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In this study, the precipitation, aggregation, and dissolution behaviors of TiN inclusions on the
surface of liquid GCr15 bearing steel have been investigated by combining the observations of
confocal laser scanning microscope (CLSM) and field emission scanning electron microscope
(FE-SEM) with those obtained from energy dispersive spectrometer (EDS) and theoretical
analysis. The kinetic results show that the initial concentration of Ti and N are 0.0078 and
0.0049, respectively, the precipitation temperature is between 1640 K and 1680 K (1367 �C and
1407 �C), and the local cooling rate is between 0.5 and 10 K/s; TiN inclusion can precipitate
only when the solid fraction is higher than 0.847 and its precipitation radius is between 1 and
6 lm. The precipitation radius of a TiN inclusion in the GCr15 bearing steel sheet can be
reduced by decreasing the N content and increasing the cooling strength. The aggregation and
densification of multi-particle aggregated TiN inclusions are verified by CLSM observation and
theoretical analysis. The inclusions are aggregated by the cavity bridge force (CBF), and the
aggregated TiN is formed by solid-phase sintering. The results of force analysis show that CBF
plays a dominant role in the aggregation process of the inclusions. The atomic ratio of Ti and V
obtained by EDS is 18:1, which may melt TiN and form the liquid inclusion at 1688 K (1415 �C)
observed by CLSM. The theoretical analysis is conducted for the dissolution of the TiN
inclusions observed by CLSM, which shows that the dissolution of the TiN inclusions is related
to the size of the inclusions; the larger the size, the greater the dissolution rate. The long-strip
TiN inclusion may be formed by the Ostwald ripening of two TiN inclusions. The TiN
inclusions smaller than 3 lm in the GCr15 bearing steel may be formed by the dissolved Ti and
N generated by the dissolution of TiN.
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I. INTRODUCTION

THE GCr15 bearing steel is one of the most widely
used high-carbon chromium steels. It has strict require-
ments for the content, microstructure, and purity of steel
because of its special usage and service environment.
The non-metallic inclusions are the undesired sec-
ond-phase particles in the GCr15 bearing steel ingot.
The content and distribution of inclusions have a great
influence on the service life of the bearing steel; the
higher the amount of inclusions, the shorter the life.
With the continuous improvement of the smelting
technology, the control of oxide inclusions in the
smelting process has been significantly improved. How-
ever, it is still difficult to control some inclusions, such as
TiN and MnS, which precipitate during solidifica-
tion.[1,2] The TiN inclusion is one of the most danger-
ously rigid inclusions in the GCr15 bearing steel.
Fatigue cracks are easily caused during the usage and
rolling process in bearing steel because of the hardness
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and poor deformability of the TiN inclusions.[3] A
large-sized TiN is greatly harmful to the quality of steel,
whereas fine TiN can significantly improve the
microstructure and properties of the heat-affected zone
(HAZ) of the welded steel. Therefore, it is considered to
be a kind of inclusion that can play the role of an oxide
metallurgy inclusion.[4–7] Kanazawa et al.[8] observed
that fine TiN particles could significantly increase the
strength of the HAZ of a weld steel. Tomita et al.[9] used
the method of adding TiN-MnS composite precipitates
to improve the strength of the HAZ in ultralow-carbon
steel. TiN can induce the precipitation of acicular ferrite
(AF) and nail the grain boundary to prevent the coarse
grain.[10,11] TiN can induce MnS inclusion precipitation
during solidification, which is a good heterogeneous
nucleation site of AF due to its poor manganese area
around it.[12] However, in low-carbon steel, TiN will
dissolve at a temperature higher than 1623 K (1350 �C)
and lose its effect as the oxide metallurgy inclusion,[13,14]

because the effective size of an oxide metallurgy inclu-
sion is considered to be 0.2 to 3 lm.[15] Therefore,
keeping the size of the TiN inclusion within 0.2 to 3 lm
is the key in making it play the role of an oxide
metallurgy inclusion.

The in situ observation method is an effective way of
observing the aggregation and dissolution of inclusions
during solidification. Misra et al.[16] used the confocal
laser scanning microscope (CLSM) to study the precip-
itation behavior of TiN inclusions between the interface
of stainless steel and CaO-Al2O3-MgO-SiO2 slag. It was
observed that TiN does not dissolve easily at the steel
slag interface. The morphology of TiN varies with
temperature, and TiN precipitates can flow through a
liquid surface. Zhang et al.[17] employed CLSM to study
the effect of TiN inclusion particles on the strength of
the HAZ in a low-carbon steel. They observed that TiN
inclusions can significantly inhibit austenite growth at
1673 K (1400 �C). Wan et al.[18] studied the effect of
Al2O3, MnS, and TiN inclusions on the grain refinement
and precipitation of AF in the HAZ of a high-strength
low-alloy (HSLA) steel. However, there are not many
studies on the evolution of TiN inclusions in molten
steel. Yang et al.[19] observed the dissolution behavior of
TiN inclusions in the electroslag remelting (ESR)
process of the high-carbon steel GCr15SiMn ingot.
They suggested that TiN in a solid-liquid two-phase
zone of the electrode would be completely dissolved, and
TiN obtained during the remelting process is regener-
ated during solidification.

In this study, based on our previous study,[20] to verify
the aggregation and densification mechanisms and
investigate the dissolution behaviors of TiN inclusions,
the influence of kinetic conditions on the size of TiN
inclusions in the GCr15 bearing steel billet was further
analyzed. The aggregation and densification mecha-
nisms of the TiN inclusions were verified by observation
using the field emission scanning electron microscope
(FE-SEM) with energy dispersive spectrometer (EDS),
CLSM, and theoretical analysis. The dissolution and
Ostwald ripening behaviors of the TiN inclusions and
the formation of long-strip TiN were theoretically and
experimentally analyzed.

II. EXPERIMENTAL

A. Chemical Components Analysis

The GCr15 bearing steel billet was produced by the
BOF-LF-VD-CC process in a foundry, whose thickness
was 180 mm. The chemical compositions of the billet
were analyzed by chemical methods. The total content
of aluminum (Alt), titanium, chromium, and vanadium
were measured by inductively coupled plasma-mass
spectrometry (ICP-MS). The acid soluble aluminum
(Als) content was measured by the Chromazurol-S
spectrophotometric method, and the total oxygen
(O(T)) and nitrogen contents were measured using a
nitrogen-oxygen analyzer (Model: TC600, LECO
Corporation).

B. FE-SEM with EDS and CLSM

A cylindrical specimen with 8 mm diameter and 3 mm
height was cut by a wire-cut electric discharge machine.
The specimen was polished and observed using FE-SEM
(Model: ZEISS-RIGMA HD) with EDS (Model:
Oxford-X-Max 50 mm2). After the FE-SEM observa-
tion, the specimen was placed in a corundum crucible
with an inner diameter of 8 mm, outer diameter of 9
mm, and height of 3.5 mm, and then the crucible was
placed in a CLSM heating furnace (Produced by
Lasertec CO. Ltd. in Japan, Model:
VL2000DX-SVF17SP). The heating furnace was evac-
uated using a vacuum pump, and Ar gas was injected
into the heating furnace. After heating the specimen, the
evolution behaviors of TiN inclusions were observed in
the heating condition.
The observation area is approximately 242 9 242 lm.

After several heating tests for the GCr15 bearing steel,
the heating curve was determined. We observed that the
steel grade surface was melting at 1673 K (1400 �C), and
the TiN inclusion dissolved when the temperature range
is between 1673 K and 1743 K (1470 �C). The temper-
ature control curve of the specimen is shown in
Figure 1. Between 0 and 180 seconds, the heating
temperature was 40 �C/min to ensure that the crucible

Fig. 1—Temperature controlling profile for in situ observation of the
inclusion.
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does not crack by sudden heating. During this process,
when the temperature reached 393 K (120 �C), it holds
the temperature for 8 seconds. Further, the heating
temperature was set at 350 �C/min to make sure that the
TiN inclusion can be observed quickly in a mushy zone
of molten steel; this process cost 220 seconds. The
solidus temperature of the GCr15 bearing steel is
1603 K (1330 �C), which is calculated in Section IV–A.
To observe the motion process and the morphology
change of TiN inclusions, the temperature was main-
tained for 30 seconds. A low heating temperature of
30 �C/min was employed to observe the evolution
behavior of the TiN inclusions in the solidification
front. When the temperature reached 1743 K (1470 �C),
it was maintained for 30 seconds to observe the evolu-
tion behavior of TiN inclusions in a temperature higher
than the solidus temperature. The multistage cooling
method was used to prevent a sudden drop in temper-
ature that could result in the cracking of the crucible. At
the first stage, the cooling rate was � 50 �C/min. When
the temperature decreased to 1598 K (1325 �C), the
temperature was maintained for 30 seconds to observe
the surface state of the GCr15 bearing steel during the
solidification process. After the observation, the same
cooling rate is maintained until the temperature came
down to 1473 K (1200 �C). A high cooling rate of
� 500 �C/min was used to decrease the temperature of
the steel specimen.

III. RESULTS

A. Chemical Components of GCr15 Bearing Steel

The concentration of the components in the GCr15
bearing steel billet was obtained by chemical analysis, as
shown in Table I. The concentration of Ti andN are more
than an average value in a general GCr15 bearing steel,
which may increase the number of TiN inclusions. The V
content is a little higher than that of Ti, which may make
the generation of a solid solution of Ti and V possible. The
difference between (Alt) and (Als) is 0.001 mass pct, which
means the concentration of the dissolved Al is low in
molten steel. Further, O(T) can be controlled in
0.001 mass pct, which also reflects that the deoxidization
reaction of Al is good in the smelting process.

B. Morphologies and Elements Mapping of TiN
Inclusions

The morphologies of TiN inclusions were obtained
using the FE-SEM, and the chemical compositions (in
atomic percent) and elements mapping of inclusions
were acquired using the EDS, as shown in Figures 2 and

3. The inclusions in Figure 2 are named single-particle
TiN inclusions, with irregular shape and sharp angles,
and their size range is between 2 and 20 lm. The
long-strip TiN inclusion in Figure 2(d) has a length of
approximately 15 lm. The inclusions in Figure 3 are
named multi-particle aggregated TiN inclusions, with
strip shape and there are some small inclusions at the
tail, and the size is bigger than 20 lm. Such TiN
inclusions may be the intermediate state of the aggre-
gation process of multi-particle aggregated TiN
inclusion.
According to the chemical compositions and elements

mapping of the inclusions, the TiN inclusions are
formed not only from Ti and N, but also from V, and
the ratio of the inclusion in Figure 3(e) is approximately
18:1. This means that both single-particle and mul-
ti-particle aggregated TiN inclusions may be the
solid-solute inclusions, i.e., (Ti,V)N inclusions. To
clarify the formation mechanism of such TiN inclusion,
it is necessary to study its evolution behavior in a high
temperature using the CLSM.

C. Precipitation, Aggregation, and Dissolution Behaviors
of the TiN Inclusion

In the heating process produced by CLSM, the
evolution behaviors of the TiN inclusions (the inclusions
in Figure 3(e)) are shown in Figure 4. The heating
process of the specimen began at 298 K (25 �C), and the
TiN inclusions observed by the FE-SEM are named A
and B1, respectively, and shown in Figure 4(a). Based
on the morphologies and size of inclusions A and B1,
and the scratch shown in both Figures 3(e) and 4(a), it is
easy to discern that A and B1 are the solid-solute
(Ti,V)N inclusions.
When the temperature reaches 1618.8 K (1345.8 �C),

the heating time is 358.84 seconds, and the surface of the
bearing steel gradually melts from the grain boundary
(GB). The sharp angle at the right side of inclusion A
separates the GB on the surface of steel, as shown in
Figures 4(b) and (c). This phenomenon suggests that the
TiN inclusion plays the role of pinning the GB. With
temperature rising to 1680.6 K (1407.6 �C), the heating
time is 389.13 seconds, and the surface of steel around
inclusions A and B1 gradually melts until they are
completely exposed between the interface of the GCr15
bearing steel and Ar gas, shown in Figure 4(d). When
the temperature is 1680.5 K (1407.5 �C), the heating
time is 389.45 seconds, on the right side of inclusion B1,
there is an inclusion formed by element diffusion, B2, as
shown in Figure 4(e). It is not obvious because the
inclusion is not large in quality and size, and the
pressure on the inclusion B2 is not significant. With the
continuous diffusion of elements, it gradually grows up.

Table I. Chemical Components of the GCr15 Bearing Steel Billet (in Mass Percent)

Component C Si Mn P S Ti Cr V N Als Alt Ca O(T)

Concentration 1.01 0.25 0.36 0.012 0.0014 0.0078 1.46 0.0099 0.0049 0.011 0.012 < 0.005 0.0009
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In Figure 4(f), the long-strip inclusion B2 can be
observed, with a length of approximately 10 lm. At
this time, the distance between inclusions A and B1 is
obviously less than that between B1 and B2. However,
with the movement of the inclusions on the molten steel
surface, inclusion B1 gradually moves to B2 and fuses
with it to form the inclusion B at 401.82 seconds. The
size of the inclusion B is larger than B2, with a length of
approximately 17 lm. The movement process is shown

in Figures 4(g) and (h). As the heat preservation process
was conducted, at the heating time of 406.74 seconds, an
inclusion named C under the liquid steel floats to the
surface with a steady geometry state due to the effect of
buoyancy, as shown in Figure 4(i). According to the
morphology of inclusion C, it is similar to the inclusion
observed in Figure 2(a); therefore, inclusion C may be a
TiN inclusion. As shown in Figure 4(j), inclusion C has
the shape of convex, and it connects with the tail of

Fig. 2—Typical single-particle TiN inclusions in the GCr15 bearing steel. (a), (b), (c), and (d) are the inclusions with chemical compositions (in
atomic percentage).

Fig. 3—Morphologies, chemical compositions (in atomic percentage), and elements mapping of the multi-particle aggregated TiN inclusions. (a)
and (b) are the inclusions with chemical compositions; (c), (d), and (e) are the inclusions with chemical compositions and elements mapping.
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inclusion A in a short time. The aggregated inclusion is
named inclusion A+C. The inclusion A+C has the
tendency of moving toward inclusion B. At 408.20 sec-
onds, the temperature is 1679.3 K (1406.3 �C), the top
of inclusion C contacts with inclusion B, and the left
angle connects with inclusion A forming a shadow area,
which is called a cavity bridge, as shown in Figure 4(k).
Under the influence of temperature fluctuations, the
temperature in the heating furnace is reduced. The
surface tension of the molten steel in the liquid phase
increases, and the cavity bridge becomes slender, as
shown in Figure 4(l). At 414.52 seconds, the tempera-
ture is 1673.3 K (1400.3 �C), and the cavity bridge

between inclusions A and C breaks up, as shown in
Figure 4(m). When the temperature is restored to a
stable state, a cavity bridge will be formed between
inclusions A and C. The cavity bridge will induce the tail
of inclusion A to be close to inclusion C, and the
contacted part of inclusions A and C will form a
solid-phase sintering zone (SPSZ).[20] At this time, there
is a small amount of liquid inclusion (L-I) on the right
side of inclusion C, which may be the solid-solution L-I,
and this process can be seen in Figures 4(n) and (o). The
inclusions A and C continue to be sintered and
coarsened as inclusion A+C in SPSZ, as shown in
Figure 4(p).

Fig. 4—Aggregation process of TiN inclusions observed by CLSM. (a) through (d) Melting process of the matrix. (e) and (f) Precipitation
process of inclusion B2. (g) through (p) Aggregation process of inclusions A and C.
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The dissolution process of inclusion A is shown in
Figures 5(a) through (c), and the temperature change is
only 4 K. At 462.47 seconds, inclusion A is completely
dissolved; at the same time, there are some L-I appear-
ing at the right side of inclusion C. It can be inferred that
the L-I may be the liquid phase of the (Ti, V)N
inclusion. As the temperature increases, the edge of
inclusion A+C continues to dissolve, the size of
inclusion A+C gradually decreases, and its distance
with inclusion B increases. The morphology of inclusion
B changes from ellipse to a long strip, and the size
increases. When the inclusion A+C completely disap-
pears, the length of inclusion B can reach approximately
23 lm, and the dissolution process of inclusion A+C is
shown in Figures 5(c) through (g). In the subsequent
cooling process, the long-strip TiN-contained inclusion
is separated from the observation field due to the
significant fluctuation of the liquid surface. Without
changing the field of view, a large inclusion of unknown

composition is formed during the cooling process, which
results in the formation of a cavity in the process, as
shown in Figure 5(h). When the temperature drops to
1296.1 K (1023.1 �C), as shown in Figure 5(i), there are
some reprecipitated inclusions (R-I) around the cavity.

IV. DISCUSSION

A. Precipitation Kinetics of TiN Inclusion

The reaction equation for the precipitation of TiN
inclusions can be expressed as follows:

½Ti� þ ½N� ¼ TiNinclusion: ½1�
According to the concentration of the components in

the billet, employing the calculation parameters and
equations in the previous study,[20] the solidus and
liquidus temperatures (1603 K and 1724 K [1330 �C and

Fig. 5—Dissolution behavior of TiN inclusions observed by CLSM. (a) through (c) Dissolution process of inclusion A. (c) through (g)
Dissolution process of inclusion A + C. (h) and (i) Solidification of matrix and reprecipitation behaviors of R-I.
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1451 �C]), the precipitation solid fraction of TiN inclu-
sions (0.847), and its corresponding temperature of
1640 K (1367 �C) can be obtained, respectively.

Based on the nucleation work equation of inclusions,
Eq. [2],[21] the precipitation of TiN inclusions is deter-
mined by the degree of supercooling (from the precipita-
tion temperature of TiN inclusion) and the
supersaturation (S*) of the dissolved elements in the
cooling process. According to equilibrium partition
coefficient of Ti and N (kTi = 0.33 and kN = 0.48),[22,23]

Ti and N are the positive segregation elements, and they
can constantly enrich the solidification front that leads to
an actual concentration product,QTiN, being greater than
the theoretical concentration product of TiN inclusion,
KTiN. Therefore, the supersaturation (S* = QTiN/KTiN)
in solidification front is definitely greater than 1. That
means the degree of supercooling is the main limiting
condition for the nucleation of the TiN inclusion. The
relationship between the degree of supercooling and the
local cooling rate Rc in solidification front can be
expressed as Eq. [3].[24]

DG
� ¼ 16p

3
� c3PLV

2

RDT lnS�ð Þ2
½2�

dDT
dRc

¼ DT

Rc � 1þ AfðhÞc3
PL
T2
l

DH2
V
j

� 2Tl�3DT
DT2ðTl�DTÞ

� � ; ½3�

where DG�, cPL, V, Rc, A, fðhÞ, DHV, j, and Tl denote
Gibbs nucleation free energy, interfacial energy
between inclusion and liquid Fe, molar volume
(cm3 mol�1), local cooling rate, nucleus shape factor
(3/16p for a spherical nucleus), catalytic factor, heat of
fusion, Boltzman constant (1.38 9 10�16 erg K�1), and
liquidus temperature of steel, respectively.

In a continuous casting process of slab, the secondary
arm spacing is generally between 200 and 500 lm. When
it is 200 lm, Rc is 0.5 K/s, and the relationship between
the secondary arm spacing L and Rc can be expressed as
Eq. [4].[25] In the thin slab continuous casting process,
the secondary arm spacing is between 52 and 180 lm,
when the average secondary arm spacing is 99 lm, the
cooling rate is approximately 5 K/s.[26] Rc is set as 0.5, 1,
5, and 10 K/s, which covers the range of actual local
cooling rate, and is suitable to discuss the precipitation
law of TiN inclusion under different degrees of super-
cooling and precipitation temperature. According to the
chemical compositions of the billet and the determined
Rc, combining with the calculated temperature (1640 K)
and the precipitation temperature (1680 K) of inclusion
B2 observed by CLSM, the precipitation temperature
used to calculate the radius of TiN particle were set as
1640 K, 1660 K (1387 �C), and 1680 K. The theoretical
precipitation radius of the TiN inclusion can be
expressed as Eq. [5], and the relationship between the
radius and the solidification fraction is shown in
Figure 6 (the unit of r was converted from cm to lm).
s denotes the local cooling time, s, which is described by
Eq. [6].

L ¼
169:1� 720:9� ½pct C�ð Þ � R�0:4935

c ; 0<½pct C� � 0:15ð Þ
143:9� ½pct C� 0:5501�1:996½pct C�ð Þ � R�0:386

c ; ½pct C�>0:15ð Þ

(

½4�

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ms

50Mm
� qm

qs
�DN � ½pct N�L � ½pct N�e

� �
� s

s

½5�

s ¼ Tl � Ts

Rc
; ½6�

where r, Ms, and Mm denote the radius of the particle
(cm), molar mass of TiN (62 g/mol), and molar mass
of melting steel (56 g/mol), respectively. qs and qm
denote the density of TiN (5.43 g/cm3) and density of
molten steel (7.07 g/cm3); DN denotes the diffusion
coefficient of N in molten steel, 3.91 9 10�6,
4.54 9 10�6, and 5.25 9 10�6 cm2/s for 1640 K,
1660 K, and 1680 K, respectively; [pct N]L and
[pct N]e denote the mass fraction of N during the
solidification of molten steel and the mass fraction of
N in equilibrium with TiN (mass pct), respectively; Rc

is the local cooling rate (K/s); Ts and Tl denote the
solidus and liquidus temperatures (K) respectively.
The calculation results show that at the same local

cooling rate, with the precipitation temperature of TiN
decreasing, the precipitation of TiN size increases due to
the increase of TiN inclusion precipitation at a low
temperature. At the same precipitation temperature,
with the decreasing of local cooling rate, the precipita-
tion size of TiN increases, because the TiN inclusion
precipitated at low solid fraction gradually grows up.
When the solid fraction approaches the value 1 and the
local cooling rate is 10 K/s, the minimum precipitation

Fig. 6—Relationship between the precipitation radius of particles
and the solid fraction at different precipitation temperatures and
local cooling rates.
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radius of the TiN inclusion is approximately 1 lm.
When the local cooling rate is 0.5 K/s, the maximum
precipitation radius of the TiN inclusion is approxi-
mately 6 lm. In the temperature range between 1640 K
and 1680 K, with the precipitation temperature increas-
ing, the growth rate (the slope of growth curve) of the
TiN inclusion increases. According to Eq. [2], in the
determined compositions of the molten steel, the radius
of the TiN inclusion is mainly decided by the concen-
tration and diffusion coefficient of N. Furthermore, in
the same temperature condition, the diffusion efficiency
of N is greater than that of Ti. For instance, when the
temperature comes down to 1680 K, the diffusion
coefficients of N and Ti are 5.25 9 10�6 and
2.36 9 10�9 cm2/s in c-phase (Dc

Ti ¼ 0:15exp
ð�250956= RTÞ and Dc

N ¼ 0:91expð�168490=RTÞ[2]),
respectively. Thus, the growth rate of the TiN inclusion
is related with the kinetic conditions of the molten steel,
and the most important condition is the diffusion of N.
When the local cooling rate ranges between 0.5 and
10 K/s, the radius of TiN inclusion ranges between 1
and 6 lm. This is consistent with the size of the
single-particle TiN inclusions observed by FE-SEM.
After the solid fraction of the molten steel is greater than
0.847, the TiN inclusion can precipitate in GCr15
bearing steel. Therefore, the final size of TiN can be
reduced by reducing the concentration of Ti and N
(mainly reducing the content of N) and increasing the
solidification rate.

B. CBF Mechanism of TiN Inclusion Aggregation

According to the observation of the TiN aggregation
process, as shown in Figure 4, it is concluded that the
aggregation process contains three stages: the inclusions
are adsorbed and aggregated by the cavity bridge force
(CBF) generated due to the cavity bridge; collision
coarsening occurs around the neck region of the
aggregated inclusions; and inclusions and new precipi-
tates are sintered in a solid-phase state. The schematic
diagram of the aggregation process of two isodiametric
sphere particles with sharp angles is shown in Figure 7.
The initial stage is based on the cavity bridge theory
proposed by Sasai.[27,28] Two single-particle TiN inclu-
sions are present: one is the host inclusion, which does
not move on the surface of the liquid steel, and the other
is the guest inclusion, which has a moving velocity of
VG. At a determined distance d (depended on the radius
of inclusions, Rp), expressed as Eq. [7], a cavity bridge
without liquid steel will be formed between the two
inclusion particles. Under the influence of the cavity
bridge, a CBF will be formed between the two inclusion
particles. During aggregation, the radius of curvature of
the cavity decreases and CBF increases continuously.
The coefficient of CBF increases from 1.54 to 1.88. In
aggregation, the moving state of inclusion keeps it
moving in the way of minimum resistance. Therefore,
due to the angles of TiN inclusions, the most ideal
collision way is the angle collision. This is in agreement
with the experimental phenomena observed in CLSM,
which are shown in Figures 4(j) through (o). The

aggregation time of inclusions is very short because of
the dominant effect of CBF provided by the cavity
bridge. As shown in Figures 4(n) and (o), the time is
only of 0.7 seconds; thus, the precipitation of TiN
during the movement of elements is weak during such a
short movement, and it is unobservable in CLSM.
The intermediate stage: when two TiN inclusions

collided due to the influence of molten steel surface
tension and the low wettability between the molten steel
and TiN inclusions, a tiny cavity between the inclusions
and molten steel will form. The instantaneous velocity of
the guest inclusion becomes VG¢. This is consistent with
the experiment reported by Nakamoto,[29] as shown in
Figure 7(b). Due to the continuous aggregation of Ti
and N in the solidification front, a large number of Ti
and N can enrich near the cavity, and the nucleation site
is around the junctional area of the molten steel, cavity,
and inclusions. The difference in the internal compo-
nents of the two inclusions causes the solid-phase
sintering to occur between the two inclusions. Lumley
et al.[30] and Xuan et al.[31] reported the angle contact
solid-phase sintering phenomenon. The angle contact
sintering phenomenon resulted in the disappearance of
the cavity, while the newly precipitated TiN growing in
the neck region of the two inclusions (the green parts in
Figures 7(c) and (d)) denotes the newly precipitated
TiN. The common velocity of host and guest inclusions
is VH+G. There is a certain concentration difference
between each phase, which makes the concentration
transfer of Ti and N between each phase to occur, and
the mass transfer paths of Ti and N are shown as white
lines in Figure 7(d). The phenomenon of the TiN
inclusion nucleation around the cavity is collision
coarsening, which can be observed in CLSM, as shown
in Figure 4(p).
The final stage: as TiN inclusion constantly precipi-

tates in the neck region of the inclusions, it will grow
until it becomes a stable arc surface, which is formed by
the interfacial tension of molten steel and inclusions.
There is a concentration difference among the newly
precipitated TiN, the host inclusion and the guest
inclusions, and the solid-phase sintering reaction
(SPSR)[20] will occur to form a stable connected TiN
inclusion, which is shown as stage 3 in Figure 7.
In the in situ observation, there are two TiN inclu-

sions with different sizes on the surface of the molten
steel. A schematic diagram of the action forces of the
two inclusions in the SPSR process is shown in Figure 8.
In the adsorption process of the two inclusions, the host
inclusion is with a radius of R1 and the guest inclusion is
with a radius of R2. In the mutual movement process,
the velocity of guest inclusion V2 is far greater than that
of the host inclusion V1; thus, V1 can be ignored as 0.
The surface sinking of the molten steel is caused by the
formation of CBF, as the shadow part marked in
Figures 4(l) and (n). At a certain temperature, the
surface tension of the molten steel can be expressed as
Eq. [8]. The surface tension of the molten steel is
determined to be 2 N/m during the calculation of the
aggregation process of inclusions. In the aggregation
process, the aggregation force of the single inclusion on
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the molten steel surface is mainly the CBF (FC, N),
which is expressed as Eq. [9], whose minimum coefficient
is 1.54 and the maximum coefficient is 1.88. Without
considering the effect of angle on the aggregation of the
movement, CBF is proportional to the molten steel
surface tension rFe and the inter-particle spacing of d.
The steel surface resistance impeding the inclusion
movement (Ff, N), which is related to the surface
viscosity of molten steel, lFe = 6.7 9 10�3 Pa s (Pa =
N/m2),[32] area of the inclusion on the molten steel
surface (S, m2), ratio of the velocity variation in x
direction (DVx, m/s), and displacement in the y direction
(Dy, m), is expressed as Eq. [10]. The surface tension of
the molten steel (Fr, N), which is the sum action force of
tension on the surface, is expressed as Eq. [11]. In
molten steel, due to the density difference of inclusion

and molten steel, the surface tension on inclusions is
characterized by the buoyancy (Fb, N), as Eq. [12]. The
gravity of inclusion (FG, N) is related to the density of
TiN (qTiN, Kg/m3), inclusion volume (Vinclusion, m

3), and
acceleration of gravity (g, N/Kg), which is expressed as
Eq. [13]. The force analysis of the inclusion process is
conducted under the assumption of two sets of different
parameters. The inclusion velocity is determined accord-
ing to the displacement and time observed in CLSM.
The first set is the aggregation process between two
isodiametric spherical inclusions with the same diame-
ter, R1 = R2 = 10 lm and V1 = V2 = 10 lm/s, and
based on the observation results, Dy is approximately
5 lm. The two particles are in the same state of force
and motion. The second set is the aggregation of two
different size particles, the large size particle radius is
10 lm, R1 = 10 lm, and the small size particle radius is
3 lm, R2 = 3 lm; the corresponding velocities are 0
and 20 lm/s, i.e., V1 = 0 and V2 = 20 lm/s, respec-
tively. Ff is mainly affected by velocity considering the
motion particle as a calculation object, that is, the
calculation results are the force parameters of R2. The
main action force parameters and results of the particle
aggregation process are shown in Table II.
The calculation results show that, under an ideal

condition, the CBF between inclusions plays a dominant
role in the movement of inclusion particles. The mag-
nitude of CBF is far greater than that of the other
forces. Under the non-ideal conditions, FC, Fr, and Ff

are not strictly distributed in the direction of x or y. For
example, Fr may form an angle of less than or greater
than 90 deg with FC because of the change in

Fig. 7—Schematic diagram of the motion process of spherical inclusions with sharp angles. (a) Aggregation process of the two particles, (b)
precipitation process of Ti and N in the junctional area, (c) precipitation process of Ti and N on the newly precipitated TiN, and (d)
densification process by SPSR.

Fig. 8—Schematic diagram of the action force on the different size
spherical particles with sharp angles.
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temperature. This means that Fr may play a role in
promoting or hindering the adsorption of inclusions.
However, the CBF plays a dominant role in magnitude,
even if all other forces act as resistance; thus, the
dominant role of CBF will not be changed. Further, if
the CBF between two inclusions is generated, aggrega-
tion and SPSR will occur.

d ¼ 0:14Rp ½7�

rFe ¼ 2:858� 0:00051T ½8�

FC ¼ ð1:54� 1:88Þ � d� rFe ½9�

Ff ¼ lFeS
DVx

Dy
½10�

Fr ¼ rFe � S ½11�

Fb ¼ qFeVinclusiong ½12�

FG ¼ mTiNg ¼ qTiNVinclusiong: ½13�

C. Mechanism of TiN Inclusion Dissolution

Based on the chemical compositions of TiN inclu-
sions, Ti and V have good solid solubility. From
Figures 5(a) through (c), the L-I may be a liquid
(Ti,V)N inclusion. The melting point of pure TiN and
VN is 3203 K and 2593 K (2930 �C and 2320 �C),
respectively.[33,34] The solid-solution stoichiometry ratio
of Ti and V is not determined, and the solid solution of
V can still affect the melting point of the solid solution.
The dissolution process of the TiN inclusion observed
by Yang et al.[18] did not show L-I in GCr15SiMn steel,
because there is no solid-solution element V in the
element mapping and the chemical compositions results
of TiN inclusions in their study. Therefore, according to
the TiN dissolution process shown in Figures 5(a)
through (g), the dissolution behavior of TiN can be
summarized as follows. At the left side of inclusion
A+C formed after SPSR, inclusion A gradually melts

and becomes L-I. Affected by the surface tension of
molten steel and the gravity of inclusion C, there will be
a ring void formed around inclusion C. After L-I floats
into the ring void, inclusion C will be wrapped by L-I
and dissolve gradually. In the dissolution process of
inclusion A+C, the position with angle will dissolve
first, and inclusion A+C becomes a rotundity. Further,
it will simultaneously dissolve in all directions. In the
heating process, as shown in Figures 5(c) through (g),
with the gradual dissolution of inclusion A+C, the
length of inclusion B increases gradually. This process is
a typical Ostwald ripening phenomenon. In a unit
thermal cycle, the specific form of Ostwald ripening
mechanism is different in different stage.[35,36] Although
the size of inclusion A+C is larger than inclusion B, in
the Ostwald ripening process, the diffusion of elements
plays a dominating role in the dissolution process, which
forms the dissolution of inclusion A+C and the growth
of inclusion B. The schematic diagram of the Ostwald
ripening process between inclusions B and A+C is
shown in Figure 9. As the dissolved elements continu-
ously diffuse to inclusion B, the van der Waals force is
formed between inclusions B and C, which makes
inclusion A+C moving to the opposite direction of
inclusion B. The van der Waals force can be expressed as
follows[37]:

FvwðdBCÞ ¼ � AHrBrC
ðrB þ rCÞ � dBC

; ½14�

where AH denotes the Hamaker coefficient, which is a
constant (10�19–10�20 J) that depends on the material
properties (it can be positive or negative in sign depend-
ing on the intervening medium); dBC denotes the dis-
tance between inclusions B and C; and rB and rC denote
the radius of inclusions B and C, respectively.
The quantitative model of the Ostwald ripening

mechanism is extremely cumbersome, and there are
many derivatives for it. As a result, scholars have used
different methods to calculate the relationship between
the material coarsening, dissolving, and the time.
Lifshitz and Slyozov[38] have used a mathematical
analysis method to derive the relationship between the
particle size and the time in dissolution process.

r3t � r30 ¼
8rV2

mDCs

9RT
t; ½15�

where rt is the radius of the particle after the reaction
time t (cm), r0 is the radius of the particle before reac-
tion (m), Vm is the molar volume of particle
(cm3/mol), VTiN = 11.53 cm3/mol; Cs is the mean

Table II. Summary of Main Action Force Parameters and Results in Particles Motion Process

Parameters FC (9 10�6 N) Ff (9 10�12 N) Fr (9 10�13 N) FG (9 10�9 N)

1 R1 = 10 lm, R2 = 10 lm
V1 = 10 lm/s, V2 = 10 lm/s

7.112 8.415 2.228 1.256

2 R1 = 10 lm, R2 = 3 lm
V1 = 0, V2 = 20 lm/s

2.134 1.515 0.060 0.113
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solute concentration in the matrix (mass pct), r is the
surface free energy of particle (J/cm2), D is the diffu-
sion coefficient of elements (cm2/s), and t is the phase
transition time (s). R is the universal gas constant,
8.31 J/(mol K), and T is the absolute temperature (K).

Wagner[39] expressed the Ostwald ripening mechanism
as

�r2 ¼ 64rCsDV2
mks

81RTl
t; ½16�

where �r is the average radius of particle (cm) and ks is
the reaction rate constant (cm/s).

Aaron[40] expressed the Ostwald ripening mechanism
as

r2t � r20 ¼ �2� ðCr � CsÞ �D� t

Cp � Cr
; ½17�

where Cp is the solute concentration in the particle
(mass pct) and Cr is the interface concentration of
matrix (mass pct).

The kinetic equations mentioned above can be
expressed in the following general forms[41]:

dr

dt
¼ � Cr � Cs

Cp � Cr
� D

r

� �n

½18�

Ck ¼
Cr � Cs

Cp � Cr
: ½19�

When Ck> 0, and Cr is larger than Cs, particles
dissolve; when Ck< 0, and C is smaller than Cs,
particles grow. Moreover, when Ck = 0, the process
of particle coarsening and dissolution is in equilibrium.
Moon et al.[42] reported that the stability of the particles
is determined by the temperature of its solid solubility
curve. The particle can nucleate and grow at a temper-
ature below the solid solubility curve until their fraction
reaches the equilibrium fraction. The coarsening of
particle is caused by the decrease of the surface energy
between particles. At the same time, the size and
distribution of the particle need to be reconsidered.
The concentration of solute at the interface corresponds

to the concentration of the matrix. That is, the particle is
neither coarsened nor dissolved. This size can be defined
as the critical particle size at a given temperature:

rcr ¼
2rVm

RT
ln

Cs

C1

� �� ��1

; ½20�

where rcr is the critical radius of the particle (m) and
C¥ is the equilibrium concentration of solute atoms
(mass pct).
In the processes of actual production and in situ

observation because the dissolution of (Ti,V)N inclusion
is in the temperature-changing environment, the influ-
ence of changing temperature on inclusion size cannot
be accurately reflected by the methods mentioned above.
Therefore, according to the phase transformation law of
particle in molten metal,[43–46] under the changing
temperature, the relationship among the system temper-
ature, the size of TiN inclusion, and the reaction time
was calculated at the determined concentration of Ti
and N in GCr15 bearing steel based on the concentra-
tion product of Ti and N and Eqs. [21] through [23].

½pct Ti�int ¼ ½pct Ti�bulk

�mTi

mN

DN

DTi

� �1
2

� ½pct Ti�bulk � ½pct Ti�int
� �

½21�

c�¼ ½pct N�bulk � ½pct N�int
½pct N�inc � ½pct N�int

½22�

riþ1 � ri ¼ c� � DN

ri
þ DN

pt

� �1
2

" #
� Dt; ½23�

where [pct Ti]int and [pct N]int denote the concentra-
tion of Ti and N in solidification front of molten steel
(mass pct), respectively, [pct Ti]bulk and [pct N]bulk
denote the concentration of Ti and N in bulk steel
(mass pct), respectively, [pct N]inc denotes the concen-
tration of N in inclusions (mass pct), and Dt denotes
the time step of inclusion size from ri to ri+1 (s). The
calculation results are shown in Figure 10, and the
curves are called time-temperature-transformation
(TTT) diagram (df is the final size of particle, defined
as 1 pct of d0).
According to Figures 5(c) through (g), the disappear-

ing times of inclusion A+C are 35, 16, 6, and 1 seconds,
respectively, from the initial radii of 11, 8, 5, and 4 lm,
and the corresponding temperatures are 1688 K,
1688 K, 1702 K, 1704 K, and 1705 K (r = 0). Accord-
ing to the TTT curves, their phase transition times are
39, 21, 8, and 4 seconds (difference of time from
maximum equilibrium position to corresponding tem-
perature), as shown in Figure 10. The observed phase
transformation time is in great consistence with the
calculated results, which reflects that the dissolution of
TiN inclusion conforms to the Ostwald ripening reac-
tion to a certain extent. In the dissolution process of

Fig. 9—Schematic diagram of the Ostwald ripening process between
the TiN inclusions (the black arrows indicate the diffusion of the
elements to inclusion B and the white arrows indicate the diffusion
of the elements to molten steel).
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inclusion A+C, inclusion B is regarded as a cylinder
with a radius of 1 lm, which is grown from 8 to 23 lm
in length. Its growth equivalent (calculated in volume)
can be regarded as a spherical inclusion grown from 6 to
17 lm in radius. The change of volume is just about half
of the amount of volume of inclusion A+C. The reason
for this failure to meet the Ostwald ripening reaction is
mainly caused by the diffusion of Ti and N which is not
completely spread to the inclusion B during the element
diffusion process, and half of them diffuse into the
molten steel. Therefore, the growth efficiency of inclu-
sion B could not reach the equivalent amount of
dissolution of inclusion A+C, and the schematic
diagram of element diffusion process is shown in
Figure 9. According to the observation of Figures 5(g)
through (j), the generation process of long-strip TiN
inclusion B was observed in solidification front. Jin
et al.[47] have calculated the thermodynamic properties
of TiN in medium carbon steel, and they believe that the
formation of long-strip TiN is mainly attributed to the
high concentration of Ti and N in molten steel.
According to the analysis for the Ostwald ripening
dissolution of inclusions A+C, the formation of long-
strip TiN is caused by the increase of the concentration
of Ti and N in a local region due to the dissolution of
TiN inclusions in GCr15 bearing steel. The long-strip
inclusion B (TiN contained) is generated by the reaction
of Ti and N diffusing during the process of Ostwald
ripening.

According to the traditional analysis of the TTT
curve, it is considered that in the single dissolution
process of a inclusion particle, the dissolution of atoms
from the particles and the diffusion rate to the sur-
rounding molten steel are uniform, that is, a single TTT
dissolution curve for a single dissolution process. To a
certain extent, it can reflect the law of material dissolv-
ing process. However, in an actual process, with
gradually dissolving of the particles, the concentration
gradient of Ti and N around the particles has changed.
First, the concentration gradient between particles and
solvent is large, and the dissolution can be carried out
easily. Further, with the increase of the concentration in

matrix and the decrease of the concentration gradient,
the dissolution process becomes difficult to be carried
out. Therefore, greater superheat is required to maintain
the diffusion rate of Ti and N, and the completely
dissolving time of the particle is infinite. Hence, the
dissolution process of a particle is a non-linear process.
Thus, the temperature of the phase transition point
increases as the particle size decreases. As mentioned
above, employing the multiple TTT curves to charac-
terize a single dissolution process is more consistent with
the reality, that is, the multiple TTT dissolution curves
for a single dissolution process. Based on the discussion
above, the relationship between dissolution of TiN and
its size can be formed; the larger the size, the greater the
dissolution rate.
In molten steel, a part of Ti and N generated by the

dissolution of inclusion A+C will precipitate again as
R-I during subsequent solidification, and the precipita-
tion temperature of R-I is approximately 1296 K
(1023 �C), as shown in Figure 5(i). As the solidification
process continues, the channels around the large inclu-
sion divide the visual field into four areas, as shown in
Figure 11. In these areas, the inclusions precipitate in
large quantities; the black inclusions precipitate first,
and then the gray inclusions precipitate. Some gray
inclusions precipitate around the black inclusions wrap
them up. According to the previous reports[2,9,48–50] and
the thermodynamic calculation of TiN (in this study)
and MnS (in previous study)[20] combining the observed
experimental phenomena, it can be assumed that the
black inclusions are TiN and the gray inclusions are
MnS. Around MnS inclusion, manganese-depleted zone
(MDZ) will be formed. MDZ has the ability to induce
the formation of AF, which can improve the microstruc-
ture and properties of steel. Nevertheless, there could be

Fig. 10—TTT curves for TiN inclusion, whose d0 is 11, 8, 5, and
4 lm, respectively.

Fig. 11—Reprecipitated fine inclusions in the cooling process (the
red arrows refer to the complex inclusions of TiN-MnS, and the blue
arrows refer to MnS inclusions) (Color figure online).
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great differences (components and content, element
diffusion, temperature, etc.) between high-carbon steel
and low-carbon steel at non-equilibrium conditions. The
effects of heterogeneous nucleation sites, addition of
alloying elements, elements diffusion rate, and nucle-
ation location of inclusions on the microstructure and
mechanical properties of the GCr15 bearing steel and
other high-carbon steels would be verified by mechanical
testing in the further studies.

V. CONCLUSION

In this study, based on the kinetic calculation results,
chemical analysis, morphology, and in situ observations,
the precipitation, aggregation, and dissolution behaviors
of the TiN inclusions in GCr15 bearing steel have been
studied. The main conclusions are as follows:

1. When [pct Ti] = 0.0078 and [pct N] = 0.0049, the
precipitation temperature is between 1640 K and
1680 K and the local cooling rate is between 0.5 K/s
and 10 K/s. The single-particle TiN inclusion can
precipitate only after the solid fraction is higher than
0.847, and its precipitation radius is between 1 and
6 lm, which can be reduced by decreasing the N
content in steel and increasing the cooling strength.

2. The aggregation and densification mechanisms of the
multi-particle aggregated TiN inclusions are verified
by CLSM observation and theoretical analysis. The
aggregation and densification mechanisms described
as TiN inclusions are adsorbed and aggregated to
each other by CBF. After collision, the inclusions and
new precipitates are sintered in solid-phase state. The
results of the stress analysis show that the CBF plays
a dominant role in the aggregation process of inclu-
sions.

3. It is observed by FE-SEM with EDS and CLSM that
TiN has a small amount of solid-solution element, V,
and their atomic ratio is approximately 18:1, which
may lead to the melting of inclusion and forming the
liquid (Ti,V)N inclusion at an approximate temper-
ature of 1688 K (1415 �C).

4. The dissolution of TiN inclusions is positively related
to the size of the inclusions: the larger the size, the
greater the dissolution rate. The long-strip TiN
inclusion may be formed by the Ostwald ripening of
two TiN inclusions. The TiN inclusions smaller than
3 lm in the GCr15 bearing steel may be formed by
the Ti and N dissolved by TiN.
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