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Abstract: High hardenability is of great importance to ultra-heavy steel plates and can be achieved
by tailoring the composition of steel. In this study, the continuous cooling transformation (CCT)
curves of two high-strength low-alloy (HSLA) steels (0.16C-0.92Ni steel and 0.12C-1.86Ni steel) were
elucidated to reveal the significance of C–Ni collocation on hardenability from the perspective of
morphology and crystallography. At a low cooling rate (0.5 ◦C/s), the 0.12C-1.86Ni steel showed
higher microhardness than 0.16C-0.92Ni steel. The microstructure in 0.16C-0.92Ni steel was mainly
granular bainite with block-shaped martensite/austenite islands (M/A islands), while that in 0.12C-
1.86Ni steel was typically lath bainite with film-shaped M/A islands, denoting that the 0.12C-1.86Ni
steel is of higher hardenability. Moreover, the 0.12C-1.86Ni steel exhibited a higher density of
block boundaries, especially V1/V2 boundaries. The higher density of block boundaries resulted
from the weakened variant selection due to the larger transformation driving force and more self-
accommodation of transformation strain induced by the reduced carbon and increased nickel content.

Keywords: high-strength low-alloy steel; hardenability; bainite; grain boundaries; variant pairing;
phase transformation

1. Introduction

For conventional high-strength low-alloy ultra-heavy plates, a matrix structure with
sufficiently high strength, such as lath martensite/bainite is obtained by quenching, which
is subsequently tempered to improve toughness [1–4]. However, it is usually impossible to
avoid the low cooling rate in the center of the ultra-heavy plates during cooling, causing
inhomogeneous microstructure and mechanical properties across the thickness direction,
which highlights the need to enhance the hardenability of the alloy [5–7]. Granular bai-
nite/ferrites may be formed at lower cooling rates in the center of the plates with low
hardenability [8,9]. On one side, this leads to the existence of incompletely transformed
martensite–austenite islands (M/A islands), which are often a factor in launching cracks,
and on the other side, there are fewer high-angle grain boundaries (HAGBs) to impede
crack propagation effectively [10,11]. How to improve the hardenability of low-alloy steel to
obtain a high-strength matrix structure at low cooling rates in the center of the ultra-heavy
plates is the focus of this study.

A convenient way to improve the hardenability of low-alloy steels is through in-
creasing the concentration of carbon and alloying elements [12–16]. Generally, carbon
is the element most commonly used to improve hardenability, and the hardenability of
alloy steels increases with increasing carbon content (<0.77 wt. %) [17]. However, the
dramatic loss in toughness and weldability associating with increasing carbon content
limits its use in the enhancement of hardenability [18,19]. Nickel (Ni) is an element that
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can improve hardenability, which is also usually added to the heavy plates to improve the
toughness [20,21]. To ensure hardenability without a significant decrease in toughness and
weldability, we attempted to reduce the carbon content whilst increasing the Ni to improve
the hardenability. In this study, the effect of different C–Ni combinations on the phase
products and hardenability of two HSLA steels from the perspective of morphology and
crystallography was elucidated to clarify the mechanism of C–Ni collocation that improves
the hardenability.

2. Materials and Methods

The chemical composition of the two experimental steels used in the present work
is listed in Table 1. Alloys were melted in a 25 kg vacuum induction furnace and rolled
into thick plates with a thickness of 50 mm. Cylindrical samples of 10 mm in length and
4 mm in diameter were machined parallel to the rolling direction (RD) from the center,
and heat treated in a Bähr DIL 805 A dilatometer to obtain the CCT diagrams of the steels.
The samples were heated to 1000 ◦C at a heating rate of 10 ◦C/s and held for 15 min,
and then cooled to room temperature at cooling rates of 0.5, 1, 3, 5, 10, 30 and 50 ◦C/s.
Vickers microhardness tests of heat-treated specimens were performed on an HVS-1000ZDT
Micro-hardness Tester (SIOM, Shanghai, China) with a load of 1 kg for 15 s, and the average
hardness of each sample was determined by making five indentations at 5 µm intervals.

Table 1. Chemical composition of the studied steels (wt.%).

Steel C Si Mn Ni Cr + Mo V + Ti B S P

0.16C-0.92Ni 0.16 0.38 1.01 0.92 1.107 0.098 0.0015 0.0082 0.0171
0.12C-1.86Ni 0.12 0.40 1.03 1.86 1.109 0.096 0.0014 0.0081 0.0172

After mechanical grinding and polishing, specimens were etched with 4% nital for
scanning electron microscopy (SEM) observations using a TESCAN MIRA3 LMH (TESCAN,
Brno, Czech Republic) field emission scanning electron microscopy (FE-SEM) operating at
10 kV. The specimens were electropolished using a solution containing 85% alcohol, 10%
perchloric acid and 5% glycerol for electron backscatter diffraction (EBSD) examination.
The EBSD analysis was performed with TESCAN MIRA 3 LMH FE-SEM equipped with
an Oxford Symmetry EBSD detector (Oxford Instruments, Oxford, United Kingdom) at an
acceleration voltage of 20 kV, a working distance of 16 mm, tilt angle of 70 deg and a step size
of 0.2 µm. The crystallographic orientation data were post-processed with the CHANNEL
5 software from Oxford-HKL (Oxford Instruments, Oxford, United Kingdom), and the
orientation relationship (OR) and grain boundary length was calculated quantitatively
using MATLAB® software (MathWorks, Natick, MA, USA).

3. Results and Discussion
3.1. CCT and Vickers Hardness

The CCT diagrams of the two steels with different C–Ni contents after holding at
1000 ◦C are shown in Figure 1. It can be seen that the phase transformation onset temper-
ature of the two steels tended to be about 432 ◦C when the cooling rate was greater than
5 ◦C/s, which can be regarded as the martensite start transformation temperature (Ms).
However, when the cooling rate was decreased, the transformation behavior of the two
steels changed significantly. The transformation starting temperature (Ts) of 0.12C-1.86Ni
steel was lower than that of 0.16C-0.92Ni steel, especially in the sample cooled at 0.5 ◦C/s
where the transformation starting temperature of the former was 483 ◦C, while that of the
latter steel was 525 ◦C.
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Figure 1. CCT diagrams of two steels at different cooling rates (S01: 0.16C-0.92Ni steel, S02: 0.12C-
1.86Ni, Ts/Ms: starting temperature of phase transformation, Tf/Mf: finishing temperature of
phase transformation).

The Vickers hardness values of the samples cooled at the rates corresponding to that
in the CCT diagram are shown in Table 2. For 0.16C-0.92Ni steel, the hardness decreased
by 24% when the cooling rate was reduced from 50 ◦C/s to 0.5 ◦C/s, which means that the
hardness at a cooling rate of 0.5 ◦C/s was only 76% of that at a cooling rate of 50 ◦C/s. In
contrast, the hardness of 0.12C-1.86Ni steel at low cooling rates was 91% of that at high
cooling rates, and the hardness of 0.12C-1.86Ni steel (365.0 HV1) was significantly greater
than that of 0.16C-0.92Ni steel (333.6 HV1) at the lowest cooling rate (0.5 ◦C/s). Considering
both the phase transformation temperature and hardness, it was concluded that decreasing
the C content by 0.04% and increasing the Ni content by 0.94% improves the hardenability.

Table 2. Vickers hardness of two steels at different cooling rate (HV1).

Steel
Cooling Rate (◦C/s)

0.5 1 3 5 10 30 50

0.16C-0.92Ni 333.6 359.4 385.8 419.6 421.2 425.6 439.4
0.12C-1.86Ni 365.0 365.6 380.8 383.0 395.0 399.8 399.4

3.2. Morphological and Crystallographic Features

Figure 2 shows the SEM and EBSD results for both steels at a cooling rate of 0.5 ◦C/s.
The microstructure of 0.16C-0.92Ni steel was mainly characterized by granular bainite,
while that of 0.12C-1.86Ni steel exhibited typical lath bainite (Figure 2a,b). In addition, the
morphology of M/A changed from block-shaped in 0.16C-0.92Ni steel to film-shaped with
a smaller size in 0.12C-1.86Ni steel. The difference in morphology is also well reflected by
the fact that the hardenability of 0.12C-1.86Ni steel was higher than that of 0.16C-0.92Ni
steel. The low- and high-angle grain boundaries (LAGBs and HAGBs) are highlighted with
white (5◦ < θ < 15◦), black (15◦ < θ < 45◦), or yellow (θ > 45◦) lines in band contrast maps
(Figure 2c,d). It can be seen that 0.16C-0.92Ni steel has more LAGBs with the distribution of
HAGBs in a disordered and irregular pattern, while 0.12C-1.86Ni steel was dominated by
HAGBs arranged in parallel, interspersed with a small number of LAGBs, and the density
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of HAGBs of 0.12C-1.86Ni steel was significantly greater than that of 0.16C-0.92Ni steel,
especially the HAGBs with θ > 45◦. A quantitative comparison of the grain boundary
density is shown in Figure 3. It is shown that the density of the LAGBs and HAGBs
is 0.16 and 0.78 µm−1 for 0.16C-0.92Ni steel, and 0.13 and 1.05 µm−1 for 0.12C-1.86Ni
steel, respectively.

Figure 2. SEM micrographs and band contrast (BC) maps depicting the boundary distribution of
two steels cooled at 0.5 ◦C/s: (a,c) 0.16C-0.92Ni steel; (b,d) 0.12C-1.86Ni steel. (GB: granular bainite,
LB: lath bainite; G1 and G2: representative grains of two steels; white line: 5◦ < θ < 15◦, black line:
15◦ < θ < 45◦, yellow line: θ > 45◦; θ-misorientation).

Figure 3. Grain boundary density of two steels at 0.5 ◦C/s cooling rate.
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3.3. Variant Analysis: Digitization and Visualization

To clarify the origin of HAGBs in the two steels, a further inspection of the visualization
and digitization of the crystallographic features was carried out. Figures 4 and 5 depict
the inner structure of representative grains, which are highlighted by red dotted lines in
Figure 2c,d. The different colors in Figure 4 represent different orientations. The boundaries
of the block structure in the inverse pole figure (IPF) correspond to the HAGBs, and thus the
appearance of the high density of HAGBs is mainly due to the formation of many blocks.
In addition, the pole figure (PF) shows that the experimental pole figure (colored graphs)
coincides with the theoretical pole figure (black dotted graphs) based on the Kurdjumov–
Sachs (K–S) orientation relationship, indicating that the variants in both G1 and G2 grains
maintain a K–S relationship with the prior austenite [22,23].

Figure 4. Inverse pole figure (IPF) and pole figure (PF) of representative grains of two steels cooled
at 0.5 ◦C/s: (a,b) G1 of 0.16C-0.92Ni steel and (c,d) G2 of 0.12C-1.86Ni steel. (Black dotted graphs:
theoretical polar plot based on K–S relationship; colored graphs: experimental pole figure).

As seen in the grain boundary maps, the G2 grain of 0.12C-1.86Ni steel exhibited a
higher HAGB density (θ > 45◦) and a finer structure compared to the G1 grain of 0.16C-
0.92Ni steel. In general, there are 24 variants in low-carbon steels transformed from a
single austenite grain, which can be divided into four CP (closed-packed plane) groups and
three Bain groups [24]. The red, yellow and blue colors in the Bain group maps represent
Bain1, Bain2 and Bain3, respectively, while the red, yellow, blue and green colors in the
CP group maps represent CP1, CP2, CP3 and CP4, respectively. By combining the GB
and Bain maps, it can be found that there were LAGBs between variants belonging to the
same Bain group, and HAGBs between those belonging to different Bain groups. Previous
studies show that Bain grouping of variants will occur when one Bain region includes
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distinct CP groups, and CP grouping of variants will emerge as one CP region consists of
different Bain groups [20,25,26]. Hence, the transformation dominated by CP grouping
would contribute to a high density of HAGBs. Both G1 and G2 grains were in the form
of CP regions consisting of different Bain groups, but the Bain group width of the G2
grain was much finer. Therefore, the finer Bain groups facilitate the formation of denser
HAGBs, which is the reason why the density of HAGBs in 0.12C-1.86Ni steel was higher
than that in 0.16C-0.92Ni steel. The structural differences between the two steels are related
to the variant selection. A report by Wang et al. suggested that granular bainite formed
at a low cooling rate exhibited stronger variant selection in comparison with lath bainite
formed at a high cooling rate [10]. Obviously, the variant selection in 0.12C-1.86Ni steel was
weaker than that in 0.16C-0.92Ni steel, which promoted the formation of different variants,
consistent with the results in [23].

Figure 5. Grain boundary (GB), CP group and Bain group maps depicting the microstructure of
representative grains of two steels cooled at 0.5 ◦C/s.
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In the austenite to martensite/bainite transformation, 24 variants are generally formed
to maintain an approximate K–S orientation relationship with the parent austenite phase,
and the variant selection affects the orientation, morphology, and mechanical properties of
the transformation products [17,25–29]. Thus, it is necessary to analyze the crystallographic
information quantitatively to elucidate the effect of lowering C and increasing Ni on
variant selection. According to the crystallographic orientation data collected by EBSD,
the average orientation relationship (OR) between parent austenite and product variants
for two steels at a cooling rate of 0.5 ◦C/s was calculated through a MATLAB regression
program. The mean OR (ϕ1, Φ, ϕ2) was obtained from the average of the five prior austenite
grains, and the actual ORs of the two steels compared with the exact K–S ORs are listed in
Table 3. Additionally, in order to clarify the variant pairing rules caused by lowering C and
increasing Ni, the rotation angles/axes between V1 and the other variants for the two steels
were calculated based on actual OR and Euler angle data from EBSD and summarized
in Table 4, as well as the length density of the inter-variant boundaries calculated by
this method. The actual OR is inconsistent with the exact K–S OR since there exists
accommodation of transformation strain during martensite or bainite transformation [24].
It seems that there was a bigger deviation between the K—S OR and the actual OR of those
variants within the Bain1 group (i.e., V1/V4, V8, V11, V13, V16, V21 and V24).

Table 3. Orientation relationship (OR) of two steels at 0.5 ◦C/s cooling rate.

OR Steel
Euler Angle

ϕ1 (◦) Φ (◦) ϕ2 (◦)

Exact K–S OR 114.2 10.5 204.2
Actual OR 0.16C-0.92Ni 120.6 8.6 195.6

0.12C-1.86Ni 122.3 9.3 194.2

Table 4. Misorientation axes and angles between V1 and the other variants calculated from the
experimentally determined OR (actual OR), and the inter-variant boundary characteristics [24,30].

Variant Plane Parallel Direction Parallel
Rotation Angle/Axis from V1 CP

Group
Bain

Group
Boundary

TypeExact K-S OR 0.16C-0.92Ni 0.12C-1.86Ni

V1

(111)γ//(011)α

[−101]γ//[−1−11]α – – –

CP1

B1 –
V2 [−101]γ//[−11−1]α 60.0◦/[1,1,−1] 60.3◦ 60.2◦ B2 Block
V3 [01−1]γ//[−1−11]α 60.0◦/[0,1,1] 60.0◦ 60.0◦ B3 Block
V4 [01−1]γ//[−11−1]α 10.5◦/[0,−1,−1] 5.0◦ 5.3◦ B1 Sub-block
V5 [1−10]γ//[−1−11]α 60.0◦/[0,−1,−1] 60.0◦ 60.0◦ B2 Block
V6 [1−10]γ//[−11−1]α 49.5◦/[0,1,1] 55.2◦ 54.7◦ B3 Block

V7

(1−11)γ//(011)α

[10−1]γ//[−1−11]α 49.5◦/[−1,−1,1] 52.2◦ 50.8◦

CP2

B2 Packet
V8 [10−1]γ//[−11−1]α 10.5◦/[1,1,−1] 8.9◦ 10.2◦ B1 Packet
V9 [−1−10]γ//[−1−11]α 50.5◦/[−10,3,−13] 53.1◦ 52.5◦ B3 Packet
V10 [−1−10]γ//[−11−1]α 50.5◦/[−7,−5,5] 51.9◦ 51.0◦ B2 Packet
V11 [011]γ//[−1−11]α 14.9◦/[13,5,1] 12.1◦ 13.1◦ B1 Packet
V12 [011]γ//[−11−1]α 57.2◦/[−3,5,6] 57.9◦ 57.7◦ B3 Packet

V13

(−111)γ//(011)α

[0−11]γ//[−1−11]α 14.9◦/[5,−13,−1] 12.1◦ 13.1◦

CP3

B1 Packet
V14 [0−11]γ//[−11−1]α 50.5◦/[−5,5,−7] 51.9◦ 51.0◦ B3 Packet
V15 [−10−1]γ//[−1−11]α 57.2◦/[−6,−2,5] 57.0◦ 56.2◦ B2 Packet
V16 [−10−1]γ//[−11−1]α 20.6◦/[11,−11,−6] 15.1◦ 16.1◦ B1 Packet
V17 [110]γ//[−1−11]α 51.7◦/[−11,6,−11] 51.9◦ 51.4◦ B3 Packet
V18 [110]γ//[−11−1]α 47.1◦/[−24,−10,21] 52.3◦ 51.1◦ B2 Packet

V19

(11−1)γ//(011)α

[−110]γ//[−1−11]α 50.5◦/[−3,13,10] 53.1◦ 52.5◦

CP4

B3 Packet
V20 [−110]γ//[−11−1]α 57.2◦/[3,6,−5] 57.9◦ 57.7◦ B2 Packet
V21 [0−1−1]γ//[−1−11]α 20.6◦/[3,0,−1] 16.7◦ 18.3◦ B1 Packet
V22 [0−1−1]γ//[−11−1]α 47.1◦/[−10,21,24] 52.3◦ 51.1◦ B3 Packet
V23 [101]γ//[−1−11]α 57.2◦/[−2,−5,−6] 57.0◦ 56.2◦ B2 Packet
V24 [101]γ//[−11−1]α 21.1◦/[9,−4,0] 17.2◦ 18.6◦ B1 Packet
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As listed in Table 4, the inter-variant boundaries from V1/V2-V6 variant pairs belong-
ing to the same CP group are block boundaries, except for the V1/V4 variant pair whose
boundary type is a sub-block boundary, while the other inter-variant boundaries are packet
boundaries. Figure 6 quantitatively depicts the length density of inter-variant boundaries
of the two steels at 0.5 ◦C/s cooling rate. It can be seen that the length density of the V1/V2,
V1/V3 (and V5) and V1/V6 variant pairs was significantly higher than that of the other
variant pairs, especially the V1/V2 variant pair. The total length density of block bound-
aries in 0.12C-1.86Ni steel was much higher than that in 0.16C-0.92Ni steel. In addition, the
length density of the V1/V2 boundary in 0.12C-1.86Ni steel was significantly higher, and
the length density of the V1/V6 boundary was slightly lower compared with 0.16C-0.92Ni
steel. Clearly, the difference in the density of block boundaries between the two steels is
mainly attributed to the V1/V2 boundary. Previous studies showed that the lower the
bainite transformation temperature, the more V1/V2 variant pairs are formed [20,24,26,31].
In this work, the transformation starting temperature of 0.12C-1.86Ni steel was lower than
that of 0.16C-0.92Ni steel, resulting in the formation of more V1/V2 variant pairs.

Figure 6. Length density of inter-variant boundaries in two steels cooled at 0.5 ◦C/s.

The transformation driving force and self-accommodation of transformation strain
determine the variant selection [23,24,27]. Since 0.12C-1.86Ni steel has a lower transfor-
mation starting temperature than 0.16C-0.92Ni steel, its transformation driving force was
higher. In addition, at the lower transformation temperature, the strength of the austenite
was higher and thus more self-accommodation was needed. The larger driving forces and
more self-accommodation will lead to the refinement of packets and blocks. As a result,
the density of block boundaries was higher in 0.12C-1.86Ni steel. Moreover, more V1/V2
variant pairs were formed in 0.12C-1.86Ni steels because they provide the most efficient
accommodation of transformation strain at lower temperatures [24,32,33].

3.4. Correlation of Crystallographic Structure and Hardness

The inter-variant boundaries were further categorized into block, sub-block and packet
boundaries according to the boundary types [24]. The total density of these three crystallo-
graphic structures is illustrated in Figure 7, together with the Vickers hardness. Obviously,
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the density of block boundaries in 0.12C-1.86Ni steel was higher compared with that in
0.16C-0.92Ni steel, while the other boundary density did not differ much. It can be seen
that hardness is related to the block-boundary density, and high-density block boundaries
are beneficial to improve hardness, which is consistent with the results of previous stud-
ies [17,26]. This also indicates that the difference in hardness between the two steels is
due to the density of HAGBs, that is, the higher the density of the HAGBs, the higher the
hardness. According to the Hall–Petch relationship [34,35], it is known that the hardness
is related to the effective grain size, not only the original austenite grain size, but also its
complex internal structure size (e.g., packets, blocks and laths); the finer the effective grain
size, the higher the hardness. A higher density of HAGBs means finer effective grain, which
contributes to a higher hardness. It is inferred that the phase transformation product with
a high density of HAGBs facilitates the increase in hardness.

Figure 7. Boundary density and Vickers hardness of the steels cooled at 0.5 ◦C/s.

4. Summary

Lowering C by 0.04% and increasing Ni by 0.94% ensures the weldability of ultra-
heavy plates while maintaining high hardenability. The effect of lowering C and increasing
Ni on the microstructure evolution and hardness at low cooling rates was analyzed by char-
acterizing the morphology and crystallography, and the main findings can be summarized
as follows.

At a low cooling rate of 0.5 ◦C/s, lowering C and increasing Ni reduced the bainite
transformation temperature. The hardness of 0.12C-1.86Ni steel was higher than that of
0.16C-0.92Ni steel. It was observed that the 0.16C-0.92Ni steel was mainly dominated by
granular bainite with a block-shaped M/A, while 0.12C-1.86Ni steel retained typical lath
bainite with a film-shaped M/A structure at the low cooling rate. Although both steels
exhibited the CP group containing different Bain groups, the 0.12C-1.86Ni steel has more
and finer Bain groups compared with the 0.16C-0.92Ni steel. In addition, the density of
the V1/V2 boundary in the 0.12C-1.86Ni steel was significantly higher. By lowering C and
increasing Ni, the steel has smaller packets and blocks, higher density of block boundaries,
and more V1/V2 variant pairs, which enhances the hardness at low cooling rates.
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