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Abstract
The Hastelloy G3 nickel-based alloy hot extruded tube was studied in this paper. The effects of 
solution temperature and holding time on the grain size of the alloy were studied. The results 
show that when the holding time is constant, the austenite grain size increases with the heat 
treatment temperature increasing, and the austenite grain coarsening temperature is 1120 °C; 
when the heat treatment temperature is constant, the austenite grain size of G3 nickel-based 
alloy grows approximately and parabolically with the holding time increasing. In order to obtain 
uniform austenite grains, the suitable solid solution system for G3 alloy hot extruded tube is 
1100 °C and 40 min. Considering the effects of solution temperature, holding time and initial 
austenite grain size, the austenite grain growth model of G3 nickel-based alloy was deduced. 
The grain size calculated by this model agrees well with the experimental results.
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ture, and there is a great safety hazard [1-10]. The 
use of excellent nickel-based alloy materials is an 
effective way to solve this problem [11-15]. G3 alloy 
is a representative one of Hastelloy G series alloys, 
which is a typical nickel-based corrosion resistant 
alloy with ultra-low carbon, high Ni, Cr and Mo, 
containing a certain amount of alloying elements 
such as Cu, Co and W, it exhibits a superior cor-
rosion resistance in the strong oxidizing or mixed 
acid. It is widely used in flue gas desulfurization 
systems, phosphoric acid production steam gener-
ators and heat exchanger. In addition, it is one of 
the main materials for oil well tubes in high tem-

Introduction
With the rapid development of petroleum and 

natural gas industry and the decreasing exploita-
tion of oil and gas resources, the exploitation of 
oil and gas resources has to turn to deep wells and 
ultra-deep wells in complex areas and deep high 
acid corrosion environments. These acid oil and gas 
wells have large depth, high pressure and tempera-
ture in the well, containing of CO2, H2S and chloride 
ion salt with high concentration, which makes the 
service conditions of the oil casing and harsh. Metal 
components working in this high corrosive medium 
environment are very prone to corrosion and frac-
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perature, high H2S, CO2 and Cl- riching with acid oil 
and gas production [16-20]. During the hot working 
and heat treatment of G3 alloy, the grain growth 
and precipitation phase often occur, which affects 
the processing and service performance of the al-
loy. The researcher’s results show that Cl- is harm 
for the passive film of G3 and accelerates the corro-
sion, adding CO2 to the corrosion environment with 
H2S accelerates the corrosion, the corrosion po-
tential decreases and the stability of the corrosion 
scale reduces with the increase of pH. The effect of 
element S on the corrosion behavior of nickel-base 
alloy G3 was analyzed and discussed. The results 
show that the average corrosion rate of nickel-base 
G3 changes lightly and the thickness of passive film 
with bipolar structure is about 11 nm under the el-
ement S contents of 0, 1 and 10 g/L. The out layer 
of passive film is mainly composed of oxides and 
hydroxides and the inner layer is mainly oxides. 
However, when the content of element S reaches 
100 g/L, the average corrosion rate of nickel-base 
G3 increases rapidly, and the thickness of passive 
film also increases to about 90 nm. The out layer 
changes greatly and is mainly composed of Cr and 
Ni sulfide, the inner layer is still mainly Cr and Ni ox-
ides. The transformation of passive film structure 
maybe is the main reason that results in the lower 
corrosion resistance of nickel-base G3. The effect 
of the solution and aging treatment on the micro-
structure and precipitated phase of the G3 steel 
was investigated, the effect of the microstructure 
change and precipitated phase on the corrosion re-
sistance of G3 steel was analyzed by the corrosion 
test in high temperature and high pressure envi-
ronment containing H2S/CO2. The results indicate 
that the solution treatment temperature should 
not exceed 1150 °C in order to avoid the much big-
ger grains. The carbide M23C6 precipitated in grain 
boundaries is increased, and the plate-like carbide 
M6C is formed inside grains with the aging tem-
perature increasing. The formation of precipitated 
phase of chrome carbide leads to the severe pit-
ting corrosion of the Ni-based alloy because a poor 
chromium area has been formed in intergranular 
sites so that the corrosion resistance of G3 alloys is 
reduced. The researcher studied the hot deforma-

tion behavior and the subsequent microstructure 
characteristics of Hastelloy G3 alloy by isothermal 
compression tests at the strain rates of 0.1-10 s-1 
and the temperatures of 1050-1200 °C. The results 
showed that the built material model has good fit-
ting accuracy to satisfy the engineering need. The 
softening mechanism of G3 alloy is dynamic recrys-
tallization during hot working process. According 
to the microstructures after deformation, for G3 
alloy the proper deformation temperature is 1180-
1200 °C and the proper strain rate is 5-10 s-1. The 
stress-strain curves of corrosion resistant alloys G3 
and the effect of temperature on max stress and 
reduction of area of alloys have been studied by 
using Thermomacmaster-Z hot simulator, TEM and 
SEM, and the effect factors on dynamic recrystal-
lization of alloys were analyzed. Results showed 
that with increasing temperature compensating 
factor Z, the grain size of dynamic-crystallizing of 
alloy G3 decreased. Based on the existing research 
results of the alloy, it can be found that the main 
focus is on the corrosion resistance, high-tempera-
ture processing characteristics and thermal defor-
mation behavior [21-30]. However, there are few 
reports on systematic analysis of recrystallization 
and grain growth behavior of the alloy during the 
solution treatment. Therefore, studying the grain 
growth behavior of G3 nickel-based alloy is of great 
significance for the correct design of the solid solu-
tion-strengthened nickel-base alloy heat treatment 
process and the precise control of the nickel-base 
alloy tube with an excellent performance. In this 
paper, the G3 alloy hot extruded tube was taken as 
the research object, and the grain growth behavior 
of the alloy in the solution treatment process was 
studied with different solid solution systems. The 
kinetic equation of grain growth of the alloy was 
established, which has an important guiding sig-
nificance for the formulation of solid solution heat 
treatment system of G3 alloy.

Experimental
The Experimental material is G3 nickel-base al-

loy hot extruded tube with a size of φ108 × 15 mm, 
and its main chemical composition (wt.%) is shown 
in Table 1. The solution treatment experiment 
was carried out in a small box type resistance fur-

Table 1: Chemical composition of the experimental materials (wt.%).

C Cr Cu Mo Fe Si Mn Co W Ni
0.011 22.97 1.94 7.06 20.05 0.33 0.52 2.32 0.85 Bal
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nace. The solution temperature was 1050 °C, 1080 
°C, 1100 °C, 1120 °C, and the holding time was 20 
min, 40 min, 60 min. The solution treatment was 
completed and the water was cooled. The metal-
lographic specimens were cut off from the solution 
treatment samples, and then roughly ground, finely 
polished, and etched by etched by a solution of 1.5 
g CuSO4 and 40 ml HCl and 20 ml alcohol. The speci-
mens etched were cleaned with an alcohol solution 
and dried. The austenite grain morphology was ob-
served and analyzed with an optical microscope of 
the Neuphoto 21 type. The average austenite grain 
size of the samples was measured and analyzed by 
Image-Pro Plus image analysis software according 
to GB/T 6394-2002 (a chinese stand named meth-
od for measuring the average grain size of metals).

Figure 1: Microstructures of G3 alloy hot extruded 
seamless tube.

  

  

(a) (b) 

(c) 

Figure 2: Austenite grain morphology of G3 alloy holding for 20 minutes at different temperatures: a) 1050 °C; 
b) 1080 °C; c) 1120 °C.
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Grain growth behavior in solid solution process
Effect of heat treatment temperature on grain 

growth: Figure 2 shows the austenite grain mor-
phology after holding for 20 minutes at different 
temperatures. Figure 3 shows the austenite grain 
size after holding for 20-60 minutes at different 
temperatures. It can be seen that when the tem-
perature is 1050-1080 °C, the austenite grain 
growth rate is lower and the grain size is more 
uniform, the grain size is in the range of 56.5-71.6 

Results and Discussion
The original microstructure of the G3 alloy 
tube

Figure 1 shows the metallographic microstruc-
ture of the G3 alloy tube after hot extrusion. It can 
be seen that the alloy matrix is a typical austenite 
microstructure with uniform equiaxed grains, the 
grains are fine and uniformly distributed. The grain 
degree is level 8.0 and the grain size is about 20.5 
µm.
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Figure 3: Variation of austenite grain size with temperature holding for 20-60 min.

 

 

(a) (b) 

(c) 

Figure 4: Austenite grain structures of G3 alloy heated at 1100 °C with different holding time: a) 20 min; b) 40 
min; c) 60 min.
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is the material-related constant; Q is the apparent 
activation energy of grain boundary migration, its 
unit is J/mol; R is a gas constant, which is 8.31 J/
(mol K); T is thermodynamic temperature, its unit 
is K. it can be seen from Figure 3 that the average 
grain size of austenite grows exponentially with 
the increase of temperature, which well reflects 
the exponential growth rate of austenite grain 
in Arrhenius relationship with the increase of 
temperature.

Effect of holding time on grain growth: Figure 5 
shows the austenite grain morphology of the alloy 
after holding at 1120 °C for different times. Figure 6 
shows the effect of different holding times on aus-
tenite grain growth at different temperatures. It 
can be seen that in the temperature range of 1050 
°C~1080 °C, the austenite grain size grows slowly 
with the increase of the holding time from 20.5 
µm to 92.2 µm and 133.3 µm, respectively, and 
the grain degree increases from level 8.0 to level 
4.0 and level 3.0, respectively. When the tempera-
ture is 1120 °C and the holding time is 20 min, the 
grains grow slowly and exhibit some characteristics 
of mixed grains structure. The growth rate increas-
es obviously when the holding time is more than 
20min. With the increasing of the holding time, the 
grain size grows obviously, the degree of mixed 

µm; when the temperature is 1120 °C, the austen-
ite grain growth rate is obviously accelerated and 
the mixed crystal structures appear. The austenite 
grain growth process is a thermal activation pro-
cess, and the increase of temperature will promote 
the grain growth. In addition, the complete disso-
lution temperature of the precipitates M23C6 with 
high Cr and Mo, M6C and other carbides in the G3 
alloy are about 1060 °C. With the increase of tem-
perature, these second phases gradually dissolve, 
and the resistance to grain boundary migration de-
creases, which will also accelerate austenite grain 
growth. Figure 4 shows the austenite grain mor-
phology of the alloy after holding at 1100 °C for 
different times, the grain size grows obviously with 
the increasing of the holding time.

The effect of temperature on grain growth is 
mainly the influence of the atomic migration and 
diffusion process at the grain boundary of the alloy. 
When the holding time is given, the Arrhenius 
relationship [31,32] can be used to describe the 
grain growth process:

exp0M = M   (-Q / RT)           (1)

In the formula, M is the migration rate of grain 
boundaries, which determined the growth rate and 
growth process of new phases, its unit is m/s; M0 

 

 

(a) (b) 

(c) 

Figure 5: Austenite grain morphology heated at 1120 °C for different holding times: a) 20 min; b) 40 min; c) 60 
min.
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Grain growth model
During the solution treatment, the heating tem-

perature, holding time and the size of the initial 
austenite grains have an important effect on the 
austenite grain size. The austenite grain size of the 
original alloy tube is 20.5 µm. Therefore, the grain 
growth process during the solid solution should 
consider the effect of the original austenite grain 
size. Under isothermal conditions, the relationship 
between average grain size and time of austenite 
can be predicted by the model [34,35] proposed by 
C.M. Sellars and E. Anelli. See formula (3), it is suit-
able for the prediction of grain growth structure 
without grain boundary precipitates.

n n m
0

Q= + exp(- )
RT

D D At                       (3)

In the formula, D is the average grain size under 
a certain holding time, its unit is µm; 0D  is the initial 
austenite grain size, its unit is µm; t is the holding 
time, its unit is s; T is the heating temperature, its 
unit is k; Q  is the activation energy of grain growth, 
its unit is J/mol ; R is a gas constant, it is 8.31 J/(mol 
• K); A, n and m are constants.

By taking logarithms on both sides of formula 
(3), we can get

n n
0ln( - ) = l + mlnt - QD D nA

RT
         (4)

For formula (4), the test data are determined 
by linear regression with given n values (0.5, 1.0, 
1.5, 2.0, 2.5, 3.0, 3.5). The specific determination 

grains decreases. The microstructure is relatively 
uniform, the grain size increases from 20.5 µm to 
223.5 µm, and the grain size grade grows from Lev-
el 8.0 to Level 1-2. This is due to the high energy of 
some grain boundaries when the holding time is 20 
minutes for a short time. In order to maintain the 
system equilibrium, the grain boundary interface 
can spontaneously decrease, and some austenite 
grains grow rapidly. With the holding time extend-
ed to 40-60 min, the austenite grain size gradual-
ly becomes uniform, the grain boundary becomes 
more and more straight, the driving energy of grain 
growth decreases, and the grain growth rate slows 
down.

When the austenite grains grow normally under 
the isothermal conditions, the variation curve of 
the average austenite grain size with holding time 
is approximately parabola, which can be described 
by Beck equation [33]:

nD = Kt             (2)

In the formula, D is the average grain size at 
a certain holding time, its unit is µm; K and n are 
constants related to the material and temperature; 
t is the holding time, its unit is s. it can be seen 
from Figure 6 that the average grain size of 
austenite approximates a parabolic trend with the 
prolongation of holding time, which better reflects 
the Beck relationship. The results show that in 
order to obtain austenite with an uniform grain size 
and homogeneous microstructure, the solution 
temperature should be controlled at 1100 °C and 
the holding time should be controlled at 40 min.
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Figure 6: Relationship between average grain size and holding time of G3 alloy at different temperatures.
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2

i
( ) = ( )∑ '

ih n D - D           (7)

The scatter plot is shown in Figure 7. It can be 
seen from Figure 7 that there is a minimum value 
of the error function, and the corresponding n val-
ue is a better grain growth index, and that fitting 
Figure 6 with four polynomials is used to obtain the 
function (8):

2 3 4h( ) = 521.20 - 228.02  - 180.45 +175.01  - 26.31n n n n n    (8)

The polynomial fitting curve in Figure 7 is 
differentiated and the n value is 1.20 when the 
derivative is equal to 0. This value is the grain 
growth index of G3 alloy in the process of solid 
solution.

When the n value is 1.20, the relationship curve 
between lntln −D  and TDD /1)ln( 0 −−  was plotted, 
which is seen from Figure 8, the m value is 0.78 and 
the Q  value is 2.41 × 105 J/mol can be obtained by 
linear fitting and the value A  which is 1.05 × 109 
can be determined by substituting formula (4) by 
the value of m and Q. Therefore, the equation for 
solid solution treatment of grain growth of G3 alloy 
is:

5
1.20 1.20 9 0.78

0
2.41 101.05 10 exp( )D D t

RT
×

= + × −     (9)

In order to verify the accuracy and validity of the 
grain growth model of G3 alloy, the grain size of G3 
alloy under the different heat treatment tempera-
tures and holding times was calculated according 
to formula (9), and compared with the measured 
value, as shown in Figure 9. By comparison, the 

methods are as follows:

m value determination method:

Under certain conditions of heating tempera-
ture, the formula (4) is biased:

0m = [ln( - )] / (ln )∂ ∂n nD D t          (5)

Formula (5) shows that the relationship curve 
between the two is obtained by drawing pairs and 
linear regression is carried out. The average slope 
is m.

Q  value determination method:

Under certain conditions of holding time, the 
formula (5) is biased:

0= - [ln( - )] / (1 / ) = - k∂ ∂n nQ R D D T R         (6)

Formula (5) shows that the relationship curve 
between the two can be obtained by plotting and 
linear regression. The average slope k is calculated, 
and the activation energy of grain growth Q  can be 
calculated by  / R-k Q= .

A value determination method:

At a given temperature and holding time, the 
values of Q , m, t, T, D and 0D  are substituted into 
formula (4) to calculate the A value.

The calculation method of the appropriate value 
is as follows: the error function is introduced, and 
the theoretical grain size D is calculated by the grain 
growth equation obtained by the above-mentioned 
different n values, and the sum of the squares of the 
measured grain size values is subtracted from all cal-
culated values, namely:
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Figure 7: Error function polynomial fitting.
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(2) When the heat treatment temperature is 
constant, the austenite grain size grows paraboli-
cally with the increase of the holding time. In order 
to obtain uniform austenite grains, the suitable sol-
id solution system for G3 alloy hot extruded tube is 
1100 °C and 40 min.

(3) In the process of solid solution treatment of 
G3 alloy, considering the effects of heat treatment 
temperature, holding time and initial austenite 
grain size, the austenite grain growth model under 
isothermal conditions for G3 alloy is derived:

5
1.20 1.20 9 0.78

0
2.41 101.05 10 exp( )D D t

RT
×

= + × − . The 

grain size prediction results predicted by the model 
agree well with the actual situation, and the error 
between the calculated value and the measured 
value is not more than 8%.

Conclusions
The study on the grain growth rule of G3 alloy 

hot extruded tube during solid solution treatment 
shows that:

(1) When the holding time is constant, the aus-
tenite grain size of G3 alloy grows exponentially 
with the increase of the heat treatment tempera-
ture. When the temperature is 1120 °C, the grain 
begins coarsening.
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Figure 9: Comparison between the grain size of the calculation results and the experimental results. (Curve 
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calculated results of the model agree well with the 
experimental data.
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