steel yielded a higher amount of lath-like
bainite, which were distributed in parallel at different ori-
entations in the grains. The original austenite grains were
divided by BF plates. M and small amounts of martensite
and austenite (M/A) islands were observed in Ni-steel. After
isothermal treatment, austenite grains in Ni+ Cr steel were
remarkably refined; however, large-sized M and granular
bainite (GB) were observed in its microstructure (Fig. 2c). In
comparison to Ni-steel, Ni+ Cr steel yielded a lower amount
of lath-like BF. The volume fractions of BF in three steels
during ITP treatment can be calculated using the software
of Image-Pro Plus [24].The micrographs of the Ni+ Cr steel
were shown in Fig. 3 as an example to show how to calcu-
late the volume fraction of BF. The darker areas consisted
of BF, M and M/A (Fig. 3a). First, the darker areas were
automatically colored red by the software of Image-Pro Plus
as shown in Fig. 3b. The area percentage of the red areas
(labeled as A,) was calculated by the software. Second, the
darker blocky areas were M or M/A which were included

Fig.2 SEM micrographs, for ITP treatment: a base steel; b Ni-steel; ¢ Ni+ Cr steel; and for CCP treatment: d base steel; e Ni-steel; f Ni+Cr

steel
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in A and must be subtracted. The darker blocky areas were
manually marked (Fig. 3c). The area percentage of these
areas (labeled as A,) was measured. Finally, the area percent-
age of bainite (labeled as A;) was calculated by A;=A,—A,.
In this example, Al was 71.44% and A2 was 23.78%, so
that A3 was 47.66%. Therefore, the volume fraction of BF
in Fig. 3 was 47.66%. In addition, the volume fractions of
BF in base steel and Ni-steel during ITP treatment can be
calculated by same method and the results were 7.72% and
44.25% respectively.

It is evident from Fig. 2d—f that all three steel samples
manifested almost the same microstructure after CCP treat-
ment. The microstructures of the CCP-treated samples
mainly consisted of lath martensite (LM) and small amount
of bainite, and no residual austenite and tempered carbides
were observed. The amount of bainite in the CCP-treated
samples was significantly lower than that of the ITP-treated
samples. In comparison to the base steel, the lengths of LM
and BF in Ni-steel were significantly reduced. In addition,
it is obvious from Fig. 2e and f that the microstructures of
Ni+ Cr steel and Ni-steel were almost the same. Martensitic
and bainite transformations mainly occurred in three steels
during CCP treatment. According to authors’ previous study
[25], martensite consisted of prior martensite (PM) formed
at the beginning stage of the whole cooling process and fresh
martensite (FM) formed at later period of the whole cool-
ing process. PM has the lower carbon content due to form-
ing at higher temperature, resulting in better toughness. In
addition, PM was easily etched and its microstructure mor-
phology was concave (Fig. 4a). The micrograph of Ni-steel
during CCP treatment was selected to calculate the volume
fraction of PM. The darker concave areas were manually
marked (Fig. 4b) and the area percentage of these areas was
measured to be 23.66% by the software. Furthermore, the
volume fractions of PM in base steel and Ni + Cr steel were

21.84% and 19.32% calculated by same method. The Ni+ Cr
steel had the smallest amount of PM, which was attributed
to the lowest Ms temperature among three steels (Table 1).

3.2 XRD

The amounts of RA in the steel samples were measured by
XRD (Table 2). No RA peaks were observed in the CCP-
treated samples, thus indicating that all austenite completely
transformed into M and BF. This result is consistent with
SEM results (Fig. 2d—f). However, the ITP-treated Ni-steel
and Ni+ Cr steel contained very small amounts of RA (3%
and 1%, respectively). Figure 5 presents the XRD test data of
Ni-steel. In comparison to the base steel, Ni-steel contained
more bainite. The bainitic transformation was accompanied
by carbon partitioning into the surrounding untransformed
austenite, thus resulting in an increase in chemical stability
of untransformed austenite [26, 27].Therefore, the amount
of RA in Ni-steel was found to be relatively higher than that
of the base steel. In addition, Cr, as a strong carbide forming
element, decreases the solubility of carbon atoms in austen-
iteand promotes carbide formation [28], thus resulting in a
decrease in chemical stability of untransformed austenite in
Ni+Cr steel. Therefore, the amount of RA in Ni+ Cr steel
was smaller than that in Ni-steel.

3.3 Thermal Dilatometry

The dilation amounts of the as-prepared steel samples were
recorded by a Gleeble-3800 dilatometer. The beginning of
isothermal holding at 380 °C during ITP and the beginning
of air-cooling during CCP were selected as the zero point of
the abscissa and the ordinate axes, respectively. The dilata-
tion curves were drawn in Origin 8.0 software (Fig. 6).

Fig.3 The calculation of the volume fraction of BF in Ni+ Cr steel during ITP treatment: a the original graph; b the darker areas are colored

red; ¢ the darker blocky areas are marked
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Fig.4 The calculation of the
volume fraction of AM in Ni-
steel during CCP treatment: a
the original graph; b the darker
concave areas are marked

Table 2 RA content of samples after different cooling processes (%)

Base steel Ni-steel Ni+Cr steel
Isothermal cooling 0 3% 1%
Continuous cooling 0 0 0

The dilation curves of the ITP-treated samples are dis-
played in Fig. 6a. It is observable that the transformation
rate of the base steel was significantly higher (completed in
about 200 s) than those of Ni-steel and Ni+ Cr steel. The
straight increase in dilation before point A signifies mar-
tensitic transformation according to authors’ previous study
[25]. This is proved by microstructure in Fig. 2a, where large
amount of tempered martensite appears during isothermal
holding. Therefore, the dilation after point A represents
bainitic transformation. Further, Ni-steel and Ni+ Cr steel
experienced no martensitic transformation before isothermal
holding process, thus they yielded higher amounts of bainite
as compared to the base steel. It is noticeable from Table 1
that the theoretical Bs of Ni + Cr steel was lower than that of
Ni-steel; therefore, the chemical driving force required for

the bainitic transformation of Ni+ Cr steel was smaller than
that of Ni-steel, thus resulting in a relatively slower bainitic
transformation rate in Ni+ Cr steel (Fig. 2a). Moreover, car-
bon contents in untransformed austenite started to decrease
due to the continuous precipitation of Cr carbides during
isothermal holding process, thus causing a decrease in the
chemical stability of untransformed austenite in Ni+ Cr
steel. Hence, the final amount of bainitic transformation in
Ni + Cr steel was found to be higher than that of Ni-steel.
The CCP-treated specimens experienced transformation
dilatation and cooling shrinkage (Fig. 6b), and bainitic and
martensitic transformations occurred during air-cooling after
380 °C. Small amount of austenite first transformed into
bainite, and the remaining austenite were converted into
martensite during air-cooling; thus the microstructures of
the CCP-treated steels mainly consisted of lath martensite
(Fig. 2d—f). The dilation decrease caused by cooling shrink-
age was the same for all three steel specimens because of the
same cooling route. Therefore, the total amount of bainitic
and martensitic transformations in the base steel was higher
than those Ni-steel and Ni+ Cr steel. The rate of transforma-
tion and the amount of transformation of base steel is larger

Fig.5 XRD pattern for Ni-steel 40000
at ITP treatment Ni-steel during ITP treatment
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Fig.6 Diameter change in the samples during different cooling processes after 380 °C: a ITP treatment; b CCP treatment

than the others. Moreover, although the transformation rate
of Ni+ Cr steel was lower than Ni-steel, the amount of trans-
formation was larger than Ni-steel.

3.4 Cryogenic Impact Toughness

In order to understand the influence of different cooling pro-
cesses on CIT of the experimental steels, the V-notch Charpy
impact toughness tests were conducted at —40 °C and the
corresponding results are presented in Fig. 7. As compared
to the ITP-treated specimens, the CCP-treated specimens
manifested better low-temperature impact toughness. The
low temperature impact energy of three steels by CCP treat-
ment reached 89 J/cm?, 99 J/cm?, and 78 J/cm?, respectively,
suggesting that the steels have larger CIT by CCP treatment.
In addition, the CIT is improved by the addition of Ni, while
it decreases with composite addition of Ni and Cr.

3.5 Fracture Surface Analysis

The fracture surfaces of the experimental steels were ana-
lyzed by SEM (Fig. 8). Both the ITP-treated base steel
and Ni-steel manifested a typical brittle fracture with large
blocky cleavages (Fig. 8a, b), and some quasi-cleavages
were also observed in Ni-steel. Moreover, cracks were
formed along the original austenite grain boundaries. In
addition, in the fracture morphology of the ITP-treated
Ni + Cr steel, dimples were coexistent with quasi-cleav-
ages (Fig. 8c); hence, it yielded higher toughness as com-
pared to the base steel and Ni-steel. Moreover, the volume
fraction of BF in base steel during ITP treatment (7.72%)
was obviously lower than Ni-steel (44.25%) and Ni+ Cr
steel (47.66%). Therefore, less amount of BF in base steel
led to the brittle fracture. The micro-morphology of the
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Fig.7 Charpy impact values of tested steels at —40 °C (J/cm?)

fractures is consistent with the volume fractions of BF in
three steels by ITP treatment.

However, the CCP-treated steels manifested ductile
fracture morphologies (Fig. 8d-f), and fracture surfaces
were composed of a large number of ductile dimples.
Moreover, in Ni-steel, larger dimples were surrounded by
smaller dimples (Fig. 8e), thus indicating that Ni-steel had
better low-temperature toughness. However, some strip-
dimples and river-like quasi-cleavages were observed in
the fractography of Ni+ Cr steel (Fig. 8f), meaning that
the addition of Cr caused a decrease in low-temperature
toughness of Ni+ Cr steel. Furthermore, higher volume
fraction of PM resulted in the larger impact toughness.
The volume fraction of PM in Ni-steel by CCP treatment
(23.66%) was higher than that of other steels. Therefore,
the micro-morphology of the fracture matches with the
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Fig.8 Fracture surfaces for ITP treatment: a base steel; b Ni-steel; ¢ Ni+ Cr steel; and for CCP treatment: d base steel; e Ni-steel; f Ni+ Cr steel

results of the impact toughness tests in Fig. 7 and the vol-
ume fraction of PM in three steels during CCP treatment.

3.6 Hardness

In the present study, five macro hardness values were aver-
aged to obtain the correct result (Fig. 9). It is evident that Ni
had no significant effect on hardness; however, the addition
of both Ni and Cr caused a significant increase in macro
hardness, which can be attributed to the solid solution of
Cr and Ni as well as the fine grain strengthening. Further-
more, Cr is a carbide forming element, thus the precipitation
of Cr carbide yields the second phase strengthening effect
[29, 30]; hence, the addition of Cr manifested a profound
enhancement in macro hardness. Moreover, as the CCP-
treated samples contained more LM, their hardness values
were found to be much higher than those of the ITP-treated
samples.

3.7 TEM Analysis

The CCP-treated specimens manifested higher CIT as
compared to the ITP-treated steels (Fig. 7). The results
of TEM analysis are presented in Figs. 10, 11, 12 and 13.
Figure 10 displays the TEM bright field images of the ITP-
treated specimens, and it is discernible that the presence
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Fig.9 Hardness of different specimens (HV)

of carbide precipitations in the samples resulted in poor
CIT. Figure 10a revealed that a large number of thin-film
tempered carbides was distributed along austenite grain
boundaries and in grains in the ITP-treated base steel.
Carbides led to dislocations and stress concentration, thus
crack sources were easily formed at certain stress. Hence,
the ITP-treated base steel yielded a significantly lower CIT
value and manifested brittle fracture morphology (Fig. 8a).
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Fig. 10 Bright field TEM images showing the microstructure of specimens for ITP treatment: a base steel; b Ni-steel; ¢ Ni+ Cr steel

Ly

b (000) -
5

Fig. 11 TEM bright field image of the M/A on the original austen-
ite grain boundary and the corresponding electron diffraction pattern
from [1 1 6] zone of one of the y-Fe retained austenite

XRD results in Table 2 indicate that Ni-steel was com-
posed of 3% RA. Figure 11 displays the homologous selected
area electron diffraction (SAED) pattern obtained from one
of the dark regions near the grain boundary with [1 1 6]
zone and the dark region can be indexed as the face-centered
cubic austenite structure (y-Fe), proving that the dark area
in Fig. 11 is RA. Further, twin martensite was formed in
the island-like M/A structure (Fig. 10b). As twin martensite
possess higher carbon contents, they are difficult to plasti-
cally deformation [31-33]. Moreover, the presence of twin
martensite along grain boundaries hinders the development
of dislocations, and crack sources were easily formed at
certain stress. Therefore, the ITP-treated Ni-steel yielded a
significantly lower CIT value, and its fracture morphology
was dominated by cleavages (Fig. 8b).

@ Springer

The TEM bright field microstructure of the ITP-treated
Ni + Cr steel indicates that spheroidized carbide particles
were distributed on bainite plates (Fig. 10c). The compo-
sitions of carbide particles were detected by EDS point
scanning (Fig. 12 and Table 3). The first three spectrums
represent carbides, whereas the fourth one signifies the
matrix. It is evident that the amounts of Cr and Manganese
(Mn) in carbides were significantly higher than those in the
matrix, thus indicating the formation of carbide precipita-
tion in Ni + Cr steel during bainitic transformation. However,
Ni + Cr steel manifested higher CIT as compared to other
two steels, which can be attributed to the fewer carbides
and twin martensite along grain boundaries as well as to
the existence of fine bainite in its microstructure (Fig. 10c).
In addition, according to the calculated volume fractions
of BF (7.72%, 44.25% and 47.66% for three steels, Fig. 3)
during ITP treatment, the amount of BF in Ni+ Cr steel was
highest, resulting in a larger CIT value of the ITP-treated
Ni + Cr steel.

Figure 9 illustrates the hardness values of the ITP-treated
samples. The hardness of the base steel was found to be
smaller than other two steel samples. It happened because
martensite was tempered at 380 °C during isothermal hold-
ing, thus resulting in the decrease in both dislocation density
and carbon content. Further, Ni+ Cr steel yielded the largest
hardness value, which can be attributed to solution strength-
ening, carbide precipitation strengthening and grain (bainite)
refinement strengthening.

Figure 7 reveals that the CCP-treated steels yielded higher
CIT values as compared to the ITP-treated samples. Both SEM
(Fig. 2) and TEM (Fig. 13) images indicate that the micro-
structures of the CCP-treated steels mainly consisted of car-
bide-free bainite and martensite, thus resulting in better CIT
values. Moreover, Ni-steel had higher CIT as compared to the
base steel; therefore, it can be inferred that Ni-steel contained
more bainite because of its lower Ms temperature. The bainitic
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Fig. 12 EDS of carbide particles in Ni+ Cr steel by ITP treatment

Fig. 13 TEM bright field TEM images showing the microstructure of specimens by CCP treatment: a base steel; b Ni-steel; ¢ Ni+ Cr steel

Table 3 Spectral element composition of EDS point scanning (wt%)

Spectrum Cr Mn Fe Ni Total

Spectrum 1 13.61 6.48 79.29 0.62 100.00
Spectrum 2 11.45 5.90 82.07 0.58 100.00
Spectrum 3 12.22 5.83 81.32 0.63 100.00
Spectrum 4 222 0.13 95.69 1.95 100.00

transformation time of Ni-steel was longer than that of the
base steel; hence the addition of Ni manifested a considerable
enhancement in CIT, whereas the addition of Ni and Cr caused
a decrease in CIT. Figure 13c indicates that the microstruc-
ture of Ni+ Cr steel consisted of twin martensite and GB. It is
well known that GB and twin martensite causes a reduction in
toughness [10, 32-34]. Moreover, from the calculated results

(Fig. 4), it is observed that the amount of PM (19.32%) in
Ni +Cr steel was smaller than other two steels, leading to a
lower CIT value in the CCP-treated Ni+ Cr steel.

As the CCP-treated samples had more dislocations in LM,
their hardness values were found to be higher than those of
the ITP-treated steels (Figs. 10 and 13). The Ni+ Cr steel
manifested the largest hardness value, which can be attrib-
uted to both solution strengthening and the presence of twin
martensite in its microstructure.

4 Conclusion
In the present study, three low-carbon high-strength steels of

different chemical compositions were designed and treated
by two different cooling routes: ITP and CCP. The effects
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of Ni and Cr on CIT of the as-prepared steels were investi-
gated by thermal simulation, SEM, TEM, XRD and Charpy
impact toughness tests. The following main conclusions can
be drawn:

1. As carbide precipitations were suppressed during CCP
treatment, the CCP-treated specimens resulted in higher
CIT as compared to the ITP-treated specimens.

2. During CCP treatment, the addition of Ni manifested a
considerable enhancement in CIT; however, the addi-
tion of both Ni and Cr caused a decrease in CIT and an
increase in hardness.

3. During ITP treatment, Ni had no significant effects on
CIT, whereas the addition of both Ni and Cr caused dis-
cernible improvements in both CIT and hardness. How-
ever, due to the formation of carbides during isothermal
holding, the overall CIT of the ITP-treated steels was
poor.
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