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Abstract: The effect of the hot oscillatory pressing (HOPing) temperature on the microstructure
and tensile behavior of the powder metallurgy superalloys was investigated and compared with
those of the hot pressed (HPed) sample. The results show that as the HOPing temperature rises, the
pores and residual dendrites disappear, the grain size becomes coarser and more uniform, the prior
particle boundaries (PPBs) scale decreases; the yield strength decreases gradually; the ultimate tensile

beck strength and elongation increase first and then decrease; the tensile property stability gradually
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Superalloys have been widely used in aero-engine hot-end parts, such as turbine discs,
because of their excellent microstructural uniformity and high-temperature mechanical
properties [1-5]. The materials prepared by the traditional cast-wrought process are prone
to macroscale segregation, which greatly damages the ductility and hot-work properties of
the superalloy [6-9].

The powder metallurgy (PM) process can effectively inhibit the formation of segrega-
tion [10-12]. Hot isostatic pressing (HIPing) technology is usually used to fabricate powder

metallurgy superalloys, but the Hot isostatic pressed (HIPed) superalloys contain a large
number of prior particle boundaries (PPBs) and ununiform grains, leading to poor tensile
properties [13-19]. The PPBs and coarse grains are commonly eliminated by hot working,
such as hot extrusion and isothermal forging [20-24], but the preparation cost increases
significantly. So, it is critical to improve the performance of the as-sintered materials at a
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inhibit grain growth [26-30]. Our previous studies [31] have also shown that HOP could
effectively inhibit the formation of PPBs and significantly improve the tensile properties of
the materials. However, the effect of HOPing temperature on microstructure and tensile
fracture behavior has not been explored yet.

FGH4096 is one of the second-generation PM superalloys. Compared with the first-
generation PM superalloys, it has higher damage tolerance and crack propagation resis-
tance, so it is significant to study the tensile fracture behavior. In this paper, the FGH4096
was prepared by HOPing at five representative temperatures and compared with the hot
pressed (HPed) sample to investigate the influence of oscillating pressure and HOPing
temperature on the microstructures and tensile behaviors of the samples.

2. Materials and Methods

The chemistry of the starting alloy (FGH4096) is 16.00Cr, 12.70Co, 3.64Ti, 2.02Al,
0.68Nb, 3.91Mo, 0.02B, and Ni balance (wt%). The powders were sieved to pass 53 um,
then placed into a high-purity graphite die and HOPed with a pressure of 70 + 10 MPa/
5Hz at 1040 °C, 1080 °C, 1120 °C, 1160 °C, and 1200 °C (details of the processing can be
found in [31]). The HPed sample was prepared at 1200 °C because stable tensile properties
were obtained at this temperature, and the HPing pressure was always 80 MPa. To simplify
the description, the samples HOPed at 1040 °C, 1080 °C, 1120 °C, 1160 °C, and 1200 °C
were named as 1040 °C-HOP, 1080 °C-HOP, 1120 °C-HOP,1160 °C-HOP, and 1200 °C-HOP,
respectively. And the sample HPed at 1200 °C was named 1200 °C-HP. Figure 1 shows the
sintering process of the sample prepared by HPing and HOPing at 1200 °C as an example.
The sintering process of other HOPed samples is the same as that of the 1200 °C-HOP,
except for temperature.
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Figure 1. The sintering process of the HOPing and HPing samples at 1200 °C.

The resultant samples were characterized by optical microscope (OM), scanning elec-
tron microscope (SEM), X-ray diffraction (XRD), and electron backscattering diffraction
(EBSD). After the standard metallographic process, the samples were electrolytically pol-
ished (20% HSO4 + 80% CH3OH, 30V, 15 S). The grain structure of the samples etched in
18 g CuSOy4 + 100 mL HCl + 50 mL H,O for 25-30 s was observed by OM and EBSD. Phase
identification was carried out using XRD and the precipitate distribution was observed by
SEM. To better study the PPBs, the samples were etched in 3% H;SO4 + 5% HNO3 + 92%
HCl for 2-5 s and observed using OM. The y matrix was removed by electrolytic etching
in the solution of 10% H3POy4 + 90% HyO at 5 V for 2-5 s to observe the morphology of
v’ phases.

The tensile specimen is plate-shaped, and the dimension of gage section is 12.5 mm X
3.2mm x 2.1 mm. Tensile testing was performed with a displacement rate of 1.5 mm/min
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without the use of an extensometer. The morphology features of the tensile fractured
samples were observed using SEM and OM.

3. Results
3.1. Microstructure Evolution

Figure 2 presents the grain structure of the samples with various processes. Only a
few pores are observed in the 1040 °C-HOP sample (Figure 2a), and when the HOPing
temperature is increased to 1080 °C, the samples are fully dense. The residual dendrites are
observed in the samples HOPed at and below 1080 °C. Moreover, part of PPBs is wrapped
in twins observed in the samples HOPed at 1120 °C, 1160 °C, and 1200 °C (as shown in the
blue wireframe in Figure 2c,e). The grain structure of the 1200 °C-HP sample is similar to
that of the 1200 °C-HOP sample (Figure 2e,f).

Figure 2. The grain structure of the HOPed and HPed samples: (a) 1040 °C-HOP; (b) 1080 °C-HOP;
(c) 1120 °C-HOP; (d) 1160 °C-HOP; (e) 1200 °C-HOP; (f) 1200 °C-HP.

PPBs are also one of the microstructure characteristics in the PM superalloys, as they
could lead to poor ductility and inter-particle fracture. The detailed characterization of the
PPBs is given in Figure 3. The powder particle profile of samples HOPed at 1040-1080 °C
was outlined by the ordered dendrite structure inside the particles, while the PPBs were
observed in samples HOPed at 1120-1200 °C. Ingesten N. et al. proposed a method for
evaluating the PPBs scale [32], which is based on the continuity of PPBs precipitates.
According to this method, the PPBs scales of the samples HOPed at 1120 °C, 1160 °C, and
1200 °C are 3, 2, and 1, respectively, and that of the 1200 °C-HP sample is 2. Compared
with the 1200 °C-HOP sample, more black precipitates were observed in the 1200 °C-HP
sample. So, XRD analysis (as shown in Figure 4) shows that the peak of the TiC phase is
found in the as-sintered materials, whereas it is not observed in the as-received powders;
with the increasing HOPing temperature, the XRD peak intensity of the TiC phase increases.
Compared with the 1200 °C-HOP sample, the peak intensity of the TiC phase in the 1200 °C-
HP sample is higher. In addition, there are a few more peaks with low intensity in the
1160 °C-HOP, which are indexed by jade to be possibly HfO,. But due to its low content
with little impact on the performance, it will not be studied in this work.

Phase identification was carried out using EDS. And the results are shown in Figure 5.
It can be seen that the white phases (shown as “1” in Figure 5a) are Mo- and Cr-enriched
borides, the dark gray phases (shown as “2” in Figure 5a) are Y’ phases, the black phases
(shown as “3” in Figure 5a) are TiC phases, and the light gray phases (shown as “4” in
Figure 5a) are y phases.



Metals 2022, 12, 1652 40f 14

997 1120 °C-HOP

-

160 °C-HOP ( 1200 °C-HOP

Figure 3. PPBs of the HOPed and HPed samples: (a) 1040 °C-HOP; (b) 1080 °C-HOP; (c) 1120 °C-HOP;
(d) 1160 °C-HOP; (e) 1200 °C-HOP; (f) 1200 °C-HP.
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Figure 4. X-ray diffraction (XRD) analysis of the samples with various processes: (a) overall profile;
(b) the enlarged profile of the dashed box in Figure 4a.
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Figure 5. (a) BSE image of the 1200 °C-HP sample; (b) EDS analysis.
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The precipitate distribution was examined, as shown in Figure 6. The PPBs precipitates
of the samples consist of primary ' phases, carbides, and partial borides. With the
increasing HOPing temperature, the number of borides within particles decreases, while the
size and density of borides on PPBs increase. Table 1 lists some precipitate sizes and volume
fractions of HOPed and HPed samples. It can be found that with the increasing HOPing
temperature, the size of all precipitates increases, and the volume fraction of carbides and
borides also increases, except for the volume fraction of borides in the 1200 °C-HOP sample.
The volume fraction of the primary 7y’ phase rises when the HOPing temperature increases
to 1080 °C, and then it decreases slightly. Compared with the 1200 °C-HOP sample, the
1200 °C-HP sample contains more carbides and borides of a large size.

1080 °C-HOP 1120 °C-HOP

* 1200 °C-HOP 1200 °C-HP

Figure 6. BSE images of the HOPed and HPed samples: (a) 1040 °C-HOP; (b) 1080 °C-HOP;
(c) 1120 °C-HOP; (d) 1160 °C-HOP; (e) 1200 °C-HOP; (f) 1200 °C-HP.

Table 1. The precipitate size and volume fraction of the HOPed and HPed samples.

Carbide Boride Primary v/
Size/um Volume Fraction/% Size/um Volume Fraction/% Size/pm Volume Fraction/%
1040 °C-HOP 0.21 0.21 0.48 0.12 1.32 1.77
1080 °C-HOP 0.23 0.25 0.60 0.16 1.51 2.14
1120 °C-HOP 0.24 0.32 0.64 0.17 1.52 2.07
1160 °C HOP 0.33 0.39 0.63 0.24 1.65 1.98
1200 °C HOP 0.53 0.56 1.19 0.18 2.02 1.96
1200 °C-HP 0.67 0.67 1.68 0.28 1.94 1.92

The size and morphology of v’ phases were analyzed by removing the y matrix using
electrolytic etching, as shown in Figure 7. The results show that all the samples contain the
following three types of v’ phases:

1.  Primary Y’ phases (shown by the blue arrow in Figure 7) are located on PPBs with
a size of about 2 um. With the increasing HOPing temperature, their morphology
changes from bulk to chain-like;

2. Secondary ¥’ phases (shown by the green arrow in Figure 7) are located within the
particles, with a size of about 500 nm. Their morphologies change from spherical to
cubic or butterfly-like with the increase in HOPing temperature;

3. Tertiary v’ phases (shown by the yellow arrow in Figure 7) are located between
primary Y’ phases and secondary y’ phases and are less than 100 nm.
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Figure 7. The morphology of the ¥’ phases of the HOPed and HPed samples: (a) 1040 °C-HOP;
(b) 1080 °C-HOP; (c) 1120 °C-HOP; (d) 1160 °C-HOP; (e) 1200 °C-HOP; (f) 1200 °C-HP.

3.2. Tensile Properties and Fracture Behavior

Figure 8 presents the room temperature tensile properties of the HOPed and HPed
samples. With the increasing HOPing temperature, the yield strength decreases, the
ultimate tensile strength of the samples HOPed at 1040-1160 °C remains about 1400 MPa
and then decreases significantly, and the elongation of the samples HOPed at 1040-1160 °C
increases and then decreases. In conclusion, the best room temperature tensile properties are
reached when the HOPing temperature is reached at 1160 °C. Moreover, with the increasing
HOPing temperature, the stability of tensile properties is improved. Compared with the
1200 °C-HOP sample, the 1200 °C-HP sample has lower tensile strength and elongation.
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Figure 8. Room temperature tensile properties of the HOPed and HPed sampl]es.

The fracture surfaces of the HOPed and HPed samples are shown in Figure 9. Due
to particle debonding, the 1040 °C-HOP and 1080 °C-HOP samples present inter-particle
fracture (red arrow in Figure 9). The intergranular fracture is observed when the HOPing
temperature increases to 1120 °C (blue arrow in Figure 9), and the transgranular fracture is
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observed when the HOPing temperature increases to 1160 °C (yellow arrow in Figure 9).
Compared with the 1200 °C-HOP sample, the 1200 °C-HP sample presents an obvious
inter-particle fracture (Figure 9f).

inter-particle &
fracture
e

Figure 9. Fracture surfaces of the HOPed and HPed samples: (a) 1040 °C-HOP; (b) 1080 °C-HOP;
(c) 1120 °C-HOP; (d) 1160 °C-HOP; (e) 1200 °C-HOP; (f) 1200 °C-HP.

Figure 10 shows the longitudinal fracture surface of the HOPed and HPed samples.
The cracks of the samples HOPed at 1040-1080 °C mainly propagate along the particle
boundaries (red arrow in Figure 10). When the HOPing temperature increases to 1120 °C,
intergranular cracks (blue arrow in Figure 10) are observed. And the transgranular cracks
(yellow arrow in Figure 10) are observed when the HOPing temperature is above 1160 °C.
In comparison with the 1200 °C-HOP sample, more intergranular cracks are presented in
the 1200 °C-HP sample.

- : S— Tensiledirec in

Figure 10. Microstructure nearby the longitudinal fracture surfaces of the HOPed and HPed sam-
ples: (a) 1040 °C-HOP; (b) 1080 °C-HOP; (c¢) 1120 °C-HOP; (d) 1160 °C-HOP; (e) 1200 °C-HOP;
() 1200 °C-HP.

The mechanism of crack initiation was investigated using SEM, as shown in Figure 11.
It could be seen that pores are the main crack origins of the 1040 °C-HOP sample. For
dense samples, the crack initiation occurs near the coarse primary y’ phases in the samples
HOPed at 1080-1120 °C, while the crack initiation of samples HOPed at 1160-1200 °C is
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mostly on borides. Although in the 1200 °C-HP sample, the cracks also initiate on PPBs
borides, microcracks are denser than in the 1200 °C-HOP sample. Interestingly, cracks are
usually initiated at large borides rather than the small ones.

1200 °C-HP

Figure 11. BSE images near the fracture surface of the HOPed and HPed samples: (a) 1040 °C-HOP;
(b) 1080 °C-HOP; (c) 1120 °C-HOP; (d) 1160 °C-HOP; (e) 1200 °C-HOP; (f) 1200 °C-HP.

4. Discussion
4.1. Microstructure Evolution of the HOP Samples

Figure 12 presents the orientation images and the grain size distribution of the samples
HOPed at 1080-1200 °C. The average grain size of these samples is listed in Table 2. With
the increasing HOPing temperature, the grain size will increase. The most obvious increase
is between 1120 and 1160 °C, and the number and area of small grains (less than 10 um)
decrease significantly (as shown in Figure 12e,f). In addition, with the increasing HOPing
temperature, the grain size uniformity also increases, as shown in Figure 12f. The distribu-
tion of grain size changes from the approximate monotonic distribution (1080-1120 °C) to
the normal distribution (1160-1200 °C).

Number Fraction (%)

36 9 12 15 18 21 24 27 30 3 36 9 1215 18 21 24 27 30 3

Grain Size (um) Grain Size (um)

Figure 12. Inverse pole figure (IPF) of the samples: (a) 1080 °C-HOP; (b) 1120 °C-HOP; (c) 1160 °C-
HOP; (d) 1200 °C-HOP; grain size distribution; (e) number fraction; (f) area fraction.
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Table 2. The average grain size of the samples with various HOPing temperatures.

HOPing Temperature/°C Grain Size (Number Fraction)/um Grain Size (Area Fraction)/um
1080 6.08 9.09
1120 6.56 9.85
1160 8.58 14.28
1200 8.59 14.34

In addition, the microstructural feature, growth of twin crystals across the PPBs, is
also observed in Figure 12b,d, with its local magnification being presented in Figure 13a,c.
With the increasing HOPing temperature, the proportion of twin boundaries increases
(Figure 13d). Many studies [18,33-35] also reported a similar microstructural feature and
considered that cracks were prone to initiating and propagating near the PPBs precipitates,
especially carbides and oxides. When some PPBs precipitates are trapped inside the grains,
the paths for crack propagation are destroyed, thus improving the tensile properties of
the materials.

[J1080°C
[ J1120°C Bl
0 [ J1160°C = B

[_J1200°c

| TH_H
Subgrain Low-angle  High-angle Twin

boundary grain grain boundary
boundary boundary

Figure 13. Local magnification in Figure 12 of the samples: (a) 1120 °C-HOP; (b) 1160 °C-HOP;
(c) 1200 °C-HOP and (d) grain boundary proportion.

On the other hand, with the increasing HOPing temperature, the PPBs scales gradually
decrease (as shown in Figure 3). The quantity of PPBs precipitates is one of the important
factors related to the PPBs scale. The relationship between the PPBs precipitates size and
volume fraction is as follows:

V; = Cd} (1)
V=YV @
i=1

where V; is the volume fraction of the ith PPBs precipitates, d; is the size of the ith PPBs
precipitates, C is a constant related to its shape, and V is the sum of the volume fraction of
all PPBs precipitates.

According to the results in Table 1 and Equation (1), the relationship between the
size and the third square root of the volume fraction is plotted in Figure 14. With the
increasing HOPing temperature, the size and volume fraction of precipitates increase, but
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the curves become flat basically (slope decreased), which indicated that the number of PPBs
precipitates decreased.
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Figure 14. The relationship between size and volume fraction of PPBs precipitates.

The inhibition of PPBs is also related to the reduction of the size and volume fraction
of borides and carbides with the increasing HOPing temperature (Figure 6e,f and Table 1).
However, it is noted that in a specific range of temperatures, the volume fraction of PPBs
precipitates does not rise with the increase in HOPing temperature, which mainly contains
the following two aspects: (1). The volume fraction of boride in the 1200 °C-HOP sample is
less than that in the 1160 °C-HOP sample; (2). The volume fraction of primary v’ phases
decreases in the range of 1120-1200 °C.

For borides, the size increases with the increasing HOPing temperature. The study by
Chang L. et al. [18] shows that the dissolution of y’ phases would provide boride-forming
elements, leading to an increase in the borides. However, the volume fraction of borides
in the 1200 °C-HOP sample is less than that in the 1160 °C-HOP sample. As the HOPing
temperature increases to the boride solvus (1200 °C, as reported in [18]), some of the borides
are dissolved, leading to the reduction of the boride volume fraction.

For the primary v’ phases, with the increasing HOPing temperature, its volume
fraction increases at 1040-1080 °C and then decreases slightly. Some studies [36-38] show
that the v’ solvus of FGH4096 is about 1120-1160 °C. DSC was carried out on the as-
received powder, as shown in Figure 15. The v’ solvus is about 1135 °C, but the initial
endothermic peak temperature is only 1068 °C. In the cooling process, the dissolution,
nucleation, and growth of the v phases occur simultaneously, and the primary v/, second v/
and tertiary 'y’ are precipitated successively. But the y’ phases are dominated by nucleation
and growth when the HOPing temperature is less than 1068 °C, leading to an increase in
their volume fraction and size. When the HOPing temperature reaches 1068 °C and above,
the v/ phases are dissolved, and the volume fraction decreases. The volume fraction of v’
phases in the HOPed samples is listed in Table 3. The variation of the v phase volume
fraction is consistent with the primary y’ phase. Some studies [39] show that the primary
v’ phases could hinder grain boundary motion through the Zener pinning effect. Therefore,
the grain size increases most from 1120 °C to 1160 °C due to the content of primary y’
phases decreases.
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Figure 15. Heating DSC curve of FGH4096 powder.

Table 3. The volume fraction of v’ phases of the HOP samples.

HOPing Temperature/°C The Volume Fraction of y'/%
1040 38.52
1080 39.66
1120 38.22
1160 37.84
1200 35.75

4.2. Relationship between Microstructure and Tensile Property

The yield strength decreases with the increasing HOPing temperature (Figure 8).
According to the Hall-Petch relationship, as follows:

05 = 09+ kd1/? 3)

where 0 is the yield strength, o is the lattice friction resistance when a single dislocation
is moved, K is a constant related to the type of material, and d is the average grain size.

Due to the grain coarsening, the yield strength of the material decreases with the
increasing HOPing temperature. But the increase of the sample grain size in the temperature
range of 1120-1160 °C is more obvious than in other temperature ranges, while the decrease
of the sample yield strength in the temperature range of 1120-1160 °C is almost the same as
in other temperature ranges. The investigation of Cai C. et al. [40] shows that the increase
in v’ phase volume fraction could compensate for the decrease in yield strength due to
grain coarsening. It is seen that the decrease of y’ phase volume fraction at 1120-1160 °C is
smaller than at other temperatures (as shown in Table 3), which offsets the decrease in yield
strength due to grain growth. In addition, with the increasing HOPing temperature, the
uniformity of grain size increases (Figure 13f), resulting in the more stable tensile properties
of the material (Figure 8).

PPBs also have a significant effect on the tensile properties of the materials. With the
increase in HOPing temperature, the PPBs scale decreases, but the tensile strength and
elongation decrease significantly at the range of 1160-1200 °C. It can be attributed to the
following two points:

1.  The coarsened PPBs precipitates lead to a decrease in fracture toughness at the inter-
face between the PPBs precipitates and the vy matrix, and the cracks are more likely
to initiate and propagate at this interface. The research results of Zhang Y. et al. [41]
show that precipitations on particle boundaries hinder dislocation movement and
lead to dislocation pileup. The larger the precipitate size is, the more likely it is to
produce the stress concentration at the precipitates and lead to accelerating crack
propagation in the area of weak fracture toughness, presenting inter-particle fracture
in the sample. The PPBs precipitate size in the 1200 °C-HOP is significantly larger
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than that in the 1160 °C-HOP, thus the severe stress concentration and dislocation
pileup lead to a decrease in the plasticity of the 1200 °C-HOP sample (Figure 8).

2. The intensive dispersion of borides at PPBs is also the reason for the reduction of
the tensile properties of materials. As a grain boundary strengthening element, B
is added to superalloy powder. But according to the study of Witt M. et al. [42],
when the materials HIPed at a high temperature, the B element was more likely to
segregate at PPBs and form large borides. It is also presented in this work, as shown
in Figure 6. The borides in the 1160 °C-HOP sample are small in size and mainly
distributed inside the particles, while the borides in the 1200 °C-HOP sample are large
and mainly distributed at PPBs. On the one hand, the intensive dispersion of borides
at PPBs leads to the strengthening effect of B on grain boundaries being weakened,
which significantly decreases the strength and plasticity of the material, presenting the
intergranular fracture in the material. On the other hand, the large borides are more
prone to initiating cracks. The segregation of borides at PPBs promotes the initiation
and propagation of microcracks, which damages the tensile properties of the material.

4.3. The Effect of Oscillatory Pressure on Microstructure and Tensile Properties

It is seen that the tensile properties of the 1200 °C-HOP sample are significantly higher
than those of 1200 °C-HP sample. It can be attributed to the following two reasons:

1.  The PPBs scale is higher in the 1200 °C-HP (Figure 3). The size and volume fraction of
the borides and carbides in the 1200 °C-HP are larger than those in the 1200 °C-HOP.
The size and volume fraction of the primary y’ phases are similar in these two samples.
More PPBs precipitates damage the tensile properties of the 1200 °C-HP sample;

2. More borides aggregate at PPBs in the 1200 °C-HP sample (Figure 6). Compared
with the 1200 °C-HOP sample, the B elements segregate at PPBs, leading to the
grain boundary strengthening being weakened, and microcracks are more prone to
initiating and propagating near the borides (Figure 11).

Based on the results, compared with HP, it has some positive effects on microstructure,
especially the inhibition of PPBs. HOP has been shown to promote powder sliding and
deformation [26-31]. And some studies [17,43] show that pre-heating of powder could
inhibit PPBs. HOP plays a similar role to powder preheating treatment. However, compared
with additional preheating, HOP is more economical.

5. Conclusions

The microstructure and tensile properties of the samples with various processes were
analyzed, and the following conclusions can be drawn:

1. Stress concentration is prone to be generated at the pores, which provides the path
for crack initiation and propagation. It is the reason that poor tensile properties are
presented in the samples HOPed at a low temperature (1040 °C-HOP);

2. With the increase in HOPing temperature, grain coarsens, the PPBs scale decreases
and the PPBs precipitates change from primary v’ phases dominated to mainly borides
and carbides, thus the yield strength decreases and the ultimate tensile strength and
elongation increase first and then decrease;

3. The highest ultimate tensile strength and elongation of 1403 MPa and 35 %, respec-
tively, are reached when the HOPing temperature is 1160 °C;

4. Compared with the HP process, the HOP could decrease the size and density of the
PPBs precipitates and significantly enhance their room temperature tensile properties.
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