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Abstract: The austenite grain growth behavior in a simulated coarse-grained heat-affected zone during thermal cycling was investigated via
in situ observation. Austenite grains nucleated at ferrite grain boundaries and then grew in different directions through movement of grain
boundaries into the ferrite phase. Subsequently, the adjacent austenite grains impinged against each other during the a—y transformation.
After the o—y transformation, austenite grains coarsened via the coalescence of small grains and via boundary migration between grains.
The growth process of austenite grains was a continuous process during heating, isothermal holding, and cooling in simulated thermal cy-
cling. Abundant finely dispersed nanoscale TiN particles in a steel specimen containing 0.012wt% Ti effectively retarded the grain boundary
migration, which resulted in refined austenite grains. When the Ti concentration in the steel was increased, the number of TiN particles de-
creased and their size coarsened. The big particles were not effective in pinning the austenite grain boundary movement and resulted in

coarse austenite grains.
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1. Introduction

High-strength low-alloy (HSLA) steels are important
structural materials. They have good mechanical properties,
including high strength, resistance to brittle fracture, cold
formability, and good weldability. When HSLA steels are
welded with large heat input, the grains of the coarse-grain-
ed heat-affected zone (CGHAZ) are coarsened, and the me-
chanical properties deteriorate. The austenite grains grow
via grain boundary migration [1], which can be inhibited by
the presence of particles of a second phase, thereby produc-
ing a grain boundary pinning effect [2]. This grain growth
inhibition has different effects, depending on the size and
fraction of precipitates [3]. A large volume fraction of fine
particles is most effective in inhibiting grain growth. Previ-
ous studies have shown that the existing austenite grains in
the CGHAZ can be refined by the addition of Ti as the mi-
croalloying element [4—6]. The addition of a small amount
of Ti can lead to the dispersion of small-sized nanoscale TiN
precipitates and effectively inhibit the austenite grain growth

Corresponding author: Kai-ming Wu E-mail: wukaiming@wust.edu.cn

[7]. However, the level of Ti addition must be carefully con-
trolled, otherwise TiN particles will be coarse and their den-
sity will be reduced such that the austenite grains in the
CGHAZ are coarsened [7].

Austenite nucleation and growth are known to be impor-
tant phenomena in steel and to occur at high temperatures.
The changes in the microstructure at high temperatures
cannot be observed. Furthermore, the commencement of
phase transformation cannot be identified and the mecha-
nism by which the grain migration is hindered cannot be
monitored. In recent years, the in situ observation of
changes in the microstructure at high temperatures has been
demonstrated to be a useful approach to investigate the
phase transformation, grain growth, and precipitation phe-
nomena in steels [8—12].

In the present work, in situ observation was utilized to
observe the austenite grain growth during high heat input
welding thermal cycles. The objective of the present study
was to investigate the austenite grain growth behavior in the
simulated weld CGHAZ of Ti-microalloyed steels.
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2. Experimental

Three experimental steels microalloyed with different
levels of Ti (0.012wt%, 0.040wt%, and 0.061wt%) were
prepared in a 10-kg vacuum melt induction furnace. The
chemical compositions of the steels are listed in Table 1.
The ingots were forged into plates, machined into cylindri-
cal specimens of 5 mm in diameter and 5 mm in length, and
mounted in an alumina crucible of 0.5 mm in thickness. The
in situ observation was conducted using a high-temperature
laser scanning confocal microscope and an infrared image
furnace. A thermocouple with a precision of 0.1°C was po-
sitioned under the crucible and used to measure the tem-
perature in the furnace. The specimens were heated to
1350-1400°C at a rate of 5°C/s, maintained at 1350-1400°C
for 5-30 s for austenitization, and then cooled at a rate of
5°C/s, as shown in Fig. 1. Photographs were taken at a rate
of 1 image per second during the simulated thermal cycling
to observe the growth behavior of austenite grains. The size
of the austenite grains was measured using a mean linear in-
tercept method. After the specimens were heat-treated,
scanning electron microscopy (SEM) observations and en-
ergy-dispersive X-ray spectroscopy (EDS) analyses were
conducted using an LEO1450 instrument and transmission
electron microscopy (TEM) studies were performed by a
Tecnai G2.20 microscope operated at 200 kV.

(a)

Table 1. Chemical composition of the investigated steels
wt%

Sample C Si Mn Nb Als Ti N Ti/N
1# 0.055 022 1.61 0.022 0.051 0.012 0.0044 2.72
2# 0.058 021 1.60 0.025 0.055 0.040 0.0036 11.11
3# 0.057 023 1.63 0.023 0.057 0.061 0.0037 16.49
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Fig. 1. Heat treatment patterns used for in situ observations.

3. Results

3.1. Grain growth behavior during o—y transformation

Fig. 2 shows the in situ observations of the growth of
austenite grains in the a-phase in 0.012wt% Ti steel during

Fig. 2. In situ observation of the growth of austenite grains into the ferrite in the alloy containing 0.012wt% Ti at different tem-
peratures: (a) 917.4°C; (b) 932.8°C; (c) 947.6°C; (d) 962.2°C. The arrows mark austenite grains; the dotted lines indicate grain

boundaries.
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heating. A few small austenite grains (indicated by arrows)

nucleated on the surface of the specimen. Dotted lines in Fig.

2 represent the grain boundaries. Austenite grain 1 gradually
extended outward in different directions with the increase in
temperature, such that the grain grew into the a-phase by
grain boundary movement. Fig. 3(a) shows the isolated
small grains of austenite (grains 2—5) that separated from the
a-phase in 0.012wt% Ti steel during the early stage of
transformation. As the time progressed, the grains impinged
against each other (Fig. 3(b)) and gradually covered the sur-
face of the specimen (Fig. 3(c)).

3.2. Grain growth behavior in the y-phase

After the o—y transformation was completed, austenite

grains continued to grow during the simulated thermal cycle.

Figs. 4-6 show typical in situ images of the grain growth
behavior in the y-phase in 0.012wt% Ti steel at high tem-
peratures (1250-1400°C). Notably, the small grains (grains
6-8) in Fig. 4(a) coalesced at 1311°C to form a large grain
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(grain 9) and then grew into neighboring grains (as indicated
by arrows in Fig. 4(a)) though grain boundary movement
(Fig. 4(b)). Fig. 5 presents an example of the disappearance
of a small austenite grain during the grain growth process.
The small grain (grain 10) in Fig. 5(a) was swallowed by
three neighboring austenite grains (grains 11-13) via
emigration of the grain boundary during the isothermal
holding period at 1400°C, as shown in Fig. 5(b). Fig. 6
shows that the grain boundary moved from position 1 to po-
sition 2. In a similar manner, the coalescence and disap-
pearance of small grains and grain boundary movement
were also observed in the other two steels with different Ti
concentrations.

3.3. Measured grain size during thermal cycling

The size of austenite grains at different temperatures was
measured from in situ images using a mean linear intercept
method. Fig. 7 shows the change in the mean austenite grain
size of three experimental steels microalloyed with different

Fig. 3. In situ observation of the im-
pingement of austenite grains in the alloy
containing 0.012wt% Ti at different tem-
peratures: (a) 932.8°C; (b) 962.2°C; (c)
985.2°C. The dotted lines indicate grain
boundaries; the arrows mark the hard
impingement.
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Fig. 4. In situ observations of the coalescence of austenite grains in the alloy containing 0.012wt% Ti at different temperatures: (a)
1311.3°C; (b) 1350.8°C (grain 9 was formed by coalescence of grain 6—8).
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Fig. 6. In situ observations of the movement of grain boundaries of the austenite grains in the alloy containing 0.012wt% Ti at dif-
ferent temperatures: (a) 1358.0°C; (b) 1256.3°C.
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Fig. 7. Measured austenite grain size in the three experimental steels isothermally held at 1350°C for 5 s (a), 1350°C for 30 s (b),
1400°C for 5 s (c), and 1400°C for 30 s (d).
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levels of Ti during thermal cycling with different peak tem-
peratures and holding times. The austenite grain growth
process was continuous. The grains grew continuously dur-
ing heating, isothermal holding, and cooling. The growth of
the austenite grains stopped during the cooling process when
the temperature decreased to less than 1150°C. When the
peak temperature was increased or the holding time was
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prolonged, the austenite grains became larger. We also ob-
served that the size of austenite grains was larger in the
specimens with greater levels of Ti addition.

3.4. Particle analysis

Fig. 8 shows the typical morphologies of particles in the
three specimens heated at 1400°C for 5 s. The size
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Fig. 8. TEM micrographs and EDS analysis of precipitates in steels containing different concentrations of Ti: (a,b) 0.012wt%; (c,d)
0.040wt%; (e,f) 0.061wt%. Specimens were isothermally held at 1400°C for 5 s.
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distribution of the particles for each specimen measured
from 25 TEM micrographs is presented in Table 2. A large
number of particles were observed in the steel contained
0.012wt% Ti (Fig. 8(a)), and the average equivalent diame-
ter of the precipitates was 36 nm (Table 2). In the case of the
steels contained 0.040wt% and 0.061wt% Ti (Figs. 8(c) and
8(e)), the number of particles was substantially decreased,

and the average equivalent diameter of particles was in-
creased to 65 and 112 nm, respectively (Table 2), such that
sub-micron and micrometer-sized particles were observed in
the steel with 0.061wt% Ti. A typical SEM micrograph of a
precipitate and its corresponding EDS analysis results are
presented in Fig. 9. The sub-micron particle consisted of an
aluminum oxide core and a titanium nitride shell.

Table 2. Size distribution of nanoscale particles in the specimens held at 1400°C for 5 s

Concentration of Number of particles Average
Ti/ wt% Total number 0-30nm 31-60nm 61-90nm 91-120nm 121-150 nm 151-180nm 181-210 nm diameter / nm
0.012 351 143 175 29 4 0 0 0 36.3
0.040 90 2 44 34 6 2 2 0 64.7
0.061 29 0 3 4 12 3 6 1 1125
(b) Spectrum 1
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Fig. 9. SEM micrograph (a) and EDS spectra (b) of a precipitate in the steel containing 0.061wt% Ti. The specimen was isother-

mally held at 1400°C for 5 s.

4. Discussion

4.1. Austenite grain growth behavior at high tempera-
tures

Numerous researchers have investigated the austenite
grain growth behavior using isothermal treatments [13], in
situ measurements [14], and simulated mode predictions
[15]. Their results indicate that austenite grains grow by
boundary movement and are affected by secondary precipi-
tates [2]. Austenite grains grow quickly at high temperatures
and become large with the increase in peak temperature [16].

In the present work, the in sifu micrographs indicated that
austenite grains nucleated at the a-phase boundary and
gradually extended outward in different directions by grain
boundary migration. A similar behavior was observed by in
situ observation of cyclic partial phase transformations [17].
With the continuation of a—y transformation, more small
grains nucleated, and grain growth occurred via the im-

pingement of grains until the transformation was complete.
After the a—y transformation, the microstructure of the
specimens consisted of austenite grains. At high tempera-
tures, small austenite grains competed for growth; some of
them coalesced and formed large grains. The boundaries of
these large grains moved, resulting in small neighboring
grains being “swallowed.”

The austenite grain growth process is a continuous proc-
ess (Fig. 7). They grew during the heating, isothermal hold-
ing, and cooling processes. During high-temperature proc-
esses, grains grew rapidly because of the dissolution of
particles and an ineffectual pinning effect [18]. A
comparison of final grain sizes reached at different peak
temperatures and different holding times revealed that
austenite grains became large as the peak temperature and
holding time increased. The grain growth stopped when the
temperature decreased to less than 1150°C during the
cooling process (Fig. 7).
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4.2. Pinning effect of nanoscale TiN particles on the aus-
tenite grain growth

The grain boundary migration is well known to be influ-
enced by the presence of second-phase particles [2]. The
particle diameter and volume fraction influence the austenite
grain size, and the size and fraction of particles can change
during thermal cycling [18]. TiN is precipitated at high
temperatures when the product of the total Ti and N concen-
trations is greater than the solubility product of TiN [5]. So-
lidification is the most significant process for the formation
of coarse TiN particles [19]. Hence, control of the total Ti
and N levels is necessary to ensure that the product of the
concentrations is less than the solubility product at the
solidus.

The solubility product for TiN in austenite is given by Eq.

(1) [17,20]:
1g {[Tidissolvcd ][Ndissclvcd ]}V = 435 - 1489% (l)

where [Tigissovea] and [Nissolved] are the concentrations of Ti
and N dissolved in the austenite phase, respectively, and 7 is
the absolute temperature. Control of the ratio between Ti
and N concentrations is also important because this ratio

1700
1650 +  (a)
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should match the stoichiometric value of 3.42; that is

[Titotal ] B [Tidissolvcd ]
[Ntotal ] - [Ndissolved ]

where [Tii] and [Ny ] are the Ti and N concentrations in
the steel, respectively. By combining Egs. (1) and (2), we
calculated the precipitated TiN for the three steels investi-
gated in this work, as shown in Fig. 10(a). The solidification
temperature (1521°C) for these steels was calculated using
the Thermo-calc software in conjunction with the SSOL4
database. The results reveal that TiN particles will precipi-
tate after solidification in the steel containing 0.012wt% Ti
such that TiN will be small and disperses in the matrix.
However, the products of the total Ti and N concentrations
in the steels with 0.040wt% and 0.061wt% Ti are 1.44 x
10~ and 2.26 x 107, respectively. They are greater than the
solubility product (1.12 x 107™*) at the solidification tem-
perature (Fig. 10(a)). TiN particles will precipitate before
solidification. Thus, they were already coarsened at high
temperatures before solidification. Meanwhile, the mass
fraction of TiN particles (Fig. 10(a)) was almost unchanged
when the temperature was less than 1150°C.
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Fig. 10. Curves of the content of TiN particles varying with temperature (a) and the concentrations of dissolved Ti and N in aus-

tenite at different peak temperatures (b).

TiN particles in the CGHAZ were partially dissolved
during thermal cycling. The concentrations of dissolved Ti
and N are important with respect to the coarsening of TiN
[19]. Fig. 10(b) shows the concentrations of dissolved Ti
and N at the peak temperature. A larger concentration of
dissolved Ti and a smaller concentration of dissolved N
were present in the steels contained 0.040wt% and
0.061wt% Ti. The ratio of [Tigssowed] t© [Naissolved] Was
greater than 3.42, except in the steel contained 0.012wt% Ti.
Thus, the greater concentration of dissolved Ti in the steels
containing 0.040wt% and 0.061wt% Ti promoted coarsen-
ing of TiN during the cooling process [20], as demonstrated

in the TEM micrographs (Fig. 8 and Table 2). The austenite
grain size increased as the amount of Ti added was in-
creased (Fig. 7 and Table 2).

5. Conclusions

(1) During the a— transformation, austenite grains nu-
cleated at ferrite grain boundaries and grew in different di-
rections through grain boundary migration into the ferrite,
followed by impingement of austenite grains against each
other.

(2) After the a—vy transformation, small austenite grains
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competed for growth; some of them coalesced and formed
large grains. The boundaries of large grains moved, which
resulted in large grains swallowing small neighboring
grains.

(3) The austenite grain growth was a continuous process
during heating, isothermal holding, and cooling in the simu-
lated thermal cycling. The growth of austenite grains
stopped during cooling when the temperature decreased to
less than 1150°C.

(4) When the Ti concentration was small, a large number
of nanoscale TiN particles formed and dispersed into the
steel matrix, which effectively inhibited the growth of aus-
tenite grains. However, greater Ti concentrations led to
coarsening of austenite grains because the low density of
coarse particles was ineffective in pinning the movement of
the grains.
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