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Abstract: In this study, the effects of heating temperature (850–1100°C) and holding time (30–150 min) on the grain growth behavior of 
austenite in medium-carbon alloy steel were investigated by conducting experiments. The abnormal grain growth and mixed grain structure 
phenomenon are explained using an equilibrium precipitation phase diagram calculated by Thermo-Calc software package. The AlN par-
ticles were observed by field-emission scanning electron microscopy (FESEM), and the amount of AlN precipitations was detected by elec-
tron probe microanalysis (EPMA). Based on the research results, it was found that the average grain size of austenite in the test steel in-
creased continuously with the increase of temperature and holding time. Furthermore, the abnormal growth of austenite occurred in the test 
steel at 950°C, and the heating temperature affected the austenite grain size more significantly. In addition, the decline in the amount of AlN 
second-phase particle in the test steel, which weakened the “pinning” effect on austenite grain boundaries, resulted in abnormal growth and 
the development of mixed austenite grain structures. The prediction model for describing the austenite grain growth of medium-carbon alloy 
steel during heating was established by regression analysis of the experimental data, and the model was verified to be highly accurate. 
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1. Introduction 

Nowadays, higher standards of all kinds of steel proper-
ties are required. One method of improving the properties is 
to control the steel microstructure. The austenite grain size 
significantly influences the microstructure and properties of 
steel after cooling [1–3]. Generally, fine austenite grain size 
leads to higher strength, better ductility, and higher tough-
ness [4–9]. To find out the appropriate methods to control 
the austenite grain size, several studies have been conducted 
on austenite grain growth [10–34]. Many researchers con-
centrate on the mechanism of austenite growth, and through 
the studies, the mechanism has been explained and unders-
tood from thermodynamics and kinetics factors, such as 
energy and diffusion. The driving force of the growth is the 
potential difference between these grains, which is depen-
dent on the grain size. Because of the difference, the over-
all grain boundary area of the material tends to reduce, 
causing movements of grain boundaries. The grain boun-

dary area is the main source of energy in the grain growth 
process [12–13,33–36]. Controlling the grain boundaries 
movements is the final way to obtain fine austenite grains. 

Microalloyed additions, such as vanadium, niobium, tita-
nium, and aluminum, are increasingly being employed to 
control austenite grain growth. These mircoalloyed elements 
become second-phase particles by combining with nitrogen 
or carbon. The second-phase particles which precipitate at the 
grain boundaries have a great “pinning” effect on grain boun-
daries, hindering the movements of boundaries [14–17,21–23]. 

The pinning mechanism between the grain boundary and the 
second-phase particle is largely due to the reduction of the 
grain boundary area, and hence reduction of energy, when 
the grain boundary intersects the second-phase particles. 
Any movement of the grain boundaries away from the par-
ticle can result in an increase of local energy and exert a 
drag effect on the migrating boundaries. The binding force 
between particles and boundaries is greater than that available 
by thermal activation [23]. Many studies have shown that the 
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pinning effect varies with size and number of second-phase 
particles [23–27]. The austenite grain size is better con-
trolled using a large number of fine second-phase particles. 

Many researchers have also established prediction mod-
els of austenite grain growth [31–32,35–45], the common 
models being Beck model [37], Hillert model [38], Arrhe-
nius model [39], and Sellars model [40]. The Beck and Hil-
lert models consider only one factor that influences the aus-
tenite average grain size, while Arrhenius and Sellars mod-
els contain more aspects. 

In this study, the test material is medium-carbon alloy 
steel with aluminum additions, which is an alloy structural 
steel used for manufacturing various high-strength bolts [46]. 
The material is required to have superior properties such as 
yield strength, tensile strength, toughness. Accordingly, aus-
tenite grain size is one of the standards for the quality in-
spection of this steel [47]. By related experiments and ana-
lyses, the effects of heating temperature and holding time on 
the grain growth behavior of austenite in the test steel were 
investigated. In addition, the essential factors of abnormal 
growth and mixed second-phase particles (AlN) affecting 
the austenite growth were detected by combining electron 
probe microanalysis (EPMA) with wavelength dispersive 
spectrometry, and observed by combining field-emission 
scanning electron microscopy (FESEM) with energy disper-
sive spectrometry (EDS). Furthermore, the grain growth 
model of the test steel was established on the basis of the 
experimental results and Arrhenius model. 

2. Experimental  

The chemical composition of the test steel is given in Ta-
ble 1. The dimension of the experimental specimens ma-
chined from as-received test steel is 15.0 mm × 15.0 mm × 
15.0 mm. The experiment was conducted considering two 
perspectives: heating temperature and holding time, and thus 
was divided into two groups. The heat treatment was carried 
out in an SRJX-8-13 electric furnace, as shown in Fig. 1. In 
group one, the specimens were individually heated to 850, 
900, 950, 1000, 1050, and 1100°C, and soaked for 30 min at 
corresponding temperatures. Then, the specimens were 
quenched in water to preserve the austenite microstructure 
grain boundaries. Subsequently, the specimens were heated 
to 230°C for 20 min [19] and cooled in air to room temper-
ature. In group two, the specimens were heated to 950°C 
and separately held for 30, 60, 90, 120, and 150 min. Then, 
as in group one, they were heated to 230°C for 20 min and 
cooled in air to room temperature. After the heat treatment 
process, the specimens were polished and etched for 60 to 

90 s in a 60°C aqueous solution of saturated picric acid and 
three drops of detergents. The austenite grains were ob-
served on a TOUPCAM UCMOS03100KPA microscope. 
The average austenite grain sizes were measured using the 
standard test methods described in ASTM E 112 [34]. In ad-
dition, 95% confidence interval of austenite grain size was 
considered. 

The concentration distribution of elements in the tested 
samples was analyzed by an electron probe microanalyzer 
equipped with wavelength dispersive spectrometers at an 
operating condition of 15.00 kV, 100 nA, and step size of 
0.5 μm. To better characterize the AlN in the test steel, the 
samples were demagnetized before the morphologies of 
second-phase particles were directly observed in the steel 
samples by a field-emission scanning electron microscope 
equipped with an energy dispersive spectrometer. A voltage 
of 20.00 kV and current of 7.0 μA were used. 

Table 1.  Chemical composition of the test steel     wt% 

C Si Mn P S Al Cr N 

0.40 0.17 0.66 0.01 0.0044 0.041 0.97 0.0061

 

Fig. 1.  Heat treatment processes of test steel. 

3. Results and discussion 

3.1. Effect of heating temperature on the average auste-
nite grain size 

Fig. 2 shows the morphologies of austenite grains in the 
test steel at different heating temperatures and a soaking 
time of 30 min. The austenite grain growth behavior of the 
test steel within the experimental temperature range can be 
divided into two stages: the first stage is from 850 to 950°C 
(Figs. 2(a)–2(c)). The austenite grains grew slowly at this 
stage, and the average size was 11 to 19 μm; thus, the first 
stage is defined as normal grain growth [11], and these 
grains can be categorized as ultrafine grains. In addition, the 
austenite grain size was relatively uniform. When the tem-
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perature was above 950°C and up to 1000°C, the austenite 
growth developed into the second stage. At this stage, the 
austenite grain size increased rapidly (Fig. 2(d)). Conse-
quently, abnormal grain growth occurred at 950°C, while 
mixed grain structures appeared at 1000°C in the test steel. 
At 1100°C, the average austenite grain size started to exceed 
75 μm, but the size tended to be uniform when the tempera-
ture was above 1000°C. In order to show that the changes of 
proportion of different grain sizes in the heating process, 

statistical analyses of austenite grain size at typical temper-
atures (coarsening and two closest temperatures to it) are 
given in Fig. 3. From 850 to 1100°C, the average austenite 
grain size of the test steel grew from 11.52 ± 1.76 to 75.31 ± 
2.71 μm. Fig. 4 shows more distinctly the effect of heating 
temperature on the average austenite grain size of the test 
steel. Meanwhile, for comparison, the results of other stu-
dies [10,48–51] which explored steels with similar or related 
composition as the test steel are shown in Fig. 4. 

 

Fig. 2.  Morphologies of austenite grains in test steel heated at different temperatures for 30 min: (a) 850°C; (b) 900°C; (c) 950°C; 
(d) 1000°C; (e) 1050°C; (f) 1100°C. 

 

Fig. 3.  Austenite grain size distribution
in test steel at different temperatures: (a)
850°C; (b) 950°C; (c) 1000°C. 
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Fig. 4.  Effect of heating temperature on the average austenite 
grain size of test steel and other previous studies [10,48–51]. 

3.2. Effect of holding time on average austenite grain size 

Fig. 5 shows the morphologies of austenite grains in the 
test steel with different holding times at 950°C. Fig. 6(a) 
shows the effect of holding time on the average austenite 
grain size of the test steel. Compared with the heating tem-
perature, the holding time had a lesser effect, and resulted in 
a smaller change of the average austenite grain size. Statis-
tical analyses of austenite grain size at typical temperatures 
are given in Figs. 6(b) and 6(c). At the same heating tem-
perature, the average austenite grain size of the test steel 
grew constantly with increase in holding time. The range of 
grain size was from 16.18 ± 0.46 to 31.70 ± 1.40 μm. Com-
pared with the rapid growth at coarsening temperature, the 
changes of average austenite grain size were almost the same 
when holding time increases every 30 min. When the holding 
time reached 120 min, mixed grain structures appeared.  

3.3. Effect of AlN on austenite grain size 

According to the chemical composition of the test steel, 
Al is present in the steel. Aluminium combines with N to 
form second-phase particles AlN. These particles can hinder 
the movement of austenite grain boundaries [1213]. To in-
vestigate the effect of second-phase particles on the auste-
nite grain growth of the test steel, a phase diagram calcula-
tion was conducted using PLOY3 and POST module of 
Thermo-Calc. Fig. 7 shows the main precipitated phases of 
test steel at different experiment temperatures. The precipi-
tated phases of the test steel changed with increase in tem-
perature. When the temperature was 949°C, the AlN par-
ticles were almost completely dissolved, and Al atom was 
present in the form of a solid solution in the matrix. Tiny 
AlN particles in the steel precipitated at the austenite grain 
boundaries contributed to the pinning of adjacent austenite; 
thus, the movement of the austenite grain boundaries was 
hindered, and the austenite grain growth was effectively 
controlled. Fig. 8 is a schematic diagram illustrating the 
process of austenite coarsening and mixed grain structures 
development. From 850 to 950°C, the first dissolved AlN 
second-phase particles lost the original pinning effect, which 
means these particles no more hindered the movements of 
austenite boundaries at this area. Consequently, austenite 
grains grew by the influence of temperature. On the contrary, 
undissolved AlN second-phase particles exerted the pinning 
effect on austenite grains as before, leading to an inconspi-
cuous change of austenite grain size within this area. The 
above descriptions explain why the coarsening temperature 
of the specimens was 950°C and mixed grains appeared at 

 

Fig. 5.  Morphologies of test steel at heating temperature of 950°C with different holding times: (a) 30 min; (b) 60 min; (c) 90 min; 
(d) 120 min; (e) 150 min. 
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Fig. 7.  Main precipitates in the range of the experiment tem-
perature. 

1000°C. As the temperature was continuously raised, auste-
nite grain growth was no longer hindered because most AlN 
particles were dissolved in the steel; therefore, the austenite 
grains grew continuously by the influence of the heating 
temperature. The mixed grain structures disappeared as the 
grain size approached average. 

Fig. 9 shows the mapping results of the precipitated 
phase in the test steel at 850 and 950°C using EPMA. As 
seen from Fig. 9, the locations of Al and N correspond well. 
When the heating temperature was 850°C, there was a high-
er mass fraction of Al and N at the austenite grain bounda-
ries, especially at the cross boundaries of three austenite. At 
950°C, the mass fraction of Al and N was much lower than 
that at 850°C. For further investigation, the volume fraction  

 
Fig. 8.  Austenite coarsening and mixed grain structures development process. 

Fig. 6.  Effect of holding time on aver-
age austenite grain size and grain size
distribution of test steel at typical tem-
peratures: (a) average grain size; (b)
grain size distribution for 90 min; (c)
grain size distribution for 120 min. 
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Fig. 9.  EPMA mapping results of phases precipitating in test steel at 850 and 950°C. 

of AlN in the test steel was calculated by Eq. (1) [9], and the 
calculation result is shown in Fig. 10. 

 

Fig. 10.  Volume fraction of AlN at different temperatures. 
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where fAlN is volume fraction of AlN precipitates, VAlN and 
VFe are volumes of Al precipitates and Fe in steel. mAlN is the 
mass of AlN precipitated in AlN-Fe matrix. ρAlN is the den-
sity of AlN. mFe is mass of Fe in AlN-Fe matrix and ρFe is the 
density of Fe. mAl is mass of Al atoms in AlN precipitations 
and mN is mass of N atoms in AlN precipitations. 

As shown in Fig. 10, the volume fraction of AlN in 850 

and 950°C were 0.040vol% and 0.029vol% respectively. 
There was a sharp decline from 900 to 1000°C, which con-
forms to the experiment results. Furthermore, AlN precipi-
tates were observed by FESEM as AlN can be characterized 
in situ at grain boundaries. Quantities of 100-nanoscale AlN 
particles were precipitated at the austenite grain boundaries. 
Fig. 11 shows FESEM images and the corresponding EDS 
spectra of AlN precipitates picked from random positions of 
the specimens. Both the distribution and fraction of AlN can 
further explain the grain coarsening and mixed grain struc-
tures. The quantity of AlN particles reduced greatly, which 
weakened the pinning effect of second-phase on austenite 
boundaries and led to the austenite grain coarsening. 

3.4. Growth model of austenite grain growth 

The heating temperature and holding time are the two ex-
ternal factors that have the greatest influence on the austenite 
growth behavior, and the two factors play a common role in 
the austenite grain growth. Regardless of the initial austenite 
grain size, Arrhenius model [39], shown as Eq. (7), was chosen 
to describe the austenite grain growth behavior of the test steel. 

exp( )n Q
D At

RT
   (7) 

where D is the average austenite grain size (μm), t is the 
holding time (s), Q is the activation energy for grain growth 
(J·mol1), R is the gas constant (8.314 J·mol1·K1), T is the 
absolute heating temperature (K), n is grain growth index, A 
is the material constants. 

To determine the value of constants A and Q, natural lo-
garithm was taken on both sides of Eq. (7), and the result is 
expressed as Eq. (8). Fig. 12(a) shows the relationship between 
lnD and lnt. The grain growth index n was obtained by linear 
regression. The greater n is, the faster the grains grow [10]. 
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Fig. 11.  FESEM images (a, b, and c) of AlN particles in different positions of austenite grain boundaries and EDS spectras (d, e, 
and f) for (a), (b), and (c), respectively. 

 

Fig. 12.  Linear fitting curve of (a) lnD–lnt and (b) lnD–T1. 

ln ln ln
Q

D A n t
RT

  －  (8) 

Fig. 12(b) shows the result of linear regression based on 
Eq. (8). There is an obvious difference between the austenite 
grain growth rates at temperatures higher and lower than the 
coarsening temperature. To obtain a more accurate model, 
the two stages of austenite grain growth which are distin-
guished by the coarsening temperature, were linearly fit-
ted [19,48]. Consequently, the values of Q at the two stages 
were 53010 J·mol1 and 83423 J·mol1. The corresponding 
values of A at the two stages were 154 and 5158, which 
were obtained by substituting the values of Q and n into Eq. 
(8). Finally, the models of the two stages of austenite grain 

growth, at temperatures higher and lower than the coarsen-
ing temperature, are described as follows: 

0.41 53010
154 exp( )D t

RT
 - , (850–950°C)  (9) 

0.41 83423
5158 exp( )D t

RT
 - , (1000–1100°C) (10) 

The austenite grain sizes predicted using the above 
growth models were compared with the measured sizes of 
test steel (Fig. 13). Dc and Dm are diameters obtained by 
growth models and experiment measure respectively. The 
red line of which slope is 0.97 in Fig. 13 is the result of li-
near fitting. The high degree of coincidence illustrates the 
high accuracy of the growth models. 
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Fig. 13.  Comparison of the calculated results Dc and experi-
mental results Dm.  

4. Conclusions 

(1) In this study, the austenite grain size of me-
dium-carbon alloy steel increased with the increase of heat-
ing temperature and holding time. The effect of heating 
temperature on austenite grain growth was greater than that 
of holding time. The coarsening temperature of the test steel 
was 950°C. The austenite grains grew slowly between 
850°C–950°C, and grew rapidly at above 950°C. Mixed 
grain structures appeared at 1000°C. 

(2) The amount of AlN second-phase particles greatly 
reduced when the temperature was raised to 950°C, which 
weakened or nearly eliminated the pinning effect of AlN 
particles on austenite grain boundaries. That explains why 
the austenite grain coarsening temperature of test steel was 
950°C. 

(3) The growth models of austenite grain in the test steel 
were established using the mathematical regression analysis, 
and are defined as follows: 

0.41 53010
154 exp( )D t

RT
 - , (850–950°C);           

0.41 83423
5158 exp( )D t

RT
 - , (1000–1100°C).           
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