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We have studied the effects of different solution temperatures and holding times on the microstructure and room-temperature
mechanical properties of the alloy using methods such as electron backscatter diffraction, hardness testing and tensile testing.
The results showed that the average grain size increased significantly as the solution temperature increased, and many annealing
twins appeared in the grains. The fraction of twin boundaries reached its maximum value at 1080 °C. The hardness, yield
strength and tensile strength of the alloy decreased with an increase in the solution temperature, but abnormal yielding occurred
at 1160 °C. The elongation after fracture and the area reduction increased with an increase in the solution temperature. The frac-
ture morphology of the alloy was irregular, conical, accompanied by a large number of ductile dimples, and the material exhib-
ited typical ductile fracture. At the same time, as the solution temperature increased, the number of dimples on the fracture sur-
face continued to increase, the depth of the dimples gradually increased, and the distribution became more uniform.
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Avtorji opisujejo Studijo vpliva razli¢nih temperatur in ¢asov zadrZevanja na temperaturi raztopnega Zarjenja na mikrostrukturo
in mehanske lastnosti pri sobni temperaturi Ni zlitine vrste N06625. Za karakterizacijo so uporabili vrsti¢ni elektronski
mikroskop z metodo povratno sipanih elektronov, merilnik mikro trdote in natezni preizkuSevalni stroj. Rezultati so pokazali, da
povpre¢na velikost kristalnih zrn mo¢no naraSc¢a z nara§¢ajoCo temperaturo raztopnega Zarjenja in v mikrostrukturi se pojavi
tudi mnogo dvojci¢nih lamel. DeleZz dvoj¢i¢nih kristalnih mej doseZe svoj maksimum pri 1080 °C. Trdota, meja plasti¢nosti in
natezna trdnost izbrane zlitine se zmanjSujejo z naraS¢ajoco temperaturo in ¢asom raztopnega zarjenje. Pri temperaturi 1160 °C
pa nastopi pojav nenormalnega plasti¢nega teCenja. Raztezek in kontrakcija po porusitvi preizkusancev naraS¢ata z nara$¢ajoco
temperaturo raztopnega Zarjenje. Prelom preizkuSancev je nepravilne koni¢ne oblike in presek preizkuSancev je tipicno duktilen
(zilav) z velikim Stevilom duktilnih jamic. Istocasno z naras¢ajoco temperaturo raste tudi Stevilo in globina duktilnih jamic na
povrsini preloma in njihova porazdelitev postaja enakomernejsSa.

Kljucne besede: raztopno Zarjenje, dvojcki nastali v mikrostrukturi zaradi Zarjenja, trdota, natezni preizkus in obnaSanje zlitine
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1 INTRODUCTION

Nickel-based alloys are widely used in various indus-
trial processes such as chemical and petrochemical pro-
cessing, marine engineering, oil and gas production and
transportation, and nuclear reactors.> Solution heat
treatment is applied to heat-resistant alloys after hot
working and before service. Its aim is to completely dis-
solve the precipitated phase into the matrix after appro-
priate hot working and a coarse grain size.>* Coarse
grains can reduce the grain boundaries, free energy and
lattice mismatch ratio of the alloy. In most cases,
coarse-grained alloys are more stable than fine-grained
alloys.> Grain size plays a decisive role in the tensile
properties of metals, and the obstacles to the dislocation
movement caused by grain boundaries are very critical.®
For example, Lan and Zhang’ studied the effects of the
annealing time and temperature on the mechanical prop-

*Corresponding author's e-mail:
liyugui@tyust.edu.cn (Yugui Li)
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erties of Fe-22Mn-0.5C TWIP steel. They showed that in
order to obtain products with excellent strength and duc-
tility, a specific range of grain sizes should be achieved
during an annealing process. Zhang® studied the micro-
structure characteristics and tensile mechanical proper-
ties of gradient-grained nickel-based high-temperature
alloys at different temperatures (room temperature,
650 °C, 750 °C) and found that microstructural charac-
teristics such as precipitated phases and micro-twins af-
fect the tensile deformation behavior of gradient-grained
nickel-based high-temperature alloys.

In addition, nickel-based alloys, as typical poly-
crystalline materials, have extremely important grain
boundary characteristics that have a significant impact
on physical and mechanical properties.” For example,
Yuan et al.'® studied the effect of annealing on
Fe-25Mn-3Cr-3A1-0.3C-0.01 N TWIP steel. They found
that an increased annealing temperature led to higher
densities of 23 grain boundaries and mechanical twins.
Studies have shown that an introduction of high-density
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twin boundaries (TBs) in materials such as Cu,!' Ti,!?
stainless steel'® and high-entropy alloys has proved to si-
multaneously improve strength and ductility. Although
ductility can reach a high level, the yield strength of so-
lution-strengthened nickel-based alloys is moderate due
to the limited solution strengthening effect of solute at-
oms. It was reported that in polycrystalline nickel-based
high-temperature alloys, coherent TBs are the most vul-
nerable part for strain localization and subsequent crack
initiation under mechanical loads in different environ-
ments.'* Due to a low stacking-fault energy, polycryst-
alline nickel-based high-temperature alloys are prone to
produce a high proportion of annealing twins after
thermomechanical processing, and more than 50 % of
high-angle grain boundaries (HAGBs) in many high-
temperature alloys are twins.!3

Therefore, in this research we study the micro-
structure characteristics, microhardness and room tem-
perature tensile properties of nickel-based alloys at dif-
ferent solution temperatures, discussing the effects of
microstructure on the mechanical properties of an alloy,
and providing a theoretical basis for practical production.

2 EXPERIMENTAL PART

The material used in this experiment was forged
N06625 alloy, whose main chemical composition (w/%)
is shown in Table 1. Specimens were placed in a
box-type resistance furnace where solution treatment at
(1050, 1080, 1130, 1160 and 1190) °C for 50 min, and at
1130 °C for (10, 30, 50, and 70) min was carried out to
study the effect of holding time on the mechanical prop-
erties, and then water-quenched to room temperature.
The grain size was calculated using the linear intercept
method, and the changes between different grain bound-
aries were analyzed using electron backscatter diffrac-
tion (EBSD). The microhardness of the alloy after solu-
tion treatment was tested with a microhardness tester.
The test area had to avoid the scratch area. Each sample
was tested eight times, and the maximum and minimum
values were removed. The average of the remaining six
values was taken as the actual microhardness of the sam-
ple. Quasi-static tensile tests were carried out on a uni-
versal testing machine. Detailed dimensions of the ten-
sile specimens are shown in Figure 1. The tensile rate
was 1| mm/min. An online computer recorded the load-
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Figure 1: Detailed dimensions of tensile test specimens (mm)
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displacement data. After the test, the tensile properties of
the specimens such as yield strength, ultimate tensile
strength, elongation of specimens and reduction of area
were measured. In addition, scanning electron micros-
copy (SEM) was used to observe the fracture surfaces of
the alloy tensile specimens.

Table 1: Chemical composition of the N06625 nickel-based alloy
(wt.%)

Ni Cr Mo Cu C Nb
Bal. 20.4 8.2 6.1 0.06 3.1

3 RESULTS AND DISCUSSION

3.1 Effect of solution treatment on the microstructure

The microstructures of the alloy after solution treat-
ment at different temperatures for 50 min are shown in
Figure 2. It can be seen that the grain size increases with
the increase of solution treatment temperature. In addi-
tion, a large number of annealing twins are found in the
alloy, which is because for nickel-based alloys with
face-centered cubic structure, due to their particular
structural composition, the stacking-fault energy of the
alloy is relatively low,'¢ and a large number of annealing
twins are formed during the heat-treatment process.
From the microstructure diagram, it can be seen that the
twins show different morphologies. Some twins appear
at the grain-boundary junctions, some penetrate through
the whole grain, and some terminate at the grain interior.
The average grain size and twin-boundaries fraction after
solution treatment are shown in Table 2.

Table 2: Average grain size and twin-boundary fractions of alloy
N06625

. twin ndar;
solution treatment average grain size fractiotlljsO ?Zg? Zy9,
(mm) 327, %)
1050 °C-50 min 18.49 47.59
1080 °C-50 min 27.98 75.76
1130 °C-50 min 48.19 50.28
1160 °C-50 min 108.79 40.74
1190 °C-50 min 198.63 39.53

The data in Table 2 shows that at the same holding
time, as the solution temperature increases, the average
grain size increases continuously. When the solution
temperature increases from 1080 °C to 1130 °C, the av-
erage grain size increases by about two times, indicating
that when the solution temperature is higher than 1080
°C, the driving force for grain growth is greater than the
resistance. It is well known that grain growth is charac-
terized by grain-boundary migration. From a thermody-
namic point of view, a higher solution temperature in-
creases the grain-boundary migration rate and the driving
force for grain growth, causing some grains to push their
boundaries towards other surrounding grains and then
achieve mutual engulfment between the grains to form
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Figure 2: Microstructures of alloy specimens after solution treatment: (a) 1050 °C, (b) 1080 °C, (c) 1130 °C, (d) 1160 °C, (e) 1190 °C, black

line: HAGBs, blue line: LAGBs, red line: TBs

large grains. At the same holding time, grains annealed
at higher temperatures will grow to larger sizes due to
the higher grain-boundary migration rate. For low-angle
grain boundaries (LAGBs), grain-boundary migration is
mainly induced by dislocation slip and climb. However,
as the dislocation spacing decreases for HAGBs, HAGBs
cannot migrate like LAGBs. Usually, atomic jumps be-
tween adjacent boundaries are the primary migration
mechanism of HAGBs.?

The annealing twins in the grains should be formed
during the grain growth process. When the grains grow
through grain-boundary migration, the stacking order of
atomic layers at the grain-boundary corners encounters
unexpected obstacles. Annealed twins moving towards
HAGBEs. As the HAGBs grow during movement, if an in-
correct layering occurs and a misaligned layer is formed,
a complete through-grain annealing twin is formed. At
the same time, through analysis, it can be found that the
fraction of TBs is controlled at around 40 % as the solu-
tion temperature increases, and the maximum proportion
of TBs is at 1080 °C. This is because at this temperature,
the grain size is small and the grain-boundary area is
large, and the obstacles to dislocation movement also in-
crease accordingly. Many dislocation accumulations lead
to stress concentration and provide the necessary driving
force for twins'7. As the solution temperature increases,
the fraction of annealing twins decreases. This is because
growing grains collide with each other as annealing pro-
gresses, causing the grain-boundary migration rate to de-
crease. Therefore, the further development of annealing
twins is complex.’ Figure 2 shows that at 1130 °C,
LAGBSs are more clustered, with a small amount distrib-
uted within the grains. This is because there is an orien-
tation difference between two adjacent grains. The larger
the orientation difference, the higher the interface energy
and the higher the grain-boundary energy. The higher the
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grain-boundary energy, the more unstable the grain
boundary and the greater its migration rate, resulting in a
significant increase in the average grain size at this tem-
perature.

3.2 Microhardness

Figure 3 shows the average hardness values of the al-
loy after holding for 50 min at different solution temper-
atures. The results show that as the solution temperature
increases, the hardness of the alloy shows a gradual
downward trend. The hardness of the alloy specimens is
affected by factors such as the microstructure, cooling
rate, and alloy composition. It has been reported that
hardness and grain size have a Hall-Petch relationship,
so the hardness of the material decreases as the grain size
increases. After solution treatment, the grain size of the
alloy specimens gradually increases with the increase in
temperature, and even coarsening occurs, so the hardness
will gradually decrease. At the same time, under
high-temperature conditions, the deformation mecha-
nisms of the material increase, and plastic deformation is
likely to occur, which manifests as a decrease in strength
and a weakening of deformation strengthening, resulting
in a hardness lower than that of a low-temperature solu-
tion. When the solution temperature is 1050 °C, its hard-
ness value is 221.65 Hv. When the temperature is further
increased to 1190 °C, the hardness value is the lowest,
which is 183.72 Hv. At the same solution-treatment tem-
perature, the hardness of the alloy changes little with the
extension of time. This phenomenon may be because
when holding at this solution temperature, the second
phase particles in the alloy continue to dissolve. The
holding time is short, and the dissolution rate is not
much different, so the hardness change of the alloy tends
to be stable.

657



L. YAO et al.: EFFECT OF SOLUTION TREATMENT ON THE MICROSTRUCTURE AND MECHANICAL BEHAVIOR ...

250

221.65

198.20
188.61

~

=

<
T

183.72

o

n

=
T

Microhardness(Hv)
=
S

n
=
T

0

1050
(a) Temperature(°C)

1080 1130 1160 1190

220

200.64
200.67 198.20 199.20

30 50 70

Microhardness(Hv)
5 2
S S

120

100

10
(b) Time(min)

Figure 3: Hardness profile under different solution temperatures and holding times: a) different solution temperatures holding for 50 min, b) dif-

ferent holding time at 1130 °C

3.3 Room-temperature tensile properties

The engineering-stress vs. engineering-strain curves
of the specimens are shown in Figure 4. It can be seen
from Figure 4 that the tensile curve of the alloy is
smooth, and it shows different tensile behaviors in differ-
ent tensile-test temperature ranges.

When the alloy is tensile tested at different solution
temperatures, the tensile strength decreases with an in-
crease of the solution temperature, and the engineering
stress/strain curve has no obvious yield point. During the
whole tensile-test process, the flow stress increases first
and then decreases. When the solution temperature in-
creases from 1050 °C to 1190 °C, both the tensile
strength and ductility of the alloy show changes, indicat-
ing that compared with the holding time, the mechanical
properties of the alloy are more sensitive to the change of
grain size with solution temperature. It is primarily
found that when the solution temperature is 1080 °C and
1130 °C for 50 min, the tensile curve changes similarly.
This is because the fraction of twins is high at this solu-
tion temperature, and due to the twin boundary hindering
dislocation movement, there will be a large stress con-

centration at the interface.'® When the twin-growth
mechanism dominates in plastic deformation, twins will
continue to expand. The propagation of twins will be
hindered by grain boundaries, leading to severe stress
concentration at the grain boundaries and reducing the
plastic deformation coordination ability of high-tempera-
ture alloys."

Under the solution-treatment conditions studied in
this paper, the tensile strength ranges from 733 MPa to
833 MPa, and the total elongation ranges from 63.2 % to
80.08 %. When holding at 1130 °C for 10 min to 70 min,
the engineering stress-strain curve changes little. Except
for holding at 1130 °C for 50 min, with the extension of
holding time, the yield strength and tensile strength of
the alloy change little.

Figure 5 shows the curves of room-temperature ten-
sile strength and tensile ductility of the alloy specimens
as a function of solution temperature. Tensile strength is
a typical indicator of resistance to deformation, indicat-
ing the metal’s strength. It can be seen from Figure Sa
that when the solution temperature is below 1130 °C, the
room-temperature tensile strength and room-temperature

e 11.30°C-10m i

800

=)
S
=

Engineering stress(MPa)

0 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

(b) Engineering strain(%)

Figure 4: Comparison between engineering stress-strain curves: a) different solution temperatures holding for 50 min, b) different holding time
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Figure 5: Comparison of mechanical properties at different solution
fracture and reduction of area

yield strength gradually decrease with increasing temper-
ature. When the solution temperature increases from
1130 °C to 1160 °C, the alloy’s yield strength and tensile
strength show a significant upward trend and abnormal
yielding occurs. The yield strength reaches 328.48 MPa
at 1160 °C, which is the abnormal yield strength. When
the solution temperature increases from 1160 °C to
1190 °C, under the action of thermal activation, the yield
strength and tensile strength of the alloy show a signifi-
cant downward trend. Elongation after fracture is an im-
portant parameter reflecting the plasticity of metals. Fig-
ure Sb shows the elongation and reduction of the area of
the alloy at different solution temperatures. For the duc-
tility of the alloy, when the solution temperature in-
creases to 1130 ° C, the elongation increases to 72.4 %.
However, when the temperature continues to increase to
1160 °C, the change of reduction of area is consistent
with that of elongation, both showing a significant down-
ward trend.

3.4 Fracture morphology observation

Figure 6 shows the nickel-based alloy specimens ob-
tained after tensile testing at different solution tempera-
tures. The tensile fracture color is dark and dull, the ob-
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tained specimen diameter is smaller than the original di-
ameter, the fracture surface is rough, mainly composed
of dimples and tearing edges, and some sharp spikes ap-
pear locally. The fracture edge is irregular, cone-shaped,
and the fracture shape and morphology of these speci-
mens are shown in Figure 6. By observing the fracture
microstructure, it can be found that there are many dim-
ples on the fracture surface, and there are pits of different
depths inside the structure. The pits are caused by local
micropore aggregation caused by grain-boundary sliding
or dislocation movement?’, which is the main micro
characteristic of metal plastic fracture.

Figures 7a and 7b show the fracture morphology and
the corresponding pit morphology of the specimen at
1050 °C. The cross-sectional diameter of the fracture de-
creases to 2.584 mm. Compared with the original speci-
men, the number of dimples on the fracture increases,
but the depth of the pits is still shallow. This is because
adjacent cracks are difficult to aggregate at relatively low
temperatures.?!

Figures 7c and 7d show the fracture morphology at
1080 °C. At this solution temperature, many deeper pits
begin to appear, the dimple size becomes more signifi-
cant, the fracture surface fluctuates wildly, and there are

Figure 6: Tensile specimens of alloy N06625
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Figure 7: Fracture morphology of the alloy under room-temperature tensile: a), b) 1050 °C, c), d) 1080 °C, e), ) 1130 °C, g), h) 1160 °C, 1), j)
1190 °C

still small dimples with smaller sizes on the fracture
edge. At solution temperatures of 1130 °C and 1160 °C,
the dimple structure morphology is shown in Figures 7f
and 7h. It is worth mentioning that as the degree of de-
formation increases, the dimples form undulating and
bending stripe morphology, and the stripe pattern is
smoothed by deformation, which is generally called the
serpentine sliding characteristic.?> The reason for its for-
mation is that after large plastic deformation, shear sepa-
ration along the slip plane, mutual restraint, and traction
between grains with different orientations, it is impossi-
ble to slip only along a particular slip plane but along
many intersecting slip planes. Then, the intersection of
multiple sliding systems leads to the appearance of this
characteristic.2*2*

As the solution temperature increases, at 1190 °C,
from the pit morphology shown in Figure 7j, it can be
seen that at this time, the number of dimples increases
significantly, and there are many large and deep dimples.
The dimple size increases significantly, and the fluctua-
tion of the fracture surface becomes more evident. The
number of tiny dimples on the edge decreases. The re-
sults show that as the solution temperature increases, the
degree of cross-sectional shrinkage becomes larger and
larger. That is the necking degree and the pit size be-
comes larger. The more and larger the dimples, the stron-
ger the resistance to local instability, so the plasticity is
better.?
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4 CONCLUSIONS

A series of N06625 alloy samples with different
microstructures were prepared by controlling different
solid-solution temperatures. The effect of solid-solution
treatment on the microstructure evolution and mechani-
cal properties of nickel-based N06625 alloy was studied
through tissue observation, hardness measurement, and
room-temperature tensile mechanical tests. Based on the
above results and discussion, the following conclusions
can be drawn:

(1) As the solution temperature increases, the average
grain size increases. There are a large number of anneal-
ing twins inside the grains, and the fraction of twin
boundaries reaches its maximum at 1080 °C, because the
driving force for twin nucleation is optimal at this tem-
perature.

(2) As the solid-solution temperature increases, the
microhardness and tensile strength show a decreasing
trend, and the tensile ductility decreases at 1160 °C. This
may be due to a further decrease in the twin-boundary
fraction.

(3) The fracture morphology of the alloy is irregular
conical shape with a large number of dimples, which is a
typical ductile fracture. As the solution temperature in-
creases, the number of pits on the fracture surface in-
creases, the depth of pits gradually increases, and the
distribution becomes more uniform.
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