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Abstract

In this paper, the law of austenitic grain growth gfg is studied under different
heating temperature and insulation time, the suitable grain growth model is
established, and the regression calculation method is introduced to verify the
correctness of the model. The effect of quenching temperature on the micro-
structure and strength of steel was studied, and it was proved that the quench-
ing temperature had a significant effect on the microstructure and mechani-
cal properties of Q1030 steel. At the quenching temperature of 880°C -
950°C, with the increase of austenitizing temperature, the hardness and
strength of Q1030 steel gradually increased, reaching the maximum value at
950°C. During quenching at 950°C - 1100°C, the hardness and strength of
Q1030 steel gradually decreased with the increase of austenitic temperature.
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1. Introduction

The heat treatment process is a very critical link for the production of high-strength
steel plates. The heat treatment process directly determines the final perfor-
mance of the steel plates. The formulation of a reasonable heat treatment process
is the key to the production of high-performance quality quenched and tem-
pered steel plates. The Q1030 ultra-high strength steel is generally tempered. The
quenching process is a very important part. In particular, the heating tempera-
ture and insulation time of quenching will directly affect the original austenite

grain size and uniformity of high-strength steel, and it will also have an impor-
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tant influence on the dissolution distribution of alloying elements in steel, and
affected the martensite strip beam size after the phase transition [1]. The uni-
form and small original austenite grains help to form uniform and small phase
transition structures during subsequent phase transitions, laying the foundation
for excellent comprehensive performance [2]. At present, the effect of quenching
temperature on austenite grain size of Q1030 ultra-high strength steel has only
been qualitatively studied, and no accurate prediction has been reported. The
low quenching temperature will lead to incomplete austenitization or incomplete
dissolution of alloy elements and uneven distribution. Too high quenching tem-
perature will lead to larger austenite grains, which will lead to unstable mechan-
ical properties of ultra-strong steel Q1030 after heat treatment.

Many steel mills in China have begun to study the relationship between
quenching temperature on the structure and performance of high-strength steel.
Zhaoyangqing [3] and others of the Hegang Group Research Institute have stu-
died the effect of quenching temperature on the microstructure and mechanical
properties of 780 MPa-grade hydropower steel. The effects of quenching tem-
perature on the microstructure and properties of 780 MPa high strength steel
were obtained, and the best heat treatment technology was put forward, the per-
formance of the steel plate has greatly improved and achieved very significant
results.

In this paper, a series of laboratory researches on the quenching and heating
system of the Q1030 ultra-high strength have been made, the grain growth model
has been established, and the regression calculation method has been introduced
to verify the correctness of the model. Some key parameters in actual production
were simulated. In this paper, the heat treatment system of Q1030 super high
strength engineering machinery steel is studied in laboratory, and some key pa-
rameters in actual production are simulated. The evolution of the microstructure
and strength of heat treatment at different austenitic temperatures and the influ-
ence of alloying elements on tissue transformation were studied, which provided a

basis for the actual production of Q1030 ultra-high strength steel plates.

2. Effect of Quenching Temperature on Austenitic Grain Size
of Q1030 Steel

2.1. Effect of Quenching Temperature on Austenite Grain Growth

The test material uses a 20 mm thick hot rolling plate provided by Lai wu Steel
to avoid flame cutting and edge areas. A number of small samples of 20 mm x 20
mm X 20 mm were removed by wire cutting. Its composition is shown in Table
1. The thermal treatment tests of the test steel were carried out in the SX-4-10
box resistor furnace and the temperature was heated to 900°C, 950°C, 1000°C,

Table 1. Chemical composition of Q1030 steel (wt%).

C Si Mn Cr Ni Mo Cu Ti Nb

0.16-0.18 03-04 1.1-13 0.38-0.42 0.28-0.32 0.48-0.55 0.35-0.41 0.015-0.025 0.015 - 0.025
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1050°C, 1100°C and 1150°C, the temperature control accuracy is +5°C, and the
insulation time is 10 min, 20 min, 30 min, 40 min, and 50 min, respectively. Af-
ter heat preservation to a predetermined time, water quenching is used imme-
diately to retain the original austenite crystal boundary. After quenching, the
sample is ground and polished, and then eroded with an erosive agent. After the
original austenite grain boundary appears, the austenitic grain size is determined
by the linear intercept method. The number of grains measured is not less than
140.

The austenitic grains of experimental steel at 850°C, 950°C, 1050°C and
1150°C are kept warm for 30 min as shown in Figure 1. It can be seen from the
figure that austenite grain size increases gradually with the increase of heating
temperature. When the heating temperature is at 850°C, the average size of aus-
tenite grains is about 11 pum, and the grain size distribution is more uniform;
When the heating temperature rises to 950°C, the average size of austenite grains
gradually grows to about 17 pm; When the heating temperature is increased
from 950°C to 1000°C, because the heating temperature is low at this time, the
second phase particles of Nb and Ti in the test steel are distributed in the auste-
nite grains, strongly preventing austenite grains from growing. So austenite
grains grow slowly. When the heating temperature is increased to 1050°C, the
tendency of austenitic grains to grow up becomes very obvious. The average grain
size grows to about 34 pm. The austenitic grains have large differences in size

and have a certain degree of mixed crystals; This is because when the temperature

‘7 N o N
a5 R0 ‘_'u{.;; SIS 20 pm

Figure 1. Original austenite crystal morphology at each heating temperature of 30 min.
(a) 950°C; (b) 1000°C; (c) 1050°C; (d) 1100°C.
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rises to 1050°C, the content of Nb and Ti dissolved in austenite increases, and
the content of undissolved Nb and Ti gradually decreases, the nailing effect on
austenite weakened, and a few grains grew up abnormally [4]. When the heating
temperature rises to 1150°C, the austenite grains are coarsened obviously, but
relatively uniform, with an average size of approximately 49 um. This is because
when the temperature is greater than 1150°C, the carbon nitride of the mi-
cro-alloy element niobium and titanium gradually dissolves in austenite, so that
1150°C becomes a critical heating temperature, when the heating temperature is
higher than this temperature, Carbon nitride dissolved in austenite, Some grain
boundary lose “nails” and begin to move, especially small grains. The surface
free energy is large and it is easier to move in the direction of the crystal. The
large grains grow by swallowing the small grains, which causes the roughening
of austenite grains [5]. Figure 1 shows that austenite grain size changes have
basically gone through three stages: the small and uniform phase of grains, the
mixing phase where some grains grow too large, and the coarse but relatively
uniform phase of grains.

At the same insulation time, the relationship between quenching heating
temperature and austenite average grains is shown in Figure 2(a): It can be seen
that when the insulation time is fixed, the average grain size increases exponen-
tially with the increase of heating temperature; At a certain heating temperature,
the relationship between the insulation time and the average grain size of the
austenite is shown in Figure 2(b): It can be seen that when the heating temper-
ature is fixed, the average grain size increases parabolic with the extension of the
insulation time. The effect of heating temperature on average grain size is greater

than that of insulation time.

2.2. Establishment of Grain Growth Mathematical Model for
Q1030 Steel

From the above experiments, it can be seen that the heating temperature and the
insulation time will have a certain impact on the growth of austenitic grains in

experimental steel. Of course, the influence of initial grain size on austenitic

100 T T T T T T 100
—=— 900°C
—=—950C
80 | 4 1000C
—»—1050°C
—e—1100°C
—4—1150C

4/ pm
d/ bm

o0

o |‘|| 20 3:1 40 s0 bog 1000 1050 11Iﬂ|l 11'.'I|I
t/min /T
(a) (b)
Figure 2. Effect of heating temperature and insulation time on the average grain size of
austenite. (a) Effect of heating temperature on grain size (b) Effect of insulation time on
grain size.
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grain growth is inevitable. Therefore, if the austenite grain growth law is syste-
matically studied, it is necessary to consider the three factors that affect the
heating temperature (7), the insulation time (7), and the average diameter of the
initial grain (d,).

Sellar et al. proposed a mathematical model describing the grain growth law of
C-Mn steel in the 1970s. In recent years, many scholars in China have also car-
ried out this work one after another [6]. At present, the model of predicting aus-
tenite grain growth law in isothermal process mostly uses Sellars model and

Anelli improved model [7] [8], respectively:
d"—dy = Atexp(—Q/RT) (1)
d—d, = Bt" exp(-Q/RT) (2)

Formula (1) takes into account the grain growth index n, and formula (2)
takes into account the time index m. Both equations are based on certain expe-
rimental data [9] Taking into account the grain growth index n and the time in-
dex m, a more reasonable model of the grain growth law can be obtained, as

shown in Equation (3):
d" —dj = At" exp(—Q/RT) (3)

In the formula, dis the average diameter of the final grain (um); d, is the av-
erage diameter of the initial grain (um); ¢is the heat preservation time (min); 7°
is the heating temperature (K); R is the molar gas constant; Qs the grain growth
activation energy (J/mol); A, n, B, and m are experimental constants.

Take the logarithm on both sides of the Equation (3) and get:
ln(d”—d(;’):lnAerlnt—Q/RT (4)

There are four unknowns m, n, A and Q in Equation (4), which can not be
determined directly by linear regression. We first set n values, such as n = 1.0,
1.5,2.0, 2.5, 3.0, 3.5, 4.0, to determine M, Q, and A values by fitting experimental
data.

Equation (4), when 7 is a fixed value, partial derivatives are found for In
When T'is a fixed value, the partial derivatives for 1/ T"are obtained by obtaining
(5) and (6), respectively, as follows:

m=0[In(d"~dy)]/o(in)], (5)
0=-Ro[In(d"~d; )] /6(1/T) ] 6)

Linear regression of ln(d" —dO") and J(Ind), ln(d” —dO") and A1/7) re-
spectively, under the condition of setting 1 value, M and Q values can be ob-
tained, and the M and Qvalues are brought into the Equation (4) to calculate the
A value.

When n sets different values, the error values of M, Q, and A are calculated,
respectively. The sum of the squares of the errors is a function of 1, and the goal
of optimizing the sum of the regression errors is the minimum. By the method

of function fitting, the relationship between the error square and the change of n
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value is obtained. After calculation, when 1 = 2.503, the square sum of the error
is minimal and then value is determined, the A, @, and A values are recalculated
using the above method.

When n = 2.503, the relationship between ln(d" —do") and A1/7) is shown
in Figure 3, and the relationship between ln(d” —do”) and AInd is shown in
Figure 4, and m = 1.33 is calculated. Q = 349.2213 kj/mol, A = 3.85 x 1015.
Therefore, under isothermal conditions, the austenitic grain growth model of
Q1030 steel is:

d>® —dy*® =3.85x10" 1" exp(-349221.3/RT) (7)

Figure 5 is a comparison of austenitic grain size measurements and calculated
values at different temperatures for insulation time 30 min. It can be seen that
there is a good consistency between the two, and the error between the calcu-
lated value and the measured value does not exceed 8%. The explanatory formu-
la (7) can objectively reflect the isothermal growth law of austenite grains and
has important reference value.

The above grain growth model can only describe the average size changes of
grains, but in fact, the growth of grains may have serious heterogeneity during
the growth of grains, and a few grains will grow up abnormally. This is because
during the heating process, after the austenite transformation occurs, the grain
boundary migrates under the driving force of reducing the free energy of the in-
terface, resulting in the growth of the grain. At the same time, the precipitation
phase particles have a certain effect on the grain boundary migration through
the “Pinning effect” of the grain boundary [9] [10].

The more phase particles are precipitated, the smaller the radius, the greater
the “Pinning effect” resistance generated, and the better the effect of impeding
the growth of grains [11] [12].

12

11

2 1 1 1 1 1 1 1 1 1
7.0 72 7.4 7.6 7.8 8.0 82 8.4 8.6

1000/T

Figure 3. Relation curve between ln(d " - do”) and 1/ T"at different insulation times.
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Figure 4. Relationship curve between ln(d "— do") and In¢ at different heating temper-

atures.
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Figure 5. Calculated and measured average size of austenite grains.

3. Effect of Quenching Temperature on the Microstructure
of Q1030 Steel

It can be seen from Figure 6 that when the quenching heating temperature is
880°C, due to the low austenitizing temperature, the amount of carbon and al-
loying elements dissolved into austenite is relatively small, reducing the harde-
nability of steel [13] [14], In the subsequent cooling process, there was a certain
amount of ferrite and bainite formation, and the proportion of martensite tissue
was relatively small. At the same time, because the original austenite grain is
small, the resulting martensite strip beam is short and narrow, and the directio-

nality is not obvious. When the quenching heating temperature reaches 950°C,
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Figure 6. Tissue pictures of Q1030 heat treatment at different austenitic temperature for
insulation times 30 min. (a) 880°C; (b) 950°C; (c) 1000°C; (d) 1150°C.

the proportion of martensite in the tissue increases significantly. When the tem-
perature continues to rise to 1000°C, due to the coarsenization of some austenite
grains and the full dissolution of alloy elements, The resulting martensite strip
beam becomes wider and longer, and the strip beam is regular and directional.
When the heating temperature rises to 1150°C, with the increase of quenching
temperature, the size of austenite grains increases, and the size of the strip beam
obtained after quenching increases accordingly [15]. The austenite grain and
martensite strip bundles are severely coarse, the grain boundary is clear, and the
austenite grains are divided into several parts by different orientation martensite
strips. From this it appears that although the chemical composition of the steel
has not changed, However, the different quenching temperature has important
influence on the microstructure of Q1030 steel. Therefore, it will lead to great
differences in mechanical properties.

4. Effect of Quenching Temperature on Mechanical
Properties of Q1030 Steel

As can be seen from Figure 7, when quenching at 880°C - 950°C, with the in-
crease of austenitizing temperature, the hardness and strength of Q1030 steel
gradually increase, reaching a maximum of 950°C; At 950°C, the maximum val-
ue was reached, of which the Rockwell hardness was 46HRC and the yield
strength was 1160 MPa; During quenching at 950°C - 1100°C, the hardness and
strength of Q1030 steel gradually decreased with the increase of austenitizing
temperature.

This is because when quenching at 880°C - 950°C, with the increase of the
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Figure 7. Strength and hardness of Q1030 steel at different austenitic temperatures after
30 min insulation.

heating temperature, the amount of carbide dissolved into the austenite by the
alloy element increases, the alloying degree in the austenite increases, and the
carbon and alloy elements in the martensite increase after quenching; Moreover,
at higher heating temperature, due to the dissolution of carbon and alloy ele-
ments, the stability of the overcooled austenite is increased, the hardenability of
the steel is enhanced, and the martensite tissue content of the hardened steel is
increased. Therefore, the martensite obtained by quenching at a higher austenite
temperature has higher hardness and strength. During quenching at 950°C -
1100°C, with the increase of heating temperature, the austenite grain and mar-
tensite strip bundles were significantly coarsely coarser, so the hardness and

strength of the steel decreased with the increase of heating temperature.

5. Conclusions

1) The carbonitrides of microalloying elements niobium and titanium in Q1030
steel will gradually dissolve in the austenite with the increase of the quenching
heating temperature, gradually losing the nail effect on the grain boundary, so
the grain will gradually increase with the temperature. When the temperature is
lower than 1150°C, the grain grows less obvious. When the temperature is
higher than 1150°C, because most of the carbon nitride is dissolved in austenitic,
many grain boundaries lose their “nailing” function” and begin to move. This
causes the rapid coarsening of austenite grains.

2) In this paper, the quenching heating system of Q1030 ultra high strength
steel is studied in a series of laboratories; the grain growth model is established,
and the regression calculation method is introduced to verify the correctness of
the model.

At different heating temperatures and thermal insulation times, the austenitic

grain growth model of Q1030 steel is:

DOI: 10.4236/msa.2019.1010047

673 Materials Sciences and Applications


https://doi.org/10.4236/msa.2019.1010047

J.). Wang et al.

45— d2 =3.85x10 1'% exp(-349221.3/RT) (8)

where dis the average diameter of the final grain (um); d| is the average diame-
ter of the initial grain (um); ¢is the heat preservation time (min); 7'is the heating
temperature (K); Ris the molar gas constant.

3) The quenching temperature has a great influence on the microstructure
and mechanical properties of Q1030 steel. During quenching at 880°C - 950°C,
with the increase of austenitic temperature, the hardness and strength of Q1030
steel gradually increased, and the hardness and strength reached a maximum at
950°C. During quenching at 950°C - 1100°C, the hardness and strength of
Q1030 steel gradually decreased with the increase of austenitic temperature.
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