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Abstract: The occurrence of abnormal grain growth (AGG) of austenite during annealing is a serious
problem in steels with carbide and/or nitride particles, which should be avoided from a viewpoint
of mechanical properties. The effects of cold deformation prior to annealing on the occurrence of
AGG have been investigated. It was found that the temperature range of the occurrence of AGG is
shifted toward a low temperature region by cold deformation, and that the shift increases with the
increase of the reduction ratio. The lowered AGG occurrence temperature is attributed to the fine
and near-equilibrium AIN particles that are precipitated in the cold-deformed steel, which is readily
dissolved during annealing. In contrast, coarse and non-equilibrium AIN particles precipitated in the
undeformed steel, which is resistant to dissolution during annealing.
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1. Introduction

Microalloying has been used as an important austenite grain refinement technology in steels.
Austenite grain growth can be inhibited by microalloying, which causes the precipitation of
second-phase particles in austenite [1-5]. Abnormal grain growth (AGG) frequently occurs in
micro-alloyed steels during annealing. The austenite grain growth of the micro-alloyed steels usually
experiences “normal — abnormal — normal” growth modes in sequence, with an increase of the
annealing temperature [5]. AGG occurs within a certain temperature range during annealing, which is
referred to as an AGG temperature range. The AGG temperature range of steels is an important factor
in designing the heat treatment to achieve fine-grained products.

The austenite grain growth behavior in low-alloy steels is largely dependent on the stability of
second-phase particles. At low temperatures, the second-phase particles are stable, and the austenite
grain boundaries can be effectively pinned by the particles. The grain growth is thus greatly retarded.
However, at relatively high temperatures, the second-phase particles become unstable, and they
readily dissolve or coarsen [5]. Then, some of the austenite grains may become unpinned, and they
may grow much faster than the matrix grains. This leads to the occurrence of AGG [6]. There is
a transition temperature at which the austenite grain growth switches from normal grain growth
(NGG) to AGG mode. This transition temperature is referred to as a grain coarsening temperature,
Tc [7]. In addition, at temperatures that are much higher than the T., NGG resumes, due to the
almost complete dissolution of the pinning particles, and the grain growth becomes free [5]. Hence,
there is another transition temperature, the AGG finishing temperature (T¢), at which the grain growth
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switches from AGG to NGG mode. T, and T are important parameters for understanding the grain
growth behavior of austenite.

Cold-deformation, such as cold-rolling, hammering, or cold-forging, has been widely used in
the steel manufacturing process. It was found that hot-deformation could accelerate the nucleation
and coarsening of the second-phase particles due to the large amount of dislocation that is introduced
into the steels by deformation [8-10]. In addition, previous studies [11-13] have revealed that
cold-deformation also has a strong influence on the precipitation and growth of the precipitates
during subsequent annealing. It was found that the second-phase particles were finer and distributed
more uniformly by cold-deformation [11]. Meanwhile, cold-deformation makes the precipitates
resistant to coarsening [11,12].

The grain growth behavior of austenite relies on the presence of second-phase particles. Therefore,
it is expected that the cold-deformation should have a strong influence on the AGG temperature range
of the low-alloy steels. However, previous works have mainly focused on the effect of cold-deformation
on the precipitation or coarsening behaviors of second-phase particles. Rare attention has been
paid to its influence on austenite grain growth behavior. Recently, it was reported by the present
authors [13,14] that an inhomogeneous distribution of AIN particles in ferrite/pearlite banded steel
became homogeneous, due to cold-deformation prior to austenization, which increased the low T of
the banded steel significantly. However, to the best of the authors” knowledge, no systematic work has
been reported regarding the effects of cold deformation on the AGG temperature range of austenite.
The present study has been undertaken to clarify the effects of cold-deformation on austenite grain
growth behavior in solution-treated low-alloy steel. It was found that the AGG temperature range of
austenite is shifted toward the lower temperature region by applying prior cold-deformation.

2. Materials and Methods

The composition of the low-alloy steel used in the present study is displayed in Table 1. The
solubility of AIN in austenite can be written as [15]:

Log[AI][N] = 1.03 — 6770/T )

Where [Al] and [N] represent the solubilities of aluminum and nitrogen at the absolute temperature T.
According to Equation (1), the complete dissolution temperature of AIN in the current steel was
calculated to be 1453 K. To completely dissolve the AIN, and to eliminate the banded segregation of
Mn, the solution treatment temperature and time was designed to be 1573 K for 2 h. After the solution
treatment, the specimen was air-cooled to room temperature.

Table 1. Composition of the steel used in this study (wt %).

C Mn Si P Al N Fe
02 08 0.2 0015 0.04 0.006 Bal

The cold-deformation was carried out by cold-rolling, with reduction ratios ranging from 10
to 70%. Both the solution-treated (ST), and solution-treated and deformed (STD) specimens were
annealed at temperatures between 1173-1473 K for various periods, as schematically shown in Figure 1.
The heating rate of the specimens was about 5 K/s. After annealing, the specimens were quenched in
ice water to freeze the microstructure. The specimens were cut and mechanically polished to obtain a
mirror-like surface. To reveal the prior austenite grain boundaries, the specimens were etched in a
supersaturated picric acid solution at 333 K. The microstructure was characterized by using an optical
microscope (OM). The well-known linear intercept method was used to evaluate the mean austenite
grain size. About 450 to 550 intercepts were counted for each sample.
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Figure 1. Schematic illustrations of the annealing treatment.

The AIN particles were characterized by using transmission electron microscopy (TEM, JEOL
JEM-2010, JEOL Ltd., Tokyo, Japan) equipped with energy dispersive spectroscopy (EDS) operating at
200 kV on carbon extraction replicas eroded off the specimens. At least a thousand AIN precipitates
were measured for each case to evaluate the volume fraction and particle sizes.

The volume fraction of the AIN precipitates from the carbon extraction replica can be calculated
based on the McCall-Boyed method [16] as follows:

-()C)

where N is the number of the precipitates, D is the mean diameter of the particles, and V is the volume
of the matrix from which the precipitates were extracted. The thickness of the matrix can be assumed
as the mean diameter of the particles [17]. Thus, Equation (2) can be written as:

- ()(2),

where S is the area of the corresponding matrix.
3. Results and Discussion

3.1. Austenite Grain Growth Behavior

Figure 2 shows the prior austenite grain structures (now martensite after quenching) of the
solution-treated (ST) specimens after annealing at different temperatures for various periods of time.
Microstructure observation revealed that the austenite grain growth during annealing at 1298 K is
very slow and the prior austenite grain size almost has no change. Hence, only the microstructure
after annealing at 1298 K for 1800 s is shown Figure 2a. It is clear that fine and uniform prior austenite
grain structures were formed, which is attributed to the occurrence of NGG. However, mixed prior
austenite grain structures were formed after the specimen was annealed at 1323 K for 60 s, as shown in
Figure 2b, where abnormal coarse grain (as indicated by the red arrow) mixed with fine matrix grain
structures (as indicated by the black arrow) were observed. After a prolonged holding time of up to
1800 s, extremely coarse grain structures were developed (Figure 2c). Hence, typical AGG occurred at
this temperature. After the sample was annealed at 1423 K for 1800 s, slightly coarse but uniform grain
structures were formed (Figure 2d). This indicates that the grain growth switched to NGG mode again.
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Figure 2. Prior austenite grain structures of the solution-treated (ST) specimens after annealing at (a)
1298 K for 1800 s, (b) 1323 K for 60 s, (c) 1323 K for 1800 s, and (d) 1423 K for 1800 s. The red and black
arrows in (b) to indicate the abnormal coarse and fine matrix grains, respectively.

According to the above results, the occurrence AGG led to extremely coarse grain structures, while
the NGG led to relatively fine grain structures after annealing. Therefore, the mean austenite grain
size of the ST specimens after annealed at various temperatures for 1800 s were plotted in Figure 3a
to show the austenite grain growth behavior during annealing. The average austenite grain sizes
after annealing at 1298 K (Figure 2a), 1323 K (Figure 2c), and 1423 K (Figure 2d) are indicated by a
black solid, red solid, and open arrows, correspondingly. From Figure 3a, it can be seen that the prior
austenite grain size is fine, and that it has almost no change below 1298 K. This indicates that the
austenite grain growth was greatly retarded, and it grew under the NGG mode below 1298 K. The
coarse grains that were formed by AGG appeared at intermediate temperatures. Slightly coarse grains
that were formed by NGG appeared at high temperatures. Therefore, the ST specimens experienced
“normal — abnormal — normal” grain growth modes that were usually observed in the micro-alloyed
steels [5]. The grain growth modes and the transition temperatures of T and T are indicated in
Figure 3a. It is necessary to point out that the grain growth behaviors were examined carefully by
changing the annealing temperatures within 25 K intervals, and that only partial results are shown in
Figure 3a.

To understand the effects of cold-deformation on the austenite grain growth behavior, the average
austenite grain sizes at various temperatures in the solution-treated and cold-deformed by 50%
(STD-50%) specimens were examined. The measured austenite grain size as a function of annealing
temperature is summarized in Figure 3b. A similar grain structure changing tendency was observed
as in that of the ST specimens; viz., a fine grain structure at low temperatures, a coarse grain structure
at intermediate temperatures, and slightly coarse and uniform grain structures at high temperatures.
Therefore, the STD-50% specimen experienced “normal — abnormal — normal” grain growth modes
as well. The prior austenite grain structure evolution process was similar to that of the ST specimens,
but at different temperatures; therefore, the microstructures are not shown here again. Importantly,
comparing Figure 3a,b shows that the AGG temperature range was shifted toward a low temperature
by cold-deformation.



Metals 2018, 8, 1004 50f9

500 NGG AGG NGG
1 I‘ 1
(@) stT
400} y T -
Tc
200+ E
1|}
] 1T
0 ] [ | | |
600 T T

(b) SITD-50%

NGG AGG NGG
400} 1

/)
TC ™~ Tf ]
200 E
0 - | _m 1 1 I L

1200 1300 1400 1500
Holding temperature, T(K)

Aaverage austenite grain size (um)

Figure 3. Average prior austenite grain sizes of the (a) ST and (b) solution-treated and cold-deformed
by 50% (STD-50%) specimens after annealing at various temperatures for 1800 s.

To gain an overall image of the effect of cold-deformation on austenite grain growth behavior, the
austenite grain growth modes against annealing temperatures in the specimens deformed with various
reduction ratios are summarized in Figure 4. The “normal — abnormal — normal” grain growth modes
occurred in all the specimens. Importantly, the AGG temperature range was gradually depressed
toward low temperatures with the increase in the reduction ratio, which was almost saturated up to
70%. The decreased T and T temperatures, induced by the cold-deformation, can be explained by its
influences on the evolution of the AIN precipitates, which is discussed in the following section.
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Figure 4. Austenite grain growth behavior against annealing temperatures in the specimens deformed
at various reduction ratios.

3.2. The Evolution of AIN Precipitates

As reviewed in the Introduction, the stability of the second-phase particles during annealing plays
a key role in the austenite grain growth behavior. To understand the reasons for the suppression of the
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AGG temperature range by the cold-deformation, the evolution of the AIN particles were carefully
studied by TEM observations. The volume fractions and sizes of the AIN particles in both the ST
and STD-50% specimens quenched from various temperatures from 1073 to 1353 K are summarized
in Figure 5a,b, respectively. For comparison, the equilibrium volume fraction of the AIN particles
calculated from Equation (1) is also plotted in Figure 5a, as shown by the blue broken line.
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Figure 5. (a) Volume fraction and (b) size of the AIN particles in the ST and STD-50% specimens after
annealing at various temperatures for 1800 s. TEM images of the AIN particles (indicated by the black
arrows) in (c) ST and (d) STD-50% specimens after annealing at 1173 K for 1800 s.

It should be pointed out that after the solution treatment, the AIN precipitates should have been
fully dissolved into the austenite. It was reported that the precipitation of AIN is difficult during
the cooling process, and that it is sensitive to the cooling rate [18-20]. The precipitation of AIN can
be entirely suppressed at a cooling rate larger than 1 K/s [21], which is approximately equivalent to
air cooling a 50 mm diameter steel bar [22]. Therefore, the AIN precipitation during the air-cooling
process is negligible in this study. The AIN precipitates should mainly be re-precipitated during the
reheating process in both the ST and STD specimens.

According to the precipitation-time-temperature (PTT) diagram of AIN [23], the AIN precipitation
should have been completed below 1073 K in the current steel during the annealing process. Therefore,
the AIN particles within the specimens quenched from 1073 K (ferrite + austenite two phase region)
were examined. According to Figure 5a,b, fine- and near-equilibrium AIN particles precipitated in
the STD-50% specimen at 1073 K. Meanwhile, a much lower volume fraction of the AIN particles
than the equilibrium was precipitated in the ST specimen. These indicate that the AIN particles
have been almost fully precipitated in the STD-50% specimen, while the AIN particles were only
partially been precipitated in the ST specimen. The near-equilibrium precipitation in the STD-50%
specimen should result from the dislocation-induced precipitation of AIN [11]. It needs to point
out that the slightly overestimated AIN volume fraction in the STD-50% specimen compared to the
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equilibrium prediction should be caused by the differences between the metallographic observation
and theoretical calculation.

It is necessary to point out that as the annealing temperature was raised up to 1173 K (just after the
ferrite-to-austenite transformation), the AIN particles in the STD-50% specimen were less coarsened
than that of the ST specimen (Figure 5b). This could be more clearly seen from the TEM images of the
AIN particles in both the undeformed and cold-deformed specimens after annealing at 1173 K for 1800 s,
as shown in Figure 5¢,d, respectively. Smaller AIN particles were formed in the STD-50% specimen,
than that of the ST specimen. Therefore, the AIN particles in the prior cold-deformed specimen had
sluggish growth kinetics. This may strongly influence the dissolution behavior of the precipitates
at high temperatures. Similar phenomena have also been reported by Furubayashi et al. [11] and
Kesternich [12], while the mechanism(s) for this are still not very clear.

Regarding the pinning effect of the second-phase particles, there is a maximum radius of the
precipitates, r.;t, for pinning the grain growth [6]. That is, only the fine second phase particles with a
radius smaller than 7, can effectively pin the grain boundaries. The 7 can be expressed as [6]:

e =3 (3 - 4/2) ", @
where R is the average grain size, Z is a parameter that is used to represents the inhomogeneity of
the initial grains, and f is the volume fraction of second-phase particles. It is obvious that for a given
uniform initial grain structure, 7.4 linearly decreases with the decrease of f [6].

According to Figure 5a, the fraction of the AIN particles is stable in the STD-50% specimen below
1223 K (as indicated by symbol (D in Figure 5a). Therefore, both the 7. and the pinning force, which
is proportional to f /7 [6] (here, r is the average radius of the pinning particles), may have no obvious
change, and the grain boundaries can be well-pinned. This results in the sluggish austenite grain
growth kinetics in the STD-50% specimens below 1223 K, as shown in Figure 3b. However, when the
annealing temperature was increased up to 1248 K (position ) in Figure 5a), the fraction of the
AIN particles in the STD-50% specimen decreased obviously. This may be caused by the accelerated
diffusion rates of the elements at elevated temperatures, the increased solubility of the AIN in austenite,
and the easy dissolution of the fine AIN particles in the STD-50% specimen. Hence, the 7. may
decrease, according to Equation (4). Then, the volume faction of the AIN precipitates available to
pin the grain boundaries may decrease steeply at 1248 K. This may cause the occurrence of AGG at
this temperature.

As for the ST specimen, the fraction of AIN particles were almost constant until 1298 K (position
® in Figure 5a). Therefore, both 7t and the pinning force were stable, and thus the grain growth
could be effectively retarded. This agrees with the observed sluggish grain growth kinetics below
1298 K in Figure 3a. However, as the annealing temperature was raised up to 1323 K (position @ in
Figure 5a), the fractions of the AIN particles were decreased, and the . may decrease accordingly.
This may result in the occurrence of AGG in the ST specimen, as shown in Figure 2b,c.

According to the discussion above, it can be concluded that the change in the volume fraction of
the AIN particles during annealing plays a key role in the austenite grain growth behavior. The rapid
decrease in the AIN volume fraction may greatly change the 7.4¢, and then the effective volume fraction
of the second phase particles to pin the gain boundaries may decrease dramatically, which may result
in the occurrence of AGG.

As reviewed in the Introduction, the transition from AGG to NGG mode occurs at high
temperatures when the AIN precipitates are nearly completely dissolved, and the grain growth
becomes free. According to Figure 5a, the fractions of the AIN particles in both the deformed and
undeformed specimens were low at 1353 K. Experimental results revealed that AGG occurred within
60 s when the ST specimen was annealed at 1353 K, while NGG occurred in the STD-50% specimen,
even after a longer holding time (Figure 3b). The average diameters of the AIN particles in ST and
STD-50% specimens after annealing at 1353 K for 0 s were evaluated to be around 60 and 30 nm,
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correspondingly. It was reported that the dissolution time and the size of the precipitates had a
parabolic relationship [23]. Accordingly, the dissolution time of the AIN particles in the ST specimen
was around four times that in the STD-50% specimen. Therefore, it was possible that the fine AIN
precipitates in the STD-50% specimen dissolved very quickly during annealing, which made the grain
growth become free and change to the NGG mode. However, since the dissolution of the coarse
precipitates in the ST specimen took a longer time, AGG could occur. To quickly dissolve the relatively
large AIN precipitates in the ST specimen, this required higher temperatures. This may promote the
AGG-to-NGG transition temperature to the higher temperature in the ST specimen.

According to the above discussion, cold-deformation results in the fine and near-equilibrium
precipitation of the AIN particles, which are readily dissolved during the heating process, due to
the increase in the solubilities of Al and N in austenite. However, non-equilibrium and coarse AIN
precipitates formed in the undeformed specimen, which were resistant to dissolution during the
heating process. These should be the reasons for the suppression of the AGG temperature range by the
prior cold-deformation.

4. Summary

In summary, the study of austenite grain growth behavior in a solution-treated low-alloy steel has
shown that cold-deformation prior to annealing shifts the abnormal grain growth (AGG) temperature
range of austenite toward a lower temperature region. The amount of shift increases with the increase
of the reduction ratio. The lowered AGG occurrence temperature is attributed to the effects of cold
deformation on the evolution of the AIN precipitates during annealing. TEM observations confirmed
that a much lower volume fraction than the equilibrium and coarse AIN precipitates formed in the
undeformed steel, which is resistant to dissolution during annealing. However, prior cold-deformation
results in the fine and near-equilibrium precipitation of AIN, which is readily dissolved at elevated
temperatures. This results in the shift of the AGG temperature range to lower temperatures from the
application of prior cold-deformation.
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