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Abstract
To investigate the effect of heat treatment on the grain size of austenite in 30BF steel, the comparisons of the morphologies 
and sizes of austenite grains between heating samples were made with a high-temperature electric resistance furnace, and 
the austenite growth models were built with method of mathematics. The results show that most grains in original specimen 
with the sizes below 70 μm uniformly distributed. At a heating rate (v) of 10 °C/s, the grain size (d) value under a certain time 
(t) increased by 60–100 μm with raising temperature (T) from 850 to 1100 °C, whereas the d value under a certain T merely 
increased by 70–120 μm with raising time to 60 min. Under v = 0.1 °C/s, T = 850 °C, and t = 0 s, the occupied ratio of grains 
with sizes of 40–50 μm was 0.165, whereas at 900 °C, the occupied ratio was 0.125. The evolutions of ln

(

d
5.8

− d
5.8

0

)

 with 
1/T were in negative linear correlations, whereas the ln

(

d
5.8

− d
5.8

0

)

 with lnt were in positive linear correlations. To sum up, 
the grain growth behavior of steel was elucidated.
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1 Introduction

30BF steel, a key non-quenched and tempered steel, is 
widely used to produce various types of umbrella bone for 
manufacture of automotive rain-brushs, comprising two 
microstructures of ferrite and pearlite [1]. This steel has 
better machinability during the processing [2]. However, a 
serious embrittlement phenomenon of steel appears when it 
is used, which is mainly attributed to its worse microstruc-
ture. Thus, a better heat treatment for this steel to reduce 
embrittlement is vital [3, 4].

As is well-known to us, the level of heat treatment plays 
key roles in control of properties and microstructures of steel 
[5]. As usual, a process of heat treatment mainly includes 
three procedures of raising temperature, holding tempera-
ture and cooling. A better manner of heat treatment always 
contributes to obtain fine and uniform grain of austenite in 

steel, and further to improve the strength and toughness of 
steel, whereas a worse manner is bound to deteriorate the 
microstructure of steel, resulting in probable occurrence 
of project accidents. Many investigations [6–10] have been 
carried out to explore the effect of heat treatment on the 
properties of steel so far. Of all influence factors [6–8], an 
acceptable recognition, studied by scientists, is that the grain 
size significantly determines the mechanical properties of 
steel [8]. With more fine and uniform grains, the better prop-
erties of steel are obtained based on proper methods of heat 
treatment [5].

Nowadays, many scholars have carried out similar stud-
ies [6–10]. Sellar et al. [6] investigated the austenite growth 
behavior of C-Mn steel, and established a mathematical 
model for description of austenite grain growth in steel. And 
this proposed model has been widely used by other scien-
tists. Yue et al. [7] analyzed the kinetics of austenite grain 
growth in GCr15 steel with the austenitizing temperatures 
of 1223, 1323, 1373, and 1423 K, and holding time in range 
of 0–480 s, with a result showing that the holding time had 
vital effects on the austenite grain growth with a mathemati-
cal model. Li et al. [9] reported the grain growth behavior 
of austenite in a GCr15 steel cast billet in heat treatment 
process, with results showing that the austenite grain size 
increased with increasing the heating temperature and hold-
ing time, and mixed grains were observed. Lee et al. [10] 
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predicted the austenite grain growth of low alloy steels dur-
ing austenitization considering alloying elements, showing 
that a formula for predicting the austenite grain growth of 
low-alloyed steels was proposed with an Arrhenius equation 
based on 16 different low-alloyed steels. Xiao et al. [11] dis-
cussed the austenite grain growth behavior of Q1030 high-
strength welded steel, with results showing that the austenite 
grain size increased with raising heating temperature and 
holding time, and grew up in exponential state with raising 
heating temperature and in parabolic manner with prolong-
ing holding time. At 1000–1100 °C, mixed grains [12, 13] 
appeared. However, there is no systematical research on 
the austenite grain growth behavior of 30BF steel, so as to 
achieve desired properties.

Consequently, this paper aims to fully explore the aus-
tenite grain growth behaviors of 30BF steel under reheat-
ing conditions with a high-temperature electric resistance 
furnace. And the growth models for austenite grain were 
obtained with mathematical methods [6, 11, 14] of linear 
regression and statistics. One of both growth models was 
first proposed and established with a tri-dimensional space 
cubic object model. The evolutions of the morphologies and 
sizes of austenite grains between various heating schemes 
were systematically compared and the better experimental 
parameters for grain growth were obtained. The formation 
mechanism of mixed grain was studied. The conditions for 
abnormal grain growth were obtained.

2  Experimental Procedures

All the steel samples were taken from hot-rolled rods 
(30BF umbrella bone steel) produced by a Chinese steel 
plant (Qindao Steel Group Co., Ltd., located in Shandong 
province, P.R. China). The chemical composition of steel 
is shown in Table 1. The microstructure of original steel, 
etched by alcohol solution containing 4% of nitric acid (vol-
ume fraction), comprises ferrite and pearlite with a volume 
ratio of 1:4, as shown in Fig. 1. The original austenite grain 
size after 300 °C tempering for 2 h was determined, which 
was 18.9 μm on average.

The specimens with the dimensions of 10 × 10 × 15 mm 
in the rolling direction were cut along the center axis of 
steel, as shown in Fig. 2. Then the specimens were heated 
at heating rates of 0.1, 1.0, 10 °C/s in a high-temperature 
electric resistance furnace to heating temperatures of 
850, 900, 1000 and 1100 °C, and held for 0, 5, 10, 30, 
and 60 min, respectively. In the heating phase, there were 

three heating rates. In the holding-temperature phase, four 
temperatures, 850, 900, 1000, 1100 °C were set. In the 
water-quenching phase, the heated specimens after the 
holding-temperature were immediately quenched in the 
cooling water to room temperature to maintain the high-
temperature morphologies of austenite grains. And the 
schemes and a schematic for heat treatment are shown in 
Table 2 and Fig. 3, respectively.

After the water-quenching samples were pre-grinded 
and polished along the rolling direction, they were cor-
roded in mixed solution of saturated picric acid + alco-
hol + 1.0 mL hydrochloric acid for 15–30 s in a warm 
water bath to obtain the original high-temperature bounda-
ries of austenite grains in the heated specimen. Then the 

Table 1  The chemical 
composition of 30BF steel 
(wt%)

Fe C Si Mn P S Cr Al B

98.71 0.33 0.19 0.69 0.017 0.01 0.016 0.034 0.0023

Fig. 1  Microstructure of original steel

Fig. 2  Schematic of sampling method

Table 2  Schemes for heat treatment

Heating rate (°C/s) 0.1 1.0 10
Holding temperature (°C) 850 900 1000 1100
Holding time (min) 0 5 10 30 60
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metallograpic morphologies of grain boundaries were 
observed with an optical microscope, and the average 
grain area and grain diameter were calculated by using 
the Image Pro Plus software [2]. The number of measured 
grains was in the range from 100 to 500 for reduction of 
errors in terms of each statistic calculation.

The methods for statistic calculations were described 
here that the statistics for total austenite grain number (S) in 
a metallographic viewing image were first performed; next 
the equivalent size of each austenite grain in diameter (di) in 
the image was measured and recorded. All of the grain sizes 
were then divided into various categories based on the size 
range and corresponding number (h). So the ratio and aver-
age austenite grain size ( ̄d ) were defined as Eqs. (1) and (2), 
respectively.

(1)Ratio = h∕S

(2)d̄ =

∑S

i=1
d
i

S

3  Results and Discussion

3.1  Size Comparison of Original Grain and Heated 
Grain

In order to investigate the effect of heat treatment on the 
sizes of austenite grains, the sizes and distributions of aus-
tenite grains shown in Fig. 4 in the original and heating 
samples were compared. The grain size distribution in the 
original specimen after measurements is shown in Fig. 4a. 
The grain size distribution in heated specimen with a hold-
ing temperature of 850 °C for holding time 10 min after 
measurements is shown in Fig. 4b. The original grain and 
heated grain were referred to as the grains of original hot-
rolled steel rods derived from the steel plant and the heating 
samples after experiments, respectively.

As evident in Fig. 4a, the distribution ratio of grain size 
nearly complys with a parabolic state without a mixed 
grain phenomenon. Most grains with the sizes below 
70 μm uniformly distributed in the whole region of two-
dimensional plane; especially, the number of grains with 
sizes of 15–45 μm occupied more than half of the plane 
region, which is illustrated that the grains in the original 
specimen are fine and uniform. Conversely, with increas-
ing the temperature to 850 °C and holding temperature for 
10 min, the distribution ratio curve of grain size in heated 
specimen shown in Fig. 4b had two parabolic states. The 
distribution state of grain size below 70 μm was the same 
to that of grain size below 45 μm, as described in Fig. 4b. 
However, with the grain size above 70 μm, both distribution 
states show a larger difference. The occupied ratio of larger 
grain shown in Fig. 4b was more than in Fig. 4a, and both 
differences of grain size were greater, which is illustrated 
that raising temperature can greatly contribute to the larger 

Fig. 3  Schematic of heat treatment process
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Fig. 4  Size comparisons of original grain and heated grain; a original grain size, b grain size at 850 °C for 10 min
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grains and probabe occurrence of mixed grain. Part of the 
grains with the sizes of 110–140 μm in diameter grew up 
abnormally. This abnormal growth may develop a mixed 
grain phenomenon.

3.2  Morphology Evolution of Grain Growth

To investigate the effects of holding temperature and hold-
ing time on the grain morphologies of austenite during the 
heating, the morphology evolutions of austenite grains were 
described in Figs. 5 and 6, respectively. Figure 5 shows that 
at holding time of 60 min, the macro-sizes of austenite grain 
increased with raising the holding temperature.

Figure 5a–b shows that at lower holding temperatures, the 
fine grain regions occupied the greater proportions in view-
ing field. Besides, the number of larger grains in Fig. 5a was 
smaller than in Fig. 5b, illustrating that at a same holding 
time, the higher holding temperature, the larger the grain 
was. With raising holding temperature, the average grain 
size greatly increased. The sizes were evidently larger in 
Fig. 5c–d than in Fig. 5a–b on average, whereas the fine 
grains occupied smaller ratios in viewing field. Furthermore, 
Fig. 5d shows that at 1100 °C, the fine region was smallest of 

4 viewing fields, and most of grains were completely coars-
ened. Therefore, a conclusion can be made that the high 
holding temperature can contribute to the grain growth.

Figure 6 shows that at holding temperatures of 900 °C 
and 1100 °C, the grain sizes changed with increasing the 
holding time, respectively.

At 900 °C, with increasing holding time, the grain size 
grew larger and larger, and the fine grain regions occupied 
smaller and smaller proportions in viewing fields. At 10 min, 
a severe mixed grain phenomenon appeared. However, with 
increasing the holding time, the abnormal grains grew larger 
further, which was not beneficial for steel properties. At 
30 min, the mixed grain phenomenon was further enlarged. 
And the fine grain region occupied the smallest proportion 
in viewing field.

At 1000 °C, with increasing holding time, the grain size 
also grew larger and larger. The growth phenomenon of 
grain size at 1000 °C was nearly similar to that at 900 °C. 

Fig. 5  Effect of holding temperature on austenite grain size at a constant holding time; at 60 min, the grain sizes of austenite evolved at a 850 °C, 
b 900 °C, c 1000 °C and d 1100 °C, respectively

Fig. 6  Effect of holding time on austenite grain size at a constant 
holding temperature; at holding temperatures of 900 °C and 1100 °C, 
the grain sizes evolved at a 0 min, b 10 min, c 30 min and d 60 min, 
respectively

▸
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However, the grain size of austenite at 1000 °C was on aver-
age larger that at 900 °C at any same holding time. Besides, 
the fine grain region merely appeared in a short holding 
time, but it disappeared with increasing the holding time. 
In a longer holding time, the coarsening grain region com-
pletely occupied the whole viewing field. Thus, combined 
with Figs. 5 and 6, a conclusion may be drawn that the effect 
of higher temperature on the grain growth was greater than 
that of longer holding time in this paper.

3.3  Size Statistics for Austenite Grains 
in the Two‑Dimensional Plane

After experiments, the average sizes of austenite grains in 
range of 20–210 μm were recorded statistically under differ-
ent holding temperatures and holding time. The statistics for 
average sizes of austenite grains under various manners of 
heat treatment were shown in Fig. 7. In general, the greater 

the average size ( ̄d ) of austenite grain, the larger number of 
coarsening grains was.

Figure 7a shows that at the heating rate of 0.1 °C/s, the 
average size of austenite grain increased smoothly with 
increasing holding time under the same holding temperature, 
and the average grain size also increased with increasing the 
holding temperature; particularly, above 1000 °C, the aver-
age grain size increased more rapidly than below 1000 °C, 
with a result showing that the size was nearly increased by 
100 μm with increasing the holding temperature from 850 
to 1100 °C. However, under the same holding temperature, 
the average size was merely increased by 20–40 μm with 
increasing holding time from 0 to 60 min. It is illustrated 
that under a smaller heating rate, in contrast to the effect of 
holding temperature on grain growth, the effect of holding 
time was stronger. Because at a smaller heating rate, the 
grain had enough time to grow and austenizing was suffi-
cient. Therefore, the size distribution of grain was relatively 
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Fig. 7  Two-dimensional statistics for d̄ at various heating rates; a 0.1 °C/s, b 1 °C/s, c 10 °C/s, d t versus d̄
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more uniform than that at a larger heating rate. Namely, the 
large heating rate can foster the abnormal grain growth.

Figure 7b shows that at the heating rate of 1.0  °C/s, 
the average size of austenite grain increased rapidly with 
increasing holding time under the same holding temperature, 
and the average grain size also increased with increasing 
the holding temperature. It was observed that at the holding 
time below 10 min, the grain size increased rapidly, whereas 
above 10 min, raised slowly. The increased curves seemed 
to be close to the exponential tendency, which was clearly 
illustrated that the mixed grain phenomenon occurred with 
a greater probability.

Figure 7c shows that at 10 °C/s, the d̄ value under same 
holding time increased by 60–100 μm with increasing the 
holding temperature from 850 to 1100 °C, whereas the grain 
size under a holding temperature was merely increased by 
70–120 μm with increasing the holding time from 0 to 
60 min, showing that under a greater heating rate, hold-
ing temperature had significant influences on grain growth. 
The high temperature contributed to the grain nucleation 
and growth. Besides, the austenite grain growth increased 
exponentially with increasing holding temperature and time. 
Meanwhile, as Eq. (4) described, the heating rate signifi-
cantly determined the initial austenite grain size. Therefore, 
the smaller the heating rate, the worse the growth was.

Figure 7d shows that under the same heating rate, the d̄ 
value raised linearly with increasing holding temperature. 
Remarkably, the longer the holding time, the greater d̄ value 
was. Moreover, an obvious phenomenon was also observed 
that under a certain holding time, the greater a heating rate, 
the smaller d̄ value was, and the differences of d̄ at higher 
holding temperatures were greater.

3.4  Mathematical Analysis of Grain Growth

The austenite growth is a sponsteneous process, which includes 
thermodynamics and kinetics. Heating rate, holding time and 
heating temperature are key factors affecting grain growth. 
Several classic theories have been established by worldwide 
renowned scholars [6–14], for instance, Beck, Hillert, Arrhenius, 
Sellars [6], to describe this growth process so far. In contrast to 
other methods, the Sellars model is more accurate because of 
full considerations of the relationship of grain growth, heating 
time and heating temperature [9, 11, 14]. Therefore, a growth 
model was selected based on Sellars model in this paper.

Different researchers have established grain growth mod-
els of different materials by using Eq. (3) so far. Austenitic 
grain growth model is usually expressed by [11, 14]:

(3)d̄
n
= d̄

n

0
+ Atexp

(

−

Q

RT

)

With increasing heating rate, the initial grain size 
decreases. According to the classical theory of grain growth 
[15], there is a positive correlation between initial austenite 
grain size ( ̄d0 ) which is defined as the average size, obtained 
by measurements after the specimens were instantly heated 
to a certain temperature without holding temperature, and 
the reciprocal of the heating rate (v). So the relationship can 
be expressed by:

where d̄ is the average anstenite grain size after completely 
coarsening with holding temperature, μm; d̄0 is the initial 
average grain size after being heated to a temperature with-
out holding time, μm; t is the holding time, s; T is the hold-
ing temperature, K; R is the molar gas constant, 8.314 J/
(mol K); Q is the activation energy, J/mol; A, n and N are 
experimental constants; v is the heating rate, °C/s.

For alloys [14], the value of n is between 2 and 6. By the 
logarithmic transformation of Eq. (3), Eq. (5) is derived by:

In Eq. (5), to work out these parameters (n, A, Q), n was first 
set to a value (for instance, 2.0, 3.0, 4.0, 5.0, and 6.0), then Q 
and A under a given n value were calculated by the data fitting. 
When t remains a constant, the partial derivative with respect 
to l/T was calculated, as shown in Eq. (6).

By linear regression analysis of ln
(

d̄
n
− d̄

n

0

)

 to 1/T in 
Eq. (5), Q value was obtained under a given value of n. Then 
A can be calculated by Eq. (5).

After fitting the austenite grain size with various heating 
rates and temperatures according to Eq. (4), respectively, the 
N value changed slightly. Thus, in this paper, N was set to an 
average value, 0.082, (linear correlation coefficient R = 0.966). 
For parameter M, it is found that it changed linearly with T, 
which can be expressed by:

Thus, the initial grain size of experimental steel can be 
expressed by Eq. (8):

When n was set to various values, the corresponding Q and 
A can be determined by the above method. The errors of Q 
and A under various given values of n can be calculated. The 
functional relationship between error sum of squares and n was 
obtained by fitting. Based on the calculations, the error sum 
was smallest at a n value of 5.8. Then Q and A were calculated 

(4)d̄0 = Mexp
(

N

v

)

(5)ln
(

d̄
n
− d̄

n

0

)

= lnA + ln t −
Q

RT

(6)Q =

−R𝜕
[

ln
(

d̄
n
− d̄

n

0

)]

𝜕(1∕T)

|

|

|

|

|t=constant

(7)M = 0.194T − 196.7, R = 0.959.

(8)d̄0 = (0.194T − 196.7)exp(0.082∕v)
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to be the parameter values of Eq. (4) when n value was 5.8. 
After calculations, the values of Q and A were 258,676 and 
1.59 × 1019, respectively. Thus, a mathematical model for the 
austenite grain growth is given by:

Meanwhile, in order to reduce the statistic errors, two 
indexes were introduced in this paper. The correlation coef-
ficient (R) and absolute average relative error (AE) were cal-
culated to describe the errors of Eqs. (8) and (9), respectively, 
quantitatively showing the accuracy of the grain growth model 
in the aspect of prediction for grain size. The R and AE values 
respectively were 0.949 and 12.11% after calculations. Thus 
the model can approximately predict austenite grain growth.

However, the actual distribution of grain size in two-
dimensional plane scarcely well matches power distribution 
because the arithmetic average grain size cannot reflect the 

(9)d
5.8

= d̄
5.8
0

+ 1.59 × 1019texp
(

−

258676

RT

)

actual grain size in steel, so a new method for grain growth 
is proposed with tri-dimensional volume in this paper.

The each equivalent diameter (di) of austenite grain used 
to calculate the average grain size ( ̄dv ) with method of tri-
dimensional volume is proposed by:

In general, the fitting calculation of average grain size 
adopts the method of arithmetic average, mainly based on 
linear intercept method of grain size. However, the linear 
intercept method cannot get the data about distribution of 
grain size, which just can get the ratios of statistical area and 
the total grain numbers. Therefore, after conversions of size 
calculations, a new tri-dimensional model for grain growth 
similar to Eq. (9) was obtained by:

(10)d̄v =
3

�

∑S

i=1
d
3
i

S
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Subsequently, in order to further describe the mathemati-
cal relationship between the calculated expressions and 
experimental data intuitively, several comparisons were 
conducted in Fig. 8.

Figure  8a shows that at holding time t = 1800  s and 
heating rate v = 1.0 °C/s, the d̄0 values had a positive lin-
ear correlation with holding temperature T, and its values 
obtained by the calculations in Eq. (8) were nearly close to 
the experimental data. Figure 8b shows that at t = 1800 s and 
v = 1.0 °C/s, the d̄ values also had a positive linear correla-
tion with T. When the three values of v, t and T were put into 
Eqs. (9) and (11) respectively, the d̄ values were obtained. It 
is clearly observed that at a lower T value, the calculations 
had smaller difference than at a higher T value. Meanwhile, 
at any T value, the values calculated by Eq. (11) were always 
smaller than those calculated by Eq. (8); especially at a 
higher T value, both differences of calculations were greater. 
Equation (8) was established based on the size statistics of 
numerous austenite grains in the two-dimensional plane. 
Therefore, it seemed to be more accurate than Eq. (11). 
Equation (11) was established based on a tri-dimensional 
space cubic object model. As a matter of fact, the actual 
morphologies of grains in the tri-dimensional space were 
in irregular type. Figure 8c shows that at t = 1800 s and 
v = 1.0 °C/s, the evolutions of ln

(

d̄
5.8

− d̄
5.8
0

)

 with 1/T in 
both Eqs. (9) and (11) were in negative linear correlations. 
Figure 8d shows that at T = 1000 °C and v = 1.0 °C/s, the 
relationships of ln

(

d̄
5.8

− d̄
5.8
0

)

 with lnt were in positive linear 
correlations.

3.5  Analysis of Size Distribution of Austenite Grain

When a few of large grains are 5 or 10 times larger the size 
of the others, the distribution curve of grain size, calculated 
by statistics, appeared two parabolic states, as shown in 

(11)d̄
5.8
v

= d̄
5.8
0

+ 1.47 × 1019texp
(

−

285142

RT

)

Fig. 4. The typical morphologies of different grain sizes are 
shown in Fig. 9.

Figure 9a shows that the grain sizes were fine and the 
morphology distributions were uniform. Figure 9b shows 
that the morphologies of grain were inhomogeneous, and the 
sizes of several grains were far larger than others. Most of 
grains were in a severe mixed grain region. Figure 9c shows 
that some grains were fine, while the others were large. The 
morphology distributions of grains were in fine and mixed 
grain regions.

Based on calculations above, the Q values of austenite 
grain growth in steel calculated by two methods were 258 
and 285 kJ/mol respectively, and amazingly, both values 
were greater than those in boron-free low-alloyed steels 
(90–160 kJ/mol) [16], but were closer to those in Ni, V, 
Ti alloyed steels [17, 18]. It means that the boron as an 
alloying element in the experimental steel was likely to 
enhance the Q values, greatly restricting the grain growth.

The size statistics for grain distribution ratio at a con-
stant heating rate of 0.1 °C/s under various holding time 
(t) after experiments are shown in Fig. 10.

Figure 10a shows that at the holding temperature of 
850 °C, the evolutions of grain growths were smooth and 
slow, and the distributions were unimodal. At t = 0 min, the 
occupied ratio of grains with the sizes of 40–50 μm was 
the maximum of all, 0.165. However, with further raising 
holding time, the number of large-sized grains increased. 
Figure 10b shows that at 900 °C and t = 0 min, the occu-
pied ratio of grains with the sizes of 40–50 μm was the 
maximum of all, 0.125. However, with increasing hold-
ing time, the ratios of grains with the sizes above 90 μm 
sustained greater values, illustrating that a mixed grain 
phenomenon appeared more severe at 900 °C in contrast 
to at 850 °C, particularly the holding time at 30–60 min. 
Figure 10c shows that at 1000 °C, a large number of grains 
had already grown up in the period of heating, the large 
grain size uniformly distributed in a wide range, and the 
distributions show same plateau forms. Figure 10d shows 

Fig. 9  Typical morphologies of austenite grain; a fine grain, b severe mixed grain, c fine + mixed grain
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that at 1100 °C, there existed a mixed grain phenomenon 
at 0 min, abnormally in the heating stage. With raising 
holding time, the large-sized grains became stable, and 
small-sized grains grew up.

The evolutions of austenite grain distribution at heating 
rates of 10 and 1 °C/s were similar, but there are still cer-
tain differences. With increasing heating rate, the behaviors 
of nucleation and recrystallization were greatly reduced in 
the heating period. Therefore, the holding temperature for a 
longer time led to more mixed grains significantly. Whereas 
all the curves presented the unimodal states after 1100 °C 
holding temperature for above 30 min.

In terms of actual process, schemes for heat treatment 
should possibly avoid the occurence of mixed grains. Based 
on the analyses above, in terms of experimental steels, the 
worse schemes for heat treatment were summarized that: 
heating rate 0.1  °C/s, holding temperatures 900  °C for 
30–60 min and above 1000 °C for below 5 min; heating 

rates 1.0, 10 °C/s, holding temperatures 900 °C for 60 min 
and 1000 °C for 10–30 min.

4  Conclusions

The sizes and morphologies of austenite grains in the 30BF 
steel were depicted in this paper, with various manners of 
heat treatment by using a high-temperature electric resist-
ance furnace. The following conclusions are obtained:

1. The sizes and morphologies of grains between heated 
specimens were compared. At 10 °C/s, the d̄ value under 
a t value increased by 60–100 μm with increasing T from 
850 to 1100 °C, whereas the d̄ value under a T increased 
by 70–120 μm with increasing t from 0 to 60 min. A 
higher holding temperature contributed to the grain 
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Fig. 10  Distribution ratios of di after experiments at 0.1 °C/s with T; a 850 °C, b 900 °C, c 1000 °C, d 1100 °C
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growth and the effect of higher temperature on the grain 
growth was greater than that of longer holding time.

2. The formulae of the initial average grain size and aver-
age austenite grain size after coarsening were obtained 
with mathematics, providing a method to predict the 
grain growth for production.

3. After experiments, the worse schemes for heat treatment 
were that: at heating rate of 0.1 °C/s, holding tempera-
ture 900 °C for 30–60 min and above 1000 °C for below 
5 min; and heating rates 1.0, 10 °C/s, holding tempera-
tures 900 °C for 60 min and 1000 °C for 10–30 min. 
Therefore, we should avoid the experimental zones dur-
ing actual production.
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