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Boron is an important trace element and intentionally added for hardenability of low-alloy steels. The forms of B
presence in microstructure are believed to be crucial for success or failure of boron steel production. This
research addresses atomistic distribution of boron responsible for quench cracking of a boron steel. Boron steel
sheets (6 mm thick) with/without quench cracking are carefully characterized with transmission electron mi-
croscopy and atom probe tomography to reveal B distribution and to understand quench cracking mechanisms.
The quench cracking is brittle intergranular fracture along prior austenite grain boundaries (PAGBs). The PAGBs
are decorated with boron-containing Feg(C, B) precipitates in the cracked steel, but segregated with boron in the
uncracked steel. Without the segregation of B at PAGBs, the formation of ferrite and massive acicular-shaped
Fe3C during quenching makes cracks easy to initiate and propagate in the steel with deteriorated mechanical

properties. Processing parameters important for engineering the distribution of boron are discussed.

1. Introduction

Boron steels are an important class of high-strength low-alloy steels
with addition of trace B for enhanced hardenability and full martensitic
structure to save in using expensive alloying elements [1]. Adding 10-30
wt ppm boron could produce a hardening effect comparable to that
obtained by adding 0.6 wt% Mn, 0.7 wt% Cr, 0.5 wt% Mo or 1.5 wt% Ni
[2]. The beneficial effect of boron on hardenability is believed resulting
from the segregation of boron atoms at austenite grain boundaries to
lower the grain boundary energy and retard the nucleation of ferrite and
bainite [3-11]. However, boron can easily react with carbides and ni-
trogen to form metal borocarbides and boron nitrides in steels during
high-temperature processing [12]. The formation of these precipitates
consumes boron atoms segregating at austenite grain boundaries, and
loose the beneficial effect of boron addition on hardenability. Moreover,
the boron-containing precipitates such as Ma3(B,C)¢ or coarse BN
formed along PAGBs promote ferrite nucleation [13-17], and reduce the
percentage of martensite in microstructure and mechanical properties of
the steels. Some research suggests that BN and iron borocarbide particles
can also increase the brittleness of the grain boundaries and induce
intergranular fracture during continuous casting and subsequent heat
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treatments [18-22]. Therefore, engineering boron distribution is of
significance for industrial production of the boron steels.

Quench cracking is an important failure mode in steel production. It
may occur under high internal stress incurred by the phase trans-
formation from austenite to martensite. Boron addition shifts the ferrite
zone in the continuous cooling transformation (CCT) diagram to the
right, but does not decrease the martensite start temperature (Ms point)
[1,23]. Given that the tendency of quench cracking increases with the
decrease in the Mg point, boron steels are generally believed to less
susceptible to quench cracking [24]. However, quench cracking of boron
steel sheets does happen unexpectedly on their production line. To date,
precise mechanisms of such quench cracking remain to be uncovered.
Key microstructures responsible for the quench cracking remains to be
explored. The lack of deep knowledge about the quench cracking be-
comes a major obstacle for finding effective measures to solve the
cracking problem.

This investigation is to address quenching cracking of a boron steel
containing 15 wt ppm boron. To reveal the key microstructural factors
responsible for the quench cracking, multi-scale characterizations
including SEM, TEM and APT have been carefully performed on two
steel sheets with/without quench cracking. By revealing microstructural
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difference between the two sheets and local boron distribution infor-
mation, this investigation will establish the correlation between
microstructural characteristics and quench-cracking behavior of the
boron steel.

2. Experimental procedures

Boron steel sheets with a thickness of 6 mm were used in this work,
with chemical composition listed in Table 1. The sheets were austeni-
tized at 880 °C for 30 min and then quenched by water jet to room
temperature. During the quenching, some sheets fractured seriously and
broke into several pieces, as shown in Fig. 1. The mechanical properties
and microstructure of the cracked sheet (hereafter referred to as the
“cracked sample”) and an uncracked sheet after quenching (referred to
as the “uncracked sample”) were analyzed.

The mechanical properties at different positions across the thickness
of the steel sheet were characterized via tensile test and impact test.
Fig. 2a shows the sampling plan to make tensile and impact specimens
along the rolling direction from different depths of the boron steel sheet
(i.e. evenly divided five parts in thickness of the steel sheets). The di-
mensions of the standard tensile specimens and impact test specimens
are shown in Fig. 2b and c, respectively. The tensile test was performed
at room temperature under a constant speed of 0.9 mm/min using
Walter + bai LFM 20kN tensile test machine. The impact test was carried
out at room temperature with an impact energy 50 J and a pendulum
angle 150° on Walter + bai PH 25-50 J pendulum impact test machine.

Optical microscopy (OM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and atom probe tomography
(APT) were utilized for microstructural characterization. The metallo-
graphic specimens of the cracked and uncracked samples were subjected
to mechanical polishing, and then etched in ET-08, a substitute for
saturation picric acid to reveal prior austenite grains, or etched by 4%
Nital solution to reveal martensite structure for optical microscopy ob-
servations. Metallography examinations were performed using a Leica
DMI 5000 M. SEM examinations were performed using a ZEISS Auriga
crossbeam system. TEM analysis was conducted using a FEI Talos F200S
G2 equipped with energy dispersive spectrometer (EDS) under an ac-
celeration voltage of 200 kV. TEM foil specimens of 3 mm in diameter
were prepared using a twin-jet electro-polisher (Struers TenuPol-5).

APT tip specimens containing prior-austenite grain boundaries
(PAGBs) were prepared by focused ion beam (FIB) milling using a ZEISS
Auriga Crossbeam system. APT experiments were conducted with a local
electrode atom probe LEAP 4000x Si, at a UV laser energy of 40 pJ, a
specimen temperature of 40 K and a vacuum 4 x 107! Torr. Data
reconstruction and analysis were conducted on the software package
IVAS version 3.8.2. The 3D reconstruction of APT dataset was based on
tip shape information (apex diameter, sample taper, etc.) obtained by
SEM imaging.

3. Results
3.1. Fractography of quench cracking

Fig. 3a shows a picture of the quench-cracked steel sheet with frac-
ture surface regions for detailed microstructural examinations. The
fracture region near a side edge of the steel sheet consists of three seg-
ments approximately perpendicular to the side surface of the cracked
steel sheet. Two vertical segments (marked with surface 1 and 2) are
perpendicular to the sheet surface and a transverse segment (marked
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Fig. 1. Quench-cracked boron steel sheet with a thickness of 6 mm.

with surface 3) is parallel to the sheet surface. The main fracture region
away from the edge of the steel sheet only has a vertical straight segment
along the thickness direction. Since the formation of the transverse
segment required additional energy, the fracture near the edge region
should consume more energy than single straight segment. The topog-
raphy of the fracture surfaces under SEM, as shown in Fig. 3b-d, dem-
onstrates that the fracture is brittle in nature with fracture surfaces in a
“rock candy” appearance, probably correlated with intergranular frac-
ture. Some secondary microcracks, as pointed with white arrows in
Fig. 3b and c, are evidenced underneath the main facture surface and
again faceted in nature.

A large secondary crack, as shown in Fig. 3e, penetrated deeply into
the steel substrate below the main fracture surface. The propagation of
the secondary crack is associated with micro-cracks clearly along
PAGB:s, as observed by using SEM in Fig. 3f. It is thus concluded that the
PAGBs are directly responsible for the initiation and propagation of
quench cracks in the cracked sample. The occurrence of brittle inter-
granular fracture must be due to that the PAGBs between the austenite
grains were seriously weakened during quenching.

3.2. Mechanical properties of the steel with/without quench cracking

Fig. 4a shows the true stress-strain curves for tensile specimens taken
from different depths along the thickness of the uncracked and cracked
samples. The tensile strengths and elongation rates of the uncracked
steel were significantly higher than those of the cracked sample, no
matter near the surface or close to the center of the steel sheets. Both the
uncracked and cracked steels showed no considerable change in tensile
properties along the thickness of each steel, indicating a uniform dis-
tribution of tensile properties across the thickness. The uncracked and
the cracked samples had average yield strengths of 1910.6 + 27.75 MPa
and 1406.8 + 75.12 MPa, respectively, average ultimate tensile
strengths of 2100.8 & 36.19 MPa and 1465.1 + 76.12 MPa, respectively,
and average elongation rates of 4.0 + 0.2% and 2.5 + 0.3%, respec-
tively. Interestingly, the quench-cracked steel exhibited strain hard-
ening lower than that of the uncracked steel. This means that localized
deformation should be harder to propagate in the quench-cracked steel,
and hence the cracked steel exhibits a low elongation rate.

Fig. 4b displays the impact energies of specimens from different

Table 1
Chemical composition of a boron steel (wt% and at.%).
C Ni Mn Mo Si Cr P Ti B Fe
wt% 0.33 0.83 0.80 0.45 0.31 0.28 0.006 0.015 0.0015 97.0
at.% 1.51 0.78 0.80 0.26 0.61 0.30 0.010 0.020 0.010 95.7
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Fig. 2. Sampling scheme along thickness direction of uncracked and cracked samples for tensile and impact tests (a), and dimensions of tensile specimens (b) and

impact specimens (c).

positions along thickness of the uncracked and cracked samples. The
impact energies of specimens from different positions of the uncracked
sheet (blue data points) do not change much, approximately 1.5 J. In
contrast, the center of the cracked steel exhibited a poor impact
toughness of ~1.0 J, much lower than ~1.5 J, the impact energy (in
black) of the surface region of the cracked steel (Fig. 4b). To find out
microstructural origins responsible for the poor tensile and impact
properties of the quench-cracked steel, the microstructures of the un-
cracked steel and the cracked steel were carefully investigated.

3.3. Microstructure and phase constituents of the steel with/without
quench cracking

Fig. 5a-c shows the microstructure of near surface and center regions
in the uncracked and cracked samples with the prior austenite grains
clearly resolved. The austenite grains of the three regions are all equi-
axed but different in sizes. The cracked sample has austenite grains
larger than that of uncracked sample, especially in the center region. The
average sizes of prior austenite grains near the surface region of the
uncracked sample, as well as near surface and center regions of the
cracked sample were measured to be 6.4 + 0.7 ym, 12.6 + 1.6 pm and
16.5 + 1.8 pm, respectively, with the linear intercept method.

Fig. 5d—f shows microstructures of samples from the cracked or un-
cracked steel etched with a 4% Nital solution. The microstructure of the
uncracked steel consists of typical lath martensite, as seen in Fig. 5d. The
surface region in the cracked sample has a microstructure containing
both lath martensite and a few block grains, referred as ferrite, in Fig. Se.
The center region of the cracked sample is a mixture of martensite and
ferrite, as seen in Fig. 5f. The lath martensite and block ferrite are seen
more clearly in the SEM images (Fig. 5g—-i). The ferrite phase mainly
distributed on the PAGBs. It is known that the ferrite in quenched
microstructure can be caused by two routes: one is ferrite undissolved
after austenitization treatment, and the other is ferrite precipitated
before martensite transformation during quenching. Given that the un-
dissolved ferrite mainly distribute in the interiors of the austenite grains,
rather than on PAGBs [25], it is concluded that the ferrite in the cracked
sample is freshly formed by precipitation during quenching. A full
transformation to martensite would be secured if the steel with a good
hardenability reached its critical cooling rate during quenching. The
formation of the ferrite in the cracked sample indicated that either the
cooling rate was too slow or the hardenability of the steel deteriorated.

3.4. Precipitation on PAGBs of the steel with/without quench cracking

TEM examinations of PAGBs in the uncracked and cracked samples,
as shown in Fig. 6a and b, confirmed that no precipitate was found in the
uncracked sample. In contrast, nano-sized precipitates with different
morphologies exist in both the surface and center regions in the cracked
sample (Fig. 6¢—f). High number density of acicular-shaped precipitates
formed on the PAGBs, martensite lath boundaries (MLB) and martensite
matrix, while some spherical-shaped precipitates mainly observed on
the PAGBs, as seen in Fig. 7a. The chemistry of the precipitates was
measured with EDS point analysis in TEM, as seen in Fig. 7b and c. The
carbon content of an acicular-shaped precipitate (P1) is close to 25 at.%,
with an Fe:C ratio close to 3:1, similar to that of Fe3C, as seen in Fig. 7d.
In contrast, the spherical-shaped precipitate P2 on the PAGBs is enriched
with boron, with 73.2 at.% Fe and 25.4 at.% (C + B) in P2 by EDS point
analysis. P2 precipitate likely is Fes(C, B). It is worth noting that parti-
cles (P1 and P2) carefully selected for composition measurement were a
large platelet rod with sizes of ~100-200 nm in length and 40-50 nm in
thickness, to minimize the effect of the TEM foil thickness (<100 nm), in
EDS analysis with a prob. size of ~20 nm. Therefore, the composition of
precipitates obtained by EDS analysis should be less affected by the
surrounding matrix. The foil specimens have been plasma cleaned
before TEM investigation to eliminate the possible carbonaceous
contamination on surfaces. In addition, the martensite matrix compo-
sition has been measured using EDS. It is found that the carbon content
in matrix measured by EDS is 0.66-1.30 at.%, comparable to that ob-
tained by APT analysis (0.29-0.93 at.%), indicating that the carbon
content gained using EDS is quite accurate. Therefore, the composition
of precipitates obtained by EDS analysis on TEM foils should be reliable.

3.5. Elemental distribution at PAGBs

Elemental distribution at PAGBs in the uncracked and cracked
samples was characterized using APT. Fig. 8a shows atom maps in a
reconstructed volume of an APT dataset from the uncracked sample with
a PAGB enriching with B, C, Mo and P, and a martensite lath boundary
enriching with carbon and Mo. Fig. 8b and c shows the APT re-
constructions with PAGBs in near surface and center regions of the
cracked steel. The PAGB in near surface region of the cracked steel was
observed with clear segregation of boron, carbon, Mo and P (see Fig. 8b),
but the PAGB in the center region did exhibit no segregation with boron
(see Fig. 8c). Actually, no boron was detected in the reconstructed
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Fig. 3. A picture of the cracked steel sheet marked with three fracture surfaces for detailed SEM observations (a), SEM images of the fracture surfaces 1-3 (b)-(d), the
side surface with micro-cracks (e), and propagation of the micro-cracks into the steel substrate (f).

volume in Fig. 8c.

Fig. 9 shows the 1D composition profile across the PAGBs in Fig. 8
along the black arrow with a bin size of 0.5 nm. The peak concentrations
of carbon and boron at the PAGB of the uncracked steel are ~6.0 at.% C
and ~ 1.0 at.% B, respectively. In contrast, the PAGB near surface region
of the cracked steel was found to have the peak C concentration of ~5.0
at.%, while the peak B concentration as low as ~0.6 at.%. The carbon
content on the PAGB in the center region of the cracked steel is as high as
23.0 at.%, as shown in Fig. 9c, suggesting the formation of FesC,
consistent with TEM observation. It is worth mentioning that the width
of the FesC plate on the PAGB in Fig. 8c is quite narrow, comparable to
the width of the solute segregation on the PAGBs in Fig. 8a and b. The
boron excess at the PAGB of the surface region of the cracked steel was
0.10 n/nm?, much lower than 2.22 n/nm? in the uncracked sample, as
listed in Table 2. With formation of the boride precipitate at PAGBs, the
PAGB exhibited no significant segregation of boron. In the center region
of the cracked steel, only Fe3C was found on the PAGBs.

4. Discussion
4.1. Understanding B segregation at PAGBs of boron steel

The segregation of B at PAGBs is crucial for obtaining ideal micro-
structures of quenched boron steels. Many factors including quenching
temperature [26] grain boundary misorientation angles [27], cooling
speed and alloying elements [27] have been found to affect the segre-
gation of B at PAGBs. Although numerous researches have been made to
understand B segregation at PAGBs, no consensus has yet been reached
regarding if the B segregation at PAGBs is controlled predominantly by
equilibrium or nonequilibrium segregations [26,27]. It is likely that
both mechanisms work together to determine the real segregation,
although one mechanism can be more predominant than the other
depending on a specific quenching condition. Nonequilibrium segrega-
tion become predominant only if vacancies in steel are well above the
equilibrium concentration, such as quenching from high temperatures
[26]. Since the quenching temperature of our boron steel was 880 °C,



J. Bai et al. Materials Characterization 190 (2022) 112022

a 2500 b 2o
“® 2000 —=---~""" | ~
o <= 221.51
= >
-~ )]
9)1500- f(——_--- E
g o 101
3 1000 4 ©
2 — —Uncracked sample (surface) 8_
- ——Uncracked sample (center) £ 0.54
500+ —— Cracked sample (surface) —@— Uncracked sample
— —Cracked sample (center) —&— Cracked sample
0 T T T r 0.0+— T T T T
0.00 0.01 0.02 0.03 0.04 -3.0 -1.5 0.0 1.5 3.0
True strain Distance to center of sheet thickness (mm)

Fig. 4. Tensile test results (a) and impact test results (b) of uncracked and cracked samples at different positions across the sheet thickness.
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Fig. 5. OM images of austenite grain structure (a)-(c), OM images of martensite structure (d)—(f), and SEM images of an uncracked sample in surface region as well as
cracked samples in surface region and center region, respectively (g)-().

below 950 °C reported by [27], equilibrium segregation likely became as listed in Table 2, and the formation boride precipitates observed in
predominant in controlling the B segregation at PAGBs. Under the Fig. 7, indicate that the cracked steel was cooled below its critical
equilibrium segregation, B segregation at PAGBs increases at slower cooling rate.

cooling rate if boride precipitation is avoided [27]. The observation of B
excess at PAGBs in the cracked steel lower than that in uncracked steels,
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Table 2

Solute excess of the PAGBs of uncracked and cracked samples in Fig. 7 (atom/
2

nm<).

C B Mo P
Uncracked sample 15.76 2.22 1.68 0.09
Cracked sample (surface) 21.96 0.10 0.55 0.08

Cracked sample (center) Fe3C precipitates at PAGBs

4.2. Correlation between boron distribution at PAGBs and quench
cracking

Detailed SEM examination indicates that PAGBs are the main
microstructural feature directly correlated with quench-cracking of the
boron steel (Fig. 3). The PAGBs of the quench-cracked steel decorated
with Fe3C and Fe3(C, B) precipitates. In contrast, the PAGBs of the un-
cracked steel are segregated with boron atoms (Fig. 8). The formation of
these boron-containing precipitates consumed most of the boron atoms
segregated at the PAGBs, and hence the beneficial effect of boron
segregation at the PAGBs on the hardenability of the steel diminished.
Without sufficient B segregation at PAGBs of the cracked sample (Fig. 8),
the ferrite is able to form along PAGBs as observed in Fig. 5, with a
reduced fraction of martensite in the quenched structure. It has been
reported that the increased ferrite fraction in ferrite and martensite
duplex steel deteriorates the tensile strength and toughness due to the
strength difference between ferrite and martensite [28,29]. The forma-
tion of the soft ferrite phase is well correlated with the deterioration of
tensile strength of the cracked sample, as observed in Fig. 4a. Moreover,
the partitioning of carbon atoms between the newly formed ferrite and
the remained austenite due to the low solubility of carbon in ferrite
increase the carbon content in austenite with depressed martensite
transformation temperature. Formation of brittle FesC particles densely
distributed along the PAGBs with ferrite, as observed in the center re-
gion of the cracked steel (Fig. 7a), is easy for crack initiation under
plastic deformation and responsible for the significant decrease in
ductility of the steel. More FesC particles formed in the center region
than those in the surface region of the cracked steel are consistent with
the worse impact energy of the center region.

The steel without full martensite suffered with quenching cracking
along PAGBs when the internal stress from the thermal strain and vol-
ume changes of the phase transformation from austenite into martensite
[30,31] was greater than the ultimate strength of the steel. The deteri-
orated mechanical properties of the cracked steel with the formation of
ferrite and Fe3C on PAGBs made cracks easily to initiate and prorogate
along the PAGBs during quenching.

4.3. Correlation between processing factors and distribution of boron

As shown in Fig. 4a—c, the austenite grain sizes in the cracked sample
are much larger than that in the uncracked sample. According to
[32,33], the hardenability increases with increasing austenite grain size,
because the decrease of grain boundary area would reduce the sites for
the nucleation of ferrite and pearlite. On the other hand, the reduction of
grain boundary area will increase the solute segregation level per unit
area, which facilitates the precipitation on the PAGBs. In the uncracked
sample with the smallest austenite grain size ~6.4 pm, no boron-
containing precipitates but only segregation of boron atoms can be
found at PAGBs. However, in the surface region of the cracked steel with
a large austenite grain size ~12.6 pm, the boron-containing precipitates
formed and the boron segregation at PAGBs significantly decreased, as
shown in Table 2. The center position of the cracked sample has the
largest austenite grain size ~16.5 pm, with PAGBs without any boron
segregation. The coarse austenite grains in the cracked steel could form
due to longer holding in austenite region. Clearly, the enhanced hard-
enability of the cracked steel with the coarse austenite grains was
insufficient to ease the precipitation on the PAGBs, and the lost B
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segregation was probably due to insufficient cooling rate during the
quenching.

The cooling rate during quenching also influences the boron distri-
bution at PAGBs. It has been reported in [34] that no precipitates can be
observed on grain boundaries when steels are water-quenched (cooling
rate of 90,000 °C/min) after hot-rolling at 1300 °C. However, boron-
containing precipitates such as May3(C, B)g and BN can form on
austenite grain boundaries at relatively lower cooling rates. As shown in
Fig. 6, compared to the center position, the surface position of the
cracked steel has a less amount of precipitates formed, which suggests
that the inadequate cooling rate could be the main reason for the for-
mation of boron-containing precipitates and thus the quench cracking.

5. Conclusions

Multi-scale microstructural characterizations and mechanical prop-
erty tests were implemented on boron steels sheets (6 mm in thickness)
with/without quenching cracking to reveal microstructural origins for
quench cracking of the steel, with conclusions as follow:

1. Quench cracking of the steel sheet is brittle intergranular fracture in
nature, along prior austenite grain boundaries (PAGBs).

2. Microscopically, quenching cracking is highly related with the dis-
tribution of B in the microstructure of the steel. The segregation of
boron on the PAGBs is essential for easing quench cracking.

3. Formation of boron-containing precipitates Fe3(C,B) precipitates
consumed most B atoms segregated at PAGBs, and facilitated the
formation of ferrite and massive acicular-shaped FesC in the steel
during quenching. The quenched steel with the PAGBs decorated
with precipitates suffered with deterioration in mechanical proper-
ties and quench cracking as a result.

4. The insufficient cooling rate probably is the main reason for the
formation of boron-containing precipitates on PAGBs and thus the
quench cracking.
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