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Abstract: Thermo-Calc software was used to calculate the thermodynamics of nickel-based corrosion resistant Hastelloy G3

alloy, and the influence of composition on the precipitation of equilibrium phase was studied. The precipitated phase of the

alloy after aging treatment was observed by SEM and TEM. The results show that the equilibrium phases of alloy precipita-

tion are mainly o phase, u phase, MsC and M>3C carbides; the content of Cr and Mo mainly affect the precipitation of ¢ phase

and u phase and the initial precipitation temperature; while the content of C significantly affects the precipitation behavior of

carbides M;C and M,3Cs. The precipitation rule of precipitates during the aging process was further studied through experi-

ments.
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Nickel-based corrosion resistant alloys have the ability to
resist various forms of corrosion damage, such as pitting
corrosion, crevice corrosion, stress corrosion and high
chloride ion corrosion. Their comprehensive corrosion re-
sistance is far superior to that of the stainless steel, espe-
cially suitable for the harsh and complex industrial fields
that the stainless steel can not compete with "', Hastelloy
G3 alloy 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;

U171t has an out-

it has excellent corrosion resistance
standing corrosion resistance in oxidizing and reducing
media, and has been widely used in chemical industry, al-
kali making, paper making, sulfuric acid and phosphoric
acid production and processing industries. The alloy has
also attracted widespread attention as oil well tube material
for high temperature and high acidity oil and gas fields !"*2*.,
In the actual production process of G3 alloy seamless tubes,
the precipitation amount, precipitation and resolving tem-

perature of precipitated phases in different batches of alloys
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will change due to the difference of the content of main al-
loying elements, while in the process of hot processing (in-
cluding forging and extruding) and heat treatment (includ-
ing intermediate annealing and solid solution treatment), if
the process parameters are not selected properly, precipi-
tates will appear in the grain boundaries and grains™’. The
precipitated phases in the corrosion resistant G3 alloys are
mainly M,;Cs, MyC, intermetallic compounds phase ¢ and y;
they are generally considered to be harmful phases, which
will seriously affect the corrosion resistance and mechani-
cal properties of the alloy. In view of this, the Thermo-Calc
thermodynamic calculation software and the corresponding
nickel-based alloy database were be used in this paper. The
effects of precipitated phases and chemical composition on
the precipitation rule of carbide phase and intermetallic
compound phase in the alloy were studied, and the precipi-
tation behavior of each phase in the corrosion-resistant G3
alloy was revealed. The precipitates of the alloy under dif-
ferent aging conditions were analyzed by metallographic
microscope, SEM and TEM, which provided important
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theoretical basis and experimental basis for the composition
design, production process selection, precipitate control and
reasonable formulation of heat treatment of the alloy.

1 Experiment

Thermo-Calc thermodynamic calculation software with
TCSAB nickel-based alloy database was used to calculate the
thermodynamic properties of G3 alloy. The alloy system was
1 mol, while the reference state was 298.15 K and 105 Pa.
The components of the alloy system were input according to
the mass fraction. By calculating the thermal equilibrium
phase diagram, the possible precipitated equilibrium phases
were obtained, the influence of chemical composition on
precipitated phases was predicted, and the precipitation rules
of each phase were revealed. The samples were taken from
tube blanks through the VIM+ESR+forging, and 20 mmx20
mmx20 mm sample specimens were cut for the solid solution
and aging treatment. The solid solution system was 1200 °C
and 1 h, water-cooling; the aging system was 700~830 °C,
aging for 2 h, 48 h, water-cooling. After the mechanical
grinding and polishing, the aged specimens were etched by
the solution of 1.5 g CuSO,+40 mL HCI+20 mL anhydrous
ethanol, and the microstructure was observed by SEM.
Transmission electron microscopy (TEM) metal film samples
were prepared by the double-spray electrolysis. The electro-
lyte was 5% potassium chlorate and ethanol mixture. The
electrolyte was cooled by the liquid nitrogen. The working
voltage was 40 V and the current was 40 mA. The tempera-
ture was controlled at 40 °C below zero. The morphology of
the precipitated phase at grain boundary and in grain was
observed by TEM and analyzed by the selected area electron
diffraction.

2 Results and Discussion

2.1 Thermodynamic equilibrium phase diagram
Typical chemical composition of G3 alloy (wt%) is 0.012
C, 22.67 Cr, 1.94 Cu, 7.06 Mo, 0.85 W, 20.05 Fe and bal-
ance Ni. The thermodynamic equilibrium phase calculation
shows that the relationship between the precipitation
amount of each phase and temperature is shown in Fig.1. It
can be seen from Fig.l that the main equilibrium precipi-
tates of the alloy are o phase, i phase, MsC and M,;Cq car-
bide. The initial melting point and final melting point of the
alloy are 1353 and 1395 °C respectively, and the solidifica-
tion range is only 42 °C. The initial precipitation tempera-
ture of the ¢ phase is 935 °C, and the precipitation amount
peaks at 598 °C, and the maximum precipitation amount is
16.82%. The precipitated carbide at the high temperature is
M,C. The precipitation temperature ranges from 1067 °C to
834°C, and the maximum precipitation amount is 0.432%.
The initial precipitation temperature of the ux phase is
597°C, and the precipitation amount increases with the de-

crease of temperature.

It is reported in Ref. [5] that the alloy will precipitate a u
phase after long-term aging. When the atomic percentage of
W and Mo content in the nickel-based alloy is more than
3.5, the 1 phase will be formed. After the formation of the u
phase, the local depletion of Mo will be caused, and the
corrosion resistance will be reduced. Because the thermo-
dynamic calculation results are stable equilibrium phases,
the x4 phase may gradually precipitate during the long-term
use of the alloy.

2.2 Effect of alloy composition on melting point

The initial melting point of alloy is a very important pa-
rameter, and its change will directly affect the homogeniza-
tion treatment and hot working temperature. Therefore, the
effect of element content on the initial melting point should
be considered in the composition design. Table 1 shows the
change of the initial melting point and final melting point
with the content of Cr and Mo, indicating both of them de-
crease with the increase of the content of Cr and Mo. In ad-
dition, if the elements of Cr and Mo are simultaneously in-
creased to 23.5% and 8%, the initial melting point will de-
crease to 1337 °C, which has a great influence on the actual
production of the alloy. Cr and Mo are the main alloy ele-
ments of Hastelloy G3. They can improve the corrosion re-
sistance of the alloy by enhancing the density of passivation
film. Increasing the content of Cr and Mo are beneficial to
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the corrosion resistance of the alloy. Considering the pro-
duction cost of the alloy and the influence of the decrease
of the initial melting point of the alloy, thus increasing the
difficulty of hot working, however, the content of Cr and
Mo is not suitable to take the upper limit.
2.3 Equilibrium phase precipitation rules
2.3.1 Effect of alloy compositions on MC

The main element of carbide M;C is Mo, which contains
a certain amount of Cr. Fig.2 shows the effect of the content
of Cr, Mo and C on the precipitation amount and the initial
precipitation temperature of MC. It can be seen from it that
the effect of Cr on the precipitation phase content of MC is
not significant, basically maintained in the range of 0.36
wt%~0.47 wt%, and the precipitation temperature drops
from 1071 °C to 1060 °C. Mo element has a slight influence
on the content of the precipitated phase of M;C. When the
content of Mo increases from 6.0 wt% to 8.0 wt%, the
amount of precipitated phase of M;C increases from 0.34
wt% to 0.44 wt%, and the precipitation temperature rises
from 1040°C to 1086°C. The C element has a significant
effect on the precipitation and precipitation temperature of
M,C. The precipitation amount of MsC increases linearly
from 0.39wt% at 0.01 wt% C to 1.16 wt% at 0.03 wt% C.
The precipitation temperature also increases greatly with
the increase of C content. The precipitation temperature
rises from 1036°C at 0.01 wt% C to 1152°C at 0.03 wt% C.
2.3.2 Effect of alloy composition on carbide M,3Cq

The alloying elements of carbide M);C4 are mainly Cr
and Mo, which are often distributed in the grain boundaries
in a chain form. Fig.3 shows the relationship of the content
of Cr, Mo and C with the precipitation amount and initial
precipitation temperature of M;;Cq. It can be seen that the
change of the content of Cr and Mo has little effect on the
precipitation amount of M,;Cs, which is maintained at about
0.235 wt%, but has a significant effect on the precipitation
temperature of M,;Cs. When the content of Cr increases from
21 wt% to 23.5wt%, the precipitation temperature of M,;Cq
rises from 752 °C to 917 °C. The precipitation temperature
of M);C¢ decreases obviously with the increase of Mo con-

Table 1 Effect of alloy composition Cr and Mo on the melting
point
Element Content/ Initial melting Final melting
wt% point/°C point/°C
21.0 1371 1402
Cr 22.5 1362 1395
23.5 1360 1395
6.0 1370 1402
Mo 7.0 1362 1395
8.0 1357 1393
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Fig.2 Effect of Cr (a), Mo (b) and C (c) contents on the precipi-

tation amount and temperature of M;C

tent. When Mo content increases from 6.0 wt% to 8.0 wt%,
the precipitation temperature of M,;C4 decreases from 930
°C to 825 °C. When C content is 0.01 wt%, 0.02 wt% and
0.03 wt%, the precipitation amount of M,;C4 reach 0.20 wt%,
0.39wt% and 0.58 wt%, respectively, and the precipitation
temperatures are 751, 759 and 766 °C, respectively.

The above results show that Cr and Mo have little effect
on the precipitation amount of A;Cs. The precipitation
temperature of M,;C4 increases with the increase of Cr
content, while the effect of Mo is just opposite. The pre-
cipitation amount and temperature of M,;C¢ increase with
the increase of C content, indicating that the decisive ele-
ment affecting the precipitation amount of M;C4 is C.
Therefore, the low content C should be controlled in com-
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position design to avoid the precipitation of excessive car-
bide M,;Cq4 to reduce the corrosion resistance of the alloy.
2.3.3 Effect of alloy composition on the precipitation
of o phase

The o phase is an intermetallic compound rich in Cr and
Mo. Therefore, the effect of Cr and Mo on its precipitation
behavior is mainly calculated. Fig.4 shows the effect of Cr
and Mo content on the maximum precipitation amount and
initial precipitation temperature of the o phase. In general,
both Cr and Mo have great influence on the precipitation
behavior of the ¢ phase. When the content of Cr increases,
the precipitation amount and precipitation temperature of
the phase increase to a great extent. When the content
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Fig.3 Effects of Cr (a), Mo (b) and C (c) contents on precipita-
tion amount and temperature of M>3Cs

of Cris 21.0 wt%, 22.5wt% and 23.5 wt%, the precipitation
temperature of the o phase is 879, 933 and 962 °C, respec-
tively. The precipitation peaks are 8.44%, 16.8% and
19.99%. At the same time, the precipitation temperature
corresponding to the peak value of the o phase also has
some influence. The temperatures corresponding to the
peak values show a downward trend, which are 730, 599
and 540 °C, respectively. With the increase of Mo content,
the precipitation amount and temperature of ¢ phase also
increase obviously. With the increase of Mo content, pre-
cipitation temperatures of ¢ phase are 871, 933 and 985 °C,
respectively. The precipitation peaks are 14.43%, 16.78%
and 16.98%, respectively. However, the temperature corre-
sponding to precipitation peak of the ¢ phase is opposite to
the influence of Cr element, and the temperature corre-
sponding to the precipitation peak increases, which is 567,
595 and 663 °C, respectively. The o phase is a harmful
phase to the corrosion resistant alloy. The effect of Cr and
Mo on ¢ phase should be considered in the alloy design.
During the heat treatment, more Cr and Mo should be dis-
solved in matrix y phase as much as possible to reduce the o
equivalent phase out.
2.3.4 Effect of alloy composition on the precipitation
of u phase

The studies have shown that, the x4 phase is transformed

from ¢ phase in the long-term aging process of the alloy,

24
—=-21.0W%Cr a
——2.5wt%Cr
< 20 v ——23.5wi% Cr
= ‘A
Z AA“A
5 16} m., .,
s %00,
‘A
& 1ot o,
= A,
] ..'n. S
= 8} i N "‘.:A
4 e -.1-. A*AA
P \ “a
4r o, Ay
. % u
M
op, . . . L

24

—a—6.0W% Mo b
20k ——7.0 wt% Mo

—a—38.0 wt% Mo

[
N
T

oo
T

Mass Fraction of o/wt%
™)

a~

(=]

500 600 700 800 900 1000
Temperature/’C
Fig.4 Relationship of precipitation amount and precipitation

temperature of ¢ phase with different Cr (a) and Mo (b)

contents



Zhao Zhenduo et al. / Rare Metal Materials and Engineering, 2020, 49(9): 2983-2990

which is a harmful phase in the corrosion resistant alloy,
and which will result in partial deficiency of Cr and Mo ..
The u phase belongs to the trigonal system, and there are 13
atoms in the unit cell. Compared with the o phase, the u
phase is larger in size and has no strengthening effect. The
shape of u phase is generally granular, rod-like and
block-like. Fig.5 shows the effect of the content of Cr and
Mo on the precipitation of u phase. It can be seen from
Fig.5 that increasing the Cr content can significantly reduce
the precipitation amount of the x phase. When the Cr con-
tent is 21.0 wt%, the precipitation amount of the i phase is
9.31%, and when the Cr content is 23.5%, the precipitation
amount of the u phase is 2.69%, and Cr causes a significant
decrease in the precipitation temperature of the u phase. As
the Mo content increases from 6.0% to 8.0%, the initial
precipitation temperature of the u phase increases from
566 °C to 665 °C, and the precipitation amount of the u
phase increases from 3.41% to 7.05%. It can be seen that
the Cr element inhibits the precipitation of the x phase, and
the Mo element promotes the precipitation of the u phase.
Therefore, in order to avoid the precipitation of the x phase
in the process of use, the content of Cr and Mo should be
reasonably matched.
2.4 Effect of aging treatment on the precipitation of
precipitated phase

The precipitation behavior of the precipitated phase was
studied by the aging treatment of solid solution G3 alloy.
The morphology of the precipitated phase after ageing at

12
—=21.0 W% Cr a
10 —e—22.5wWt% Cr
s | — 035 W% Cr
Z
H | -.‘lk.\.\
s
5 of R
5
<
~ [N
SoA Twe \\
2 N ™
=L N
NN
0- 1 \AI ‘.I 1 1
500 550 600 650 700 750
12
—a—6.0W% Mo b
——7.0 wt% Mo
= 10f ——8.0 W% Mo
z
X 8t
% \
[=}
S o6r
g ™
£ 4f \\
3
= 2}
\ "~
of ) i

600 650

Temperature/'C

500 550 700

Fig.5 Relationship of precipitation amount and precipitation
temperature of 4 phase with different Cr (a) and Mo (b)

contents

2987

700~830 °C for 2 h is shown in Fig.6. It can be seen from
Fig.6 that after the aging treatment at different temperatures
the precipitated phase is found in the grain boundary, and
no precipitated phase is found in the grain. This is due to
the large number of dislocations in the grain boundaries,
which easily provides energy for the nucleation of precipi-
tated phases and makes precipitated phases precipitate pre-
ferentially in the grain boundaries.

According to the EDS spectrum analysis of the grain
boundary precipitates under the different aging tempera-
tures, compared with the alloy matrix composition, the Cr
content is greatly increased, the Mo content is slightly de-
creased, and the Fe and Ni contents are also decreased.
Combined with thermodynamic calculation results and the
results reported in Ref. [31], the precipitates are M,;Cq car-
bide. It can also be seen that the number and size of pre-
cipitated phases at grain boundaries increase with the aging
temperature rising in the range of 700~770 °C. The analysis
shows that the increase of the aging temperature accelerates
the diffusion of alloy elements, the phase change driving
force increases, which resulting in the increase of nuclea-
tion and growth rate of M,;Cq. It is noteworthy that some
precipitates at grain boundaries are discontinuous and al-
most perpendicular to the grain boundaries after aging at
770 °C, and the grain boundaries are widened to 3~7 pm.
According to the analysis in Ref. [32], the phenomenon is
controlled by the nucleation and growth mechanism of
M,;C. At first, M,3Cq4 core is formed on the grain boundary
side and has a specific orientation relationship with the ma-
trix. With the increase of time, the nucleating particles grow
preferentially perpendicular to the grain boundary. If the
solute supply is sufficient, it eventually leads to the forma-
tion of the discontinuous carbide M,;Cs.

It should be noted that the grain boundaries are broad-
ened and the grains on both sides of the grain boundary are
connected by this type of carbide, which will result in a de-
crease in the bonding force between the grains and increase
the sensitivity of the crack initiation therein. When the ag-
ing temperature is increased to 830 °C, the number of pre-
cipitation phase M,;C4 decreases sharply and the size be-
comes smaller. This is because the nucleation and growth of
M,;C¢ are inhibited by the increase of equilibrium solid so-
lubility of C, Cr and Mo when the aging temperature is
higher.

In order to study the effect of the aging time on the pre-
cipitation of the precipitated phase, the sample was aged at
800 °C for 48 h, and then the structure and type of the pre-
cipitated phase were analyzed by TEM. Fig.7 shows TEM
images of intragranular and intergranular precipitates and
micro-area electron diffraction patterns. Fig.7a shows that
after aging for 48 h, the morphology of the grain boundary
and the precipitated phase of the grains change greatly
compared with the short-time aging of 2 h, and the

5
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Fig.6  SEM morphologies of precipitated phase at grain boundary after aging at different temperatures for 2 h: (a) 700 °C, (b) 750 °C,

(c) 770 °C, (d) 800 °C, and (e) 830 °C

10 pm ¢

g %
111
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Fig.7 Morphologies and selected area electron diffraction patterns of precipitated phase after aging at 800 °C for 48 h: (a) SEM image,

(b) TEM image and SAED pattern of o phase inside grain, and (c) TEM image and SAED pattern of M;;C¢ phase from grain

boundary

size of the precipitated phase of the grain boundary increases
significantly, which is about 3 um, and the number of pre-
cipitated phases increases. The precipitated phases distributes
in the grain boundary in a chain-like manner, while there are
more needle-like precipitated phases in the grain. It can be
seen that the aging time has a significant influence on the
precipitated phase. Fig.7b and Fig.7c show that the TEM
image and the selected area electron diffraction pattern
(SAED) calibration results. It can be seen that the in-
tra-crystalline needle-like precipitated phase is the o phase of
the body-centered cubic structure, and the grain boundary
precipitated phase is the face-centered cubic structure of
M;Cs. This further proves that the nucleation and growth of
the o phase takes a long time, and it is difficult to form in a

short term. The precipitation of needle-like or flake-like o
phase in the crystal will seriously reduce the corrosion resis-
tance and the mechanical properties of the alloy ****].

From the calculation and experimental results, it can be
seen that the G3 alloy has a high content of Cr and Mo. The
intermetallic compounds rich in Cr and Mo in the alloy
mainly have ¢ phase and u phase, and the main carbides are
M,C with Mo and M,;Cs with Cr as the main phase. When
the alloy is aged at 700~830 °C for 2 h, M»;Cq is found in the
grain boundary, and no precipitates are observed in the grain.
A needle-like o phase appears in the grain after long-time
aging at 800 °C for 48 h, the number and size of M,;C¢ at
grain boundaries increase, and no u phase and M;C carbide
are found in the aging temperature range of 700~830 °C,
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which is consistent with the thermodynamic calculation re-
sults. In short, the M,;C¢ precipitated at the grain boundary
and the o phase precipitated in the grain will make the alloy
partially depleted in Cr and Mo, causing structural instability
and affecting the service life of the alloy. Therefore, how to
reduce or even avoid precipitation in Hastelloy G3 alloy is
the key in the production process.

3 Conclusions

1) The main equilibrium precipitates of Hastelloy G3 al-
loy are the o phase, u phase, MsC and M);C¢ carbides. The
Cr and Mo contents reduce the initial melting point of the
alloy, mainly affecting the precipitation of the o phase and
4 phase and the precipitation temperature; Both Cr and Mo
promote the precipitation of the ¢ phase, Cr inhibits the
precipitation of the u phase, and Mo promotes the precipi-
tation of the u phase. The Cr and Mo have no significant
effect on the precipitation behavior of MgC and M,;Cs.

2) The precipitation behavior of M;C and M,;Cq is sig-
nificantly affected by C element. Excessive C content in-
creases the precipitation tendency of MC and M,;Cq4, and
the initial precipitation temperature of MzC and M,;Cq4 also
increases significantly.

3) The aging treatment has a great influence on the pre-
cipitated phase of the alloy. After a short-time aging at
700~830 °C for 2 h, the precipitated phase appears at the
grain boundary and no precipitated phase is found in the
grain. After aging at 800 °C for 48 h, the needle-like o
phase is found in the grain, and the number and size of pre-
cipitated phase at the grain boundary increase obviously.
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S E ik Hastelloy G3 & &AL ERANZHE

BIREE, & W, Tk, R
(1 RJEEEE CEED HIRAR SEEAEMMRE K E 505, 1 K 030003)
Q. WV RMAENRG AR AR HAT L, vy KJEE 030003)

# 2: FH Thermo-Cale #fF X AL th Hastelloy G3 & <#EAT T I A W R, REOTHL T Budr XA L 0 5 i, Jf 3l
1L SEM Rl TEM X & < I R AL B 5 HOMT I AHREAT T LSS . SRR, ATl P M 2N o M. 4 M. MeC A M3Ce; Cr Al
Mo &t L ZSENT o FIAT w0 ARFIAT HORIATAEHT A BE s T C TR & B ML) MeC N MasCo FINT AT o Ml LR —
AT T I R AR T A BT

XRHIR: Hastelloy G3&4; #O%rhs M ks
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