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Abstract: The kinetics of austenite grain growth during thermomechanical treatment of AISI 321 steel
with a relatively high content of carbon (0.07 wt. %) and titanium (0.50 wt. %) were studied. Hot
deformation was carried out by the uniaxial compression of cylindrical specimens on a Gleeble 3800
thermomechanical simulator. A dependence is obtained for calculating the kinetics of austenite grain
growth for a temperature range of 1150–1250 ◦C. The proposed dependence makes it possible to
evaluate grain growth under non-isothermal conditions. The verification of the adequacy of the
proposed dependence and the method for calculating the grain size at cooling rates 0.2, 1 and 5 ◦C/s
showed its high convergence. The difference between the calculated and experimental grain size did
not exceed 8%. The suppression of grain growth is due to the precipitation of titanium carbides and
carbonitrides. Using the developed grain growth model, an analysis was made of the reasons for the
formation of large grains in the shell after the elongating in the production process.

Keywords: pipe rolling; hot deformation; grain growth kinetics; austenitic stainless steel; AISI 321

1. Introduction

Stainless steel is used in industries such as construction [1], medicine [2], energy [3],
food [4] and chemical [5,6]. Austenitic stainless steel pipes are used in the nuclear power
industry [7–9]. Nuclear power pipes are subjected to cyclic mechanical loadings caused
by internal pressure fluctuations, coupled with strain cycles due to start up/shut down
or thermal transients [10]. Accordingly, thermomechanical fatigue failure has become
one of the main limited factors for the service life of nuclear power pipelines [7]. In
addition, during long-term servicing conditions under elevated temperatures and pressures,
mechanical loads and dead weight lead to the accumulation of creep damage [7]. In all
these industries, materials are subject to requirements for tensile strength and yield strength,
corrosion resistance and other properties. These properties of metal products are affected
by the grain size.

Austenitic stainless steel is generally 100% austenite (

1 
 

 
 
ɣ ) or austenite with a small

amount of δ-ferrite [11]. The presence of δ-ferrite particles reduces the corrosion resistance
of austenitic steels, especially their resistance to intergranular corrosion (IGC), and affects
the susceptibility of austenitic steels to stress corrosion cracking, fatigue strength and creep
resistance nonuniformly [12].

The grain size of austenite after hot deformation depends on dynamic recrystallization
and subsequent grain growth. Here are just some of the studies [13–16] on the effect of grain
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size on the properties of austenitic steels. Issues related to the dynamic recrystallization of
austenitic stainless steel are discussed in detail in this study [17].

One of the processes that affect the formation of the final grain size is grain growth
after recrystallization [18,19]. The grain size formed during recrystallization depends
mainly on the plastic deformation degree, the temperature at which recrystallization occurs
and the holding time of the steel. Alloying elements dissolved in austenite hinder grain
growth and reduce grain boundary mobility. To an even greater extent, grain growth is
inhibited by the dispersed precipitates of secondary phases. The strongest influence on
the tendency to austenite grain growth is exerted by the addition of carbide-forming or
nitride-forming elements (V, Nb, Ti, Al), if these elements precipitate in the form of the
corresponding carbides (NbC, TiC), nitrides (VN, AlN, NbN, TiN) or carbonitrides. In
such steels, the growth of austenite grains is significantly inhibited up to the temperature
at which the dissolution of the above precipitates in austenite begins. The dissolution
of small particles along the boundaries of some grains leads to the intensive growth of
these selected grains, called abnormal growth or secondary recrystallization. As a result of
anomalous growth, a structure that is extremely heterogeneous in grain size is formed. On
the contrary, relatively uniform grain growth at temperatures below the beginning of the
dissolution of particles and above the temperature of their complete dissolution, leading
to the formation of a homogeneous grain structure, is usually called normal growth. For
designing technological modes of material processing, it is useful to have a mathematical
model that describes the kinetics of the grain growth process.

Many researchers in the middle of the 20th century theoretically derived a parabolic
law [20–22], which describes the kinetics of grain growth,

D2 − D2
0 = K · t (1)

where D0—initial grain size, µm; D—grain size (µm) at the time t, (s); K—function depend-
ing on the holding temperature T and the activation energy of grain growth Q, (KJ/mol),

K = A · exp
(
− Q

RT

)
(2)

where A—the material constant, µm1/m·s−1; R = 8.314 J/(K·mol)—universal gas constant.
When constructing empirical models of grain growth kinetics, it usually turned

out [17–19] that the dependence of grain growth has a power law form,

Dm − Dm
0 = K · t (3)

where m 6= 2—material constant.
Dependences of this type were obtained when studying the kinetics of grain growth in

austenitic stainless steels [23,24], low alloy steels [25,26] and other metals and alloys [27–31].
Note that most often, researchers limit themselves to studying the kinetics of grain

growth only under isothermal conditions. In the framework of some works, experiments
were carried out to study grain growth under non-isothermal conditions [32–34]. However,
studies on the non-isothermal process of grain growth in Cr-Ni austenitic stainless steel are
not found in scientific articles.

Perhaps this is due to the fact that to create controlled non-isothermal conditions with
given heating or cooling rates, specialized equipment is required which is not always avail-
able to researchers. At the same time, in many real production processes, the temperature
of the material changes. For example, if the welding process is considered, regardless of the
type of heat source, there is a thermal influence zone within which the temperature field is
non-isothermal throughout the entire welding cycle.

Non-isothermal periods of the process can be neglected only in cases where their
duration is short compared to the duration of the isothermal period. This occurs during
annealing (especially during rapid heating and cooling).
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Another example of grain growth under non-isothermal conditions is grain growth
in shells after they have been pierced. This is what prompted this study. It should be
understood the reasons for the formation of a coarse-grained structure in the production of
pipes at the Chelyabinsk Pipe Rolling Plant. The technological scheme (Figure 1) for the
production of pipes includes the following operations and features:

1. A billet machined and drilled with an outer diameter of ~600 mm and an internal
through axial hole of ~100 mm;

2. Heating the billet to a temperature of ~1280 ◦C;
3. Firmware on the cross-helical rolling mill;
4. Cooling the metal to room temperature;
5. Heating the shell to a temperature of ~1280 ◦C;
6. Elongating on a helical rolling mill, after which a shell with an outer diameter of

~650 mm and a wall thickness of ~70 mm is obtained;
7. Machining to the size of the finished pipe 63 × 10 mm2.
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Figure 1. Technological scheme for the production of pipes 630 mm × 10 mm.

In the microstructure of steel pipes after piercing, an equiaxed grain is observed
throughout the entire wall thickness. In this case, the grain size along the wall thickness
is different. The grain size increases from the outer to the inner surface of the pipe wall
(Figure 2). When machining pipes up to a wall thickness of 10 mm, metal layers with
a large grain size are removed. However, the presence of coarse-grain in the pipe wall
limits the range of pipes produced by the Chelyabinsk Pipe Rolling Plant and reduces the
profitability of the plant.
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(a)—10 mm; (b)—25 mm; (c)—50 mm.

The purpose of this work is to study the grain growth kinetics in austenitic stainless
steel and to identify the reasons for the formation of large grains during the production of
hot-rolled pipes from this steel.

2. Materials and Methods

The chemical composition of the austenitic stainless steel used in the present study is
shown in Table 1.
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Table 1. Chemical composition (wt %) of the AISI 321 steel.

C Si Mn Cr Ni S P Mo Cu Ti N

0.07 0.30 1.33 17.7 10.3 0.005 0.025 0.19 0.19 0.50 0.014

The samples in the form of cylinders with 15 mm length and 10 mm diameter were
cut out of the tube after the piercing, in the radial direction. Hot deformation was carried
out by uniaxial compression test on a simulator of thermomechanical processes, Gleeble
3800. The temperature of the sample during the test was measured by a thermocouple
welded to its central part. Before deformation, the samples were heated to a temperature
of 1280 ◦C and held for 10 min. 1280 ◦C is a typical temperature for heating cast blanks
before subsequent hot deformation. Then, the samples were cooled to a temperature of
1200 ◦C and deformed at this temperature with a strain rate of

.
ε = 1 s–1 and up to a true

strain of ε = 0.7. This mode of preliminary hot deformation was accompanied by dynamic
recrystallization and ensured the formation of recrystallized grains with an average size of
D0 = 40 µm.

The first series includes isothermal tests. The samples were held at the same tempera-
ture of 1200 ◦C for 1, 5 or 15 min. The next samples for a short time were cooled (or heated)
to a holding temperature of 1100, 1150 or 1250 ◦C (Figure 3) and held also for 1, 5 or 15 min
(Table 2). After holding, every sample was quenched with a jet of water.
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Figure 3. Schematic of the experiment at isothermal mode.

Table 2. Modes for studying the kinetics of grain growth at isothermal mode.

Holding
Temperature, ◦C 1100 1150 1200 1250

Holding time,
min 1 5 15 1 5 15 1 5 15 1 5 15

Average size
grains, µm 43 44 45 76 100 125 90 120 160 110 150 196

The secondary series includes non-isothermal tests. The samples were cooled at a
controlled constant rate. The cooling rate was controlled by passing an electric current
through the samples. The cooling rate was 0.2, 1 and 5 ◦C/s. The schematic of the
experiment is shown in Figure 4. For each mode, 3 samples were processed.
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Microstructural studies were performed using an optical microscope C. Zeiss Observer
(Carl Zeiss AG, Oberkochen, Germany). The slots made from the longitudinal section of
the samples were subjected to electrolytic etching in a 4% solution of nitric acid in ethanol.
The grain size was determined by the intersection method.

3. Results and Discussion

The microstructures obtained during studies in isothermal conditions (Figure 3) are
shown in Figure 5. The microstructure of the studied steel AISI 321 consists of austenite
(

1 
 

 
 
ɣ ) grains and contains a small amount of δ-ferrite. The microstructure of the sample

after primary deformation at a temperature of 1200 ◦C with a deformation rate of 1 s–1 is
shown in Figure 5a. The microstructures obtained during experimental deformation and
subsequent holding at temperatures of 1250, 1150 and 1100 ◦C for 15 min are shown in
Figure 5b–d, respectively. Holding at a temperature of 1100 ◦C is accompanied by a slight
growth of grains, while areas are preserved in which the grain size practically does not
change. As a result, a structure with a heterogeneous granular structure is formed.

With an increase in the holding temperature to 1150 and 1250 ◦C, the intensive growth
of austenite grains begins. The emerging structure becomes coarse-grained and homoge-
neous.

According to the results of measuring the grain size for all processing modes of the
studied samples (Figure 3 and Table 2), the dependences of the average grain size on the
exposure time were plotted (Figure 6).

Figure 6 shows experimental data on grain size depending on temperature and holding
time. From the data in Figure 6, it can be concluded that grain growth at a temperature
of 1100 ◦C compared to higher temperatures is largely suppressed, probably by particles
of carbides or carbonitrides of titanium released at this temperature [35,36]. It is worth
noting that in the steel of the considered chemical composition, the suppression of other
recrystallization processes was previously noted [37,38], which confirms the version of the
precipitation of carbides.
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In the work [39], it was also found that the amount of titanium significantly affects
the recrystallization of steel during hot deformation. The studies were carried out on AISI
321 steel with a Ti = 0.50% content (Table 1) and with a reduced Ti = 0.21%. Studies have
shown that in the temperature range of 1280–1100 ◦C, in steel with both increased (0.50%)
and reduced (0.21%) titanium content, dynamic recrystallization proceeds in full at a strain
rate of 0.01, 0.1, 1 s−1. When the temperature drops below 1100 ◦C, there is a difference
in the behavior of steel during hot deformation. In steel with a titanium content of 0.50%,
deformation at a temperature of 1100 ◦C at a rate of 0.1 s−1 causes only partial dynamic
recrystallization, while in steel with a reduced titanium content (0.21%) it passes completely.
Thus, dynamic recrystallization in steel with a low titanium content in the temperature
range of 1100 ◦C proceeds to a greater extent than in steel with a high content of these
elements.

The results obtained by us in the work [39] indirectly also confirm the assumption that
the reason for the delay in dynamic recrystallization and grain growth in steel with the
chemical composition indicated in Table 1, below a temperature of 1100 ◦C, are inclusions
of titanium carbides.

As mentioned earlier, the kinetics of grain growth are usually described using
Equations (2) and (3).

Using the method of regression analysis, the coefficients m, A and Q were found from
expressions (2) and (3) describing the kinetics of grain growth:

m = 4.752;
A = 1.669× 1020µm1/m s−1;
Q = 359.4 KJ/mol.
The formula for determining the grain size of austenite under non-isothermal condi-

tions will be as follows:

D4.752 − D4.752
0 = 1.669× 1020 · exp

(
− 359400

8.314 · T

)
· t. (4)

To determine the coefficients, only data obtained at holding temperatures of 1150, 1200
and 1250 ◦C were used. The values obtained at 1100 ◦C were excluded from consideration
since at this temperature the behavior of steel differs from the general pattern.

According to Formula (4), the grain growth curves were calculated at holding tem-
peratures of 1100, 1150, 1200 and 1250 ◦C, which are presented in the form of solid lines
in Figure 6. The curve for a temperature of 1100 ◦C lies much higher than corresponding
experimental points, which once again indicates the suppression of grain growth at a
temperature of 1100 ◦C.

Taking into account the results presented in Figure 6, it follows that the obtained
Formula (4) cannot be used to predict the grain size when it grows below a temperature of
1100 ◦C. The results obtained will be erroneous.

The microstructure of the samples obtained by deformation and subsequent cooling at
a controlled rate is shown in Figure 7. Steel exhibits an austenitic structure with a small
fraction of δ-ferrite. From photographs of microstructures, it can be seen that a decrease
in the cooling rate leads to an increase in grain size. Thus, a decrease in the cooling rate
to 0.2 ◦C/s leads to an increase in the average grain size from 40 µm (after quenching) to
108 µm. Grain sizes determined by the intersection method are presented in Table 3.
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Table 3. Experimental and calculated austenite grain size.

Cooling Rate, ◦C/s Experimental Grain
Size (Average), µm

Calculated Grain
Size, µm

Difference between
Calculated and

Experimental Value, %

Quenching
(immediately cooling) 40 - -

5 55 60 8
1 75 82 8

0.2 108 114 5

Empirical expression (4), describing the growth of austenite grains under isothermal
conditions, can be used to predict grain growth under non-isothermal conditions. To do
this, the time interval for cooling is divided into small intervals, the temperature difference
in which has a relatively low value (within 1 ◦C). Further, the process of grain growth over
a small interval is considered as for an isothermal process.

The calculated values of the grain size of austenite obtained by this method are shown
in Table 3. The difference in the calculated and experimental values of the austenite grain
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size does not exceed 8%, which is acceptable for predicting the microstructure under
production conditions. It follows that the method used to calculate the grain size formed
in a non-stationary temperature field is applicable to solving practical problems arising in
production processes.

Using Equation (4) obtained in the course of laboratory experiments, the reasons for
the formation of a coarse-grained structure in the shell were analyzed in the production of
pipes using the above technology (Figure 1).

To calculate according to Equation (4), it is necessary to determine the temperature
distribution over the billet metal using the heat conduction equation. To simplify the task,
the following assumptions were made:

− The metal is cooled equally in all directions, i.e., the problem is axisymmetric;
− Heat transfer through the ends of the shell is neglected, so the solution can be consid-

ered valid for points remote from the end of the shell.

Taking into account the assumptions made, it is obtained the heat conduction equation
in the polar coordinate system [40] is:

ρc
∂T
∂t

=
λ

r
∂

∂r

(
r

∂T
∂r

)
(5)

where ρ—the density of the material, kg/m3; T—the billet temperature, K; C—the heat ca-
pacity of the material J/(kg·K); λ—thermal conductivity of the material W/(kg·K); t—time,
s; r—coordinate characterizing the distance of the point from the axis of the billet, m.

To solve the heat conduction equation, it was assumed that the density of steel does
not depend on temperature and is equal to 7900 kg/m3. The heat capacity and thermal
conductivity coefficients were calculated using the JMatPro program [41].

The initial conditions for the temperature distribution (Figure 8) were determined
earlier by the finite element method when modeling the piercing of the billet.
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Figure 8. Temperatures over the section of the billet.

Usually, heat exchange between a solid and a gas occurs in two ways [42,43]:

− Convection for which the heat flow is calculated according to the Newton-Richmann
law;

− Radiation for which the heat flux is calculated according to the Stefan–Boltzmann law.

Based on this, boundary conditions were formulated: in the form of Equations (6) for
the inner surface and (7) for the outer surface.

r =
dint

2
:

∂T
∂r

= α(Tint − Tair), t ≥ 0 (6)

where r—coordinate characterizing the distance of the point from the axis of the billet, m;
T—the billet temperature, K; dint—inner diameter, mm; Tint—the temperature of the inner
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surface of the metal, K; Tair—the air temperature inside the hole, K; α—the convection heat
transfer coefficient.

r =
D
2

: λ
∂T
∂r

= α(Tenv − Tout) + σε
(

T4
env − T4

out

)
, t ≥ 0 (7)

where Tenv—the ambient temperature, K; Tout—temperature of the outer surface, K;
σ—Stefan-Boltzmann constant; ε—emissivity factor.

Note that Equation (6) does not include a component describing the heat flux by
radiation, since the inner surface radiates heat to itself. Cooling occurs only by convection,
and air flows around the inner surface of the shell wall.

The heat conduction equation was solved by the finite difference method, using
Samarskii’s implicit four-point difference scheme [44,45]. When using the Samarsky scheme,
the calculation of temperature at each time step is reduced to solving a system of algebraic
equations using sweep coefficients. In the process of solving, the wall of the shell was
divided into N segments of length ∆ r. The metal temperature at each time step ∆ t was
calculated at each point ri. The coordinate of the points is calculated by the formula:

ri =
dint

2
+ ∆r · (i− 1) (8)

where i—index, integers from 1 to n.
The cooling rate calculated by this method is shown in Figure 9.
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Figure 9. Cooling kinetics of the shell cross-section after issuance from the piercing mill.

As can be seen in Figure 9, the temperature of the inner surface of the shell rises in the
first 20 s. This is due to the fact that after removing the cold piercing plug from the shell,
the inner surface heats up due to heat transfer in the wall.

Simultaneously with the calculation of thermal conductivity, the kinetics of grain
growth were calculated. Actions are performed in the following sequence:

1. The temperature distribution was calculated at a time step at each i-th point.
2. The value of the grain size D at the end of the time step was calculated by Formula (4)

separately for each point. The just calculated value at the point was substituted as the
temperature value.

3. A transition to a new step is performed. In the next step, the obtained value of the
grain size at this point is used as the initial grain size D0 in Formula (4).
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To calculate such a sequence, it is necessary to determine the grain size at the initial
moment of time. In the works [17,44,45] previously published by our team of authors,
the process of dynamic recrystallization in steel of the current chemical composition was
considered. The activation energy dynamic recrystallization, the equation for calculating
the Zener–Holomon parameter, the strain required to complete the first cycle of dynamic
recrystallization, the grain size formed during dynamic recrystallization, and other pa-
rameters were determined. Figure 10 shows a map of grain sizes depending on the strain
rate and temperature. In the form of dotted lines, the ranges of deformation speed and
temperature inherent in different layers of the shell have been marked. As can be seen in
Figure 10, at the end of the piercing process, grains ranging in size from 20 to almost 80 µm
can be formed. Note that the temperature of the metal in the middle of the shell wall at this
moment is about 1260 ◦C. As you can see in Figure 11, the initial grain with a size of 0 and
70 µm, after 6–7 s, differs in size by no more than 10 µm. For this reason, without any large
error in estimating the final grain size, it can be assumed that the initial grain at the initial
time is 25 µm. Taking into account this condition (D0 = 25 µm), the kinetics of grain growth
were calculated. The calculation results are shown in Figure 12.
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Figure 12. Grain growth kinetics at points at different distances from the outer shell surface after
elongating.

The calculation results are comparable with the austenitic grains size shown in Figure 1.

4. Conclusions

Studies of the growth kinetics of recrystallized austenite grains in AISI 321 stainless
steel made it possible to obtain the following results:

1. After holding the steel at a temperature of 1150 ◦C and above, intensive grain growth
is observed. At a temperature of more than 1150 ◦C and an exposure of more than
5 min, the grain size exceeds a value of 100 µm.

2. Reducing the holding temperature to 1100 degrees leads to a sharp drop in the
grain growth rate. The suppression of grain growth is caused by the precipitation of
titanium carbides and carbonitrides. The average austenite grain size did not exceed
45 µm even after 15 min exposure at 1100 ◦C.

3. A dependence is obtained for calculating the kinetics of austenite grain growth for a
temperature range of 1150–1250 ◦C,

D4.752 − D4.752
0 = 1.669× 1020 · exp

(
− 359400

8.314 · T

)
· t,

where D0—initial grain size, µm; D—grain size (µm) at the time t, (s); T—holding
temperature, ◦C.

4. The proposed dependence makes it possible to evaluate grain growth under non-
isothermal conditions. To do this, it is necessary to divide the time into small intervals,
within which the temperature changes by a small amount (up to 1 ◦C). The verification
of the adequacy of the proposed dependence and the method for calculating the grain
size at cooling rates 0.2, 1 and 5 ◦C/s showed its high convergence. The difference
between the calculated and experimental grain size did not exceed 8%.

5. A mathematical model has been developed that combines the solution of the heat
conduction equation and the kinetics of grain growth, with the help of which the
grain size in the shell after piercing is determined by calculation. The results obtained
show that the formation of coarse grains is determined by the kinetics of its post-
deformation growth. To obtain a relatively fine-grained microstructure, technological
measures should be taken to suppress grain growth.
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