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Abstract The effect of titanium sulfide particles on the grain size characteristic of
low carbon steel was analyzed. Optical microscope (OM), scanning electron
microscope (SEM) were used to characterize the grain size and particles. The result
showed that grain size increased from 19.95 to 60.56 lm after heat treatment. The
particles were mainly titanium sulfide in the size range of 0.2–0.8 lm and the
volume fraction decreased significantly from 0.0084 to 0.0023%. The thermody-
namic calculation resulted that these particles were dissolved during heat treatment.
The pinning force of grain boundary and the driving force of grain growth were
calculated. Based on experimental results and theoretical calculations, titanium
sulfide particles with diameter from 0.2 to 0.8 lm and volume fraction of 0.0084%
would be sufficient to inhibit the ferrite grain growth.
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Introduction

It is well known that controlling grain size has been recognized as a viable approach
to obtain desired properties [1]. Moreover, inclusions are known to play an
important role in grain size because they can pin dislocations and grain boundaries
[2, 3]. Additionally, the type and the size of the precipitates are related to the
pinning force, and the grain growth is determined by the balance of the driving
force and the pinning force. When the driving force exceeds the pinning force, grain
growth can take place [4].
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The element titanium acts with sulfur in steel and forms various kinds of pre-
cipitates such as Ti4C2S2, TiS, TiS2, Ti2S, etc. Many studies have been carried out
on Ti-added ultra-low carbon steels and found that small amount of alloying ele-
ments Ti can retarding the grain growth through the precipitation of second phases
[5]. Many researchers have also studied the effect of hundreds of nanometers
particles on the grain size during heat treatment. Zhou et al. [6] established that the
particles in the size range of 0.3–1.2 lm could effectively pinned the grain
boundary and strongly hindered the grain growth. Nakayama et al. [7] found that
AlN in the size of less than 0.5 lm in semi-processed non-oriented electrical steel
inhibited the grain growth at the final annealing. Ti is commonly used as alloying
element to improve the properties and it has strong chemical affinity for sulfide in
steels [8]. However, the pinning effect of titanium sulfides in the size range of
0.1–1 lm on grain size in low carbon steel is rarely reported.

The aim of the present study, therefore, was to investigate the effect of titanium
sulfides in the size range of 0.1–1 lm on grain size in low carbon steel during heat
treatment. The results indicate that the dissolution of titanium sulfides particles in
the size range of 0.2–0.8 lm during heat treatment will be effective in facilitating
grain growth.

Experiment Procedure

The sample S1 was obtained after stress relief annealing of low carbon steel sheet.
The stress relief annealed steel sheet was then annealed in 1023 K for about several
hours, cooled in the furnace to room temperature. The sample taken from this
procedure was named as sample S2. The carbon content of steel is ultra-low, it also
contains Si, S, P, N, Al, Ti and other elements.

For grain analysis and particle characterization, samples were cut from original
steel. Then the samples (10 mm � 10 mm � 0.35 mm) were prepared by grinding
and polishing. The sample was etched by 3% Nital for microstructure observation
by using LEICA DM6000 M light microscope. For volume fraction calculation of
particles in the size of 0.1–1 lm, 75 micrographs were continuously taken at
3000� magnification using Hitachi SU1510 scanning electron microscope (SEM).
For the purpose of determining the types of the particles in the size of 0.1–1 lm, the
particles were chemical extracted with nonaqueous solvent and then collected on a
filter with pore size of 3, 1 and 0.1 lm successively. The 0.1 lm film were
examined with JSM-6700F cold field emission scanning electron microscope
(FE-SEM) equipped with energy dispersive spectrometry (EDS) to analyze the
chemistry composition of the particles.
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Results

Grain Growth Behavior

Both steel samples, S1 and S2, exhibite a ferrite microstructure as shown in Fig. 1.
Sample S1 has a finer grain than sample S2, and sample S2 has a more uniform
distribution than sample S1. The mean grain sizes of samples S1 and S2 measured
by linear intercept method are 19.95 and 60.56 lm, respectively.

Particle Characterization

Figure 2 represents the number of particles per unit area (NA) in detected size range
of 0.1–1 lm in samples S1 and S2, the results were grouped with interval of
0.1 lm. The particles detected are nearly spherical, therefore the size represents the

Fig. 1 Optical microstructures of samples: a sample S1 and b sample S2

Fig. 2 The number of
particles per unit area in
detected size range of 0.1–
1 lm in samples S1 and S2
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diameter of the particles. It was shown that fewer particles in this size range were
detected in sample S2. As for particles in size range of 0.2–0.8 lm, the value of NA

decrease significantly from 397 to 55. The volume fraction (fv) of the particles can
also be calculated by using Dehoff equations [9] based on the date obtained from
75 SEM micrographs captured continuously at a magnification of 3000�. The fv
was calculated to be 0.0084 and 0.0023% for sample S1 and S2, respectively.

Figures 3 and 4 represents the typical particles extracted by electrolysis from
samples. It can be found that the particles in sample S1 were mainly titanium sulfide
with a nearly spherical shape as shown in Fig. 3a. Figure 3b shows a typical EDS

Fig. 3 Typical particles observed by FE-SEM in sample S1: a nearly spherical titanium sulfide in
size of around 0.5 lm, b the EDS spectrum of titanium sulfide particle

Fig. 4 Typical precipitates observed by FE-SEM in sample S2: a some nearly spherical titanium
sulfide particles in size of around 0.5 lm. b the EDS spectrum of titanium sulfide particle
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spectrum from such particles, the Ti/S atomic ratio is close to one. In sample S2,
FE-SEM analysis shows that few titanium sulfide particles were found as shown in
Fig. 4a. Figures 3b and 4b show the typical EDS spectrum of titanium sulfide
particles from Figs. 3a and 4a, respectively. And the Ti/S atomic ratio is close to
one. The C, O and Pt peaks result from the filter membrane.

The atomic ratios of Ti and S were investigated in order to deduce the type of
titanium sulfide particles in samples. The result were represented in Fig. 5. It shows
obviously that the atomic ratios are between 0.7 and 1.1, and most of them are close
to 1.0.

Discussions

Thermodynamics Calculation

Based on the analysis of the atomic ratios of Ti and S, it can be deduced that
titanium sulfide particles observed in sample S1 are TiS particles. The assumption
for the thermodynamics calculation is that titanium sulfide particles in this study are
TiS particles. And then the effect of heat treatment temperature on TiS particles was
analyzed. The corresponding equilibrium solubility product formula of TiS is [10]:

logð½%Ti�½%S�Þ¼�13975
T

þ 5:43 ð1Þ

where T is the temperature (K), the mass percent of Ti and S in the steel are 0.00108
and 0.0008% respectively.

Fig. 5 The atomic ratios of
Ti and S of titanium sulfides
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The relationship between the amount of precipitation of sulfur and the titanium is
expressed in Eq. 2. The concentrations of titanium and sulfur at lower temperature
were expressed in Eqs. 3 and 4.

D½%S] ¼ 32
48

M½%Ti] ð2Þ

Ti2 ¼ Ti1 � DTi ð3Þ

S2 ¼ S1 � DS ð4Þ

where D½%S] and D½%Ti] are the amount of sulfur and the titanium respectively, S1
and Ti1 are the concentration of sulfur and the titanium when the temperature is T1,
and S2, Ti2 are the concentration of sulfur and the titanium when the temperature is
dropped to T2.

lg
32
48

Ti22 þ S1 � 32
48

Ti1

� �
Ti2

� �
¼ �13975

T
þ 5:43 ð5Þ

Equation 5 is derived from the Eqs. 2–5. According to Eq. 5, the amount of TiS
particle and the value of [%Ti], [%S] can be calculated at different temperatures, as
shown in Fig. 6. On the one hand, based on the chemical composition of present
experimental steel, the TiS particles are precipitated in the temperature ranged from
964 to 1216 K. On the other hand, soaking time is long enough for the dissolution
of TiS particles. It can be deduced that the TiS particles may dissolve during the
heat treatment in the condition of 1023 K in this study. This also could explain the
fact that there were few titanium sulfide particles detected in sample S2. Therefore,
heat treatment can cause dissolution of titanium sulfide particles, which could be
responsible for the grain growth.

Fig. 6 Variation of [%Ti]
and [%S] and amount of TiS
precipitation at different
temperatures
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Pinning Force and Driving Force

In order to further analyze the influence of titanium sulfide particles on the grain
growth during heat treatment, the pinning force of particles and the driving force of
grain growth were discussed. The assumption for the theoretical calculation is that
all particles in size range from 0.2 to 0.8 lm are titanium sulfide particles. For
calculation of the pinning force of particles, the following type of equation [11] has
often been used:

Fp ¼ 3cf
2
3

pr
ð6Þ

where Fp is the pinning force, c is grain boundary energy, taking 0.8 J/m2 [12, 14],
r is mean radius of particles, f is the volume fraction of particles in the size of
0.2–0.8 lm. According to Eq. 6, the larger the f, the greater the pinning force. Fp
was calculated to be 6.3 � 104 Pa in this study, where r is 0.50 lm and f is
0.0084%. The driving force of grain growth is expressed as the following type of
equation [13]:

Fd¼ 3
2
� 2
Z

� �
c
D

� �
ð7Þ

where Fd is driving force, D is the average radius of the grains and Z is the size
advantage (the ratio of the maximum grain size to the average grain size), taken as 2
[14]. The Fd was calculated to be 4 � 104 Pa, where D is 9.98 lm of sample S1, the
value of the c is the same as the above. It should be noted that the pinning force
caused by titanium sulfide particles was larger than the driving force of grain
growth. That is to say, the titanium sulfide particles in the size of 0.1–1 lm played a
role in hindering the grain growth.

Conclusions

(1) The particles in the size range of 0.2–0.8 lm are mainly spherical titanium
sulfide. Thermal calculation indicated that titanium sulfide could dissolve
during the heat treatment.

(2) The driving force for grain growth is 4 � 104 Pa. It is less than the pinning
force, which was calculated to be 6.3 � 104 Pa. Titanium sulfide particles
with diameter from 0.2 to 0.8 lm and volume fraction of 0.0084% would be
sufficient to inhibit the ferrite grain growth.

(3) The grain size is significantly increased from 19.95 to 60.56 lm after the heat
treatment, and this phenomenon is related to the dissolution of titanium sulfide
particles during heat treatment.
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