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Abstract: Effects of oxygen content on microstructure and creep property of FGH96 superalloy were
investigated. When oxygen content increased from 135ppm to 341ppm, prior particle boundary (PPB) rose
from degree 2 to degree 3, and the size of v’ phase on PPB enlarged from 1.07um to 1.27um, and MC carbide
size grew from 77.4nm to 104.0nm. Meanwhile, the steady creep rate accelerated form 4.34x10- h! to 1.87x1072
h, and the creep rupture life shortened from 176h to 94h, and the creep rupture mode transferred from
intergranular and transgranular mixed fracture to along PPB fracture. During creep, the micro-twins formation
and gliding will be restrained by )3 boundaries. FGH96 superalloy with higher oxygen content contains less
23 boundaries and its micro-twins cross slipped instead of single direction slip in lower oxygen content
superalloy. Consequently, specimen with higher oxygen content creeped faster and raptured earlier.
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1. Introduction

Powder metallurgy (PM) nickel-based superalloy is wildly used on turbine disc and compressor
disc of high-performance aero engine due to its fine grain size, uniform microstructure and excellent
high temperature mechanical properties [1-4]. Hot isostatic pressing (HIPing) can completely densify
the alloy powder, which is the key for powder metallurgy process to be applied to the preparation of
rotating parts [5,6]. However, Prior Particle Boundary (PPB) easily formed during HIPing, which is
consisting of carbide, oxide, carbon oxide and Yy’ phase, continuously or semi-continuously
distributing along the boundary of the original powder particles [7,8]. Oxygen element adsorbed on
the powder particle surface is considered to be the key for the formation of PPB, since Ti, Zr and other
alloy elements of the nickel-based superalloy are easily to react with the oxygen element and form
stable oxides. During HIPing, some of these oxides serve as nucleation and promote the precipitation
of PPB.

The higher of the oxygen content of the powder is, the more PPB there will be, which deteriorates
the microstructure integrity and mechanical properties. Rao et al. [12] studied the effect of oxygen
content on the microstructure and mechanical properties of HIPed Inconel718 alloy, and found that
PPB especially existed in alloy with high oxygen content. The increase of oxygen content inhibited
the formation of recrystallization and annealing twins, which would sharply impair the high
temperature plasticity and fracture toughness, although had little effect on the yield strength and
tensile strength. He et al. [13] studied the effect of powder making process on the microstructure and
thermal deformation behavior of PM nickel-based superalloy. Results show that compared with
plasma rotating electrode method, the powder prepared by argon gas atomization formed more PPB
at HIPing due to its higher oxygen content, and was more likely to crack during subsequent thermal
deformation. MacDonald et al. [14] studied the effect of powder characteristics on the microstructure
and mechanical properties of HIPed CM247LC nickel-based superalloy, and found that the alloy
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prepared by coarse powder had lower oxygen content and more '3 grain boundary, which improved
the high temperature properties.

Nevertheless, few relevant studies on the influence of oxygen content on creep property of PM
nickel-based superalloy. Creep performance is an important factor for structural design and life
evaluation for aeroengine [15-17]. Therefore, it is necessary to study the effect of oxygen content on
microstructure and creep property of PM nickel-based superalloy.

2. Materials and Methods

2.1. Alloys and Preparation

FGHY96 superalloy studied in this paper is suitable for the fabrication of the turbine disc
operating at temperatures below 750 °C. The prealloying powder was obtained by vacuum induction
melting argon gas atomization (VIGA) and sieved into less than 63um. For comparation, part of the
powder was preoxidized by a heating furnace at 200 °C for 5 hours, simulating the heating process
that may occur for the high-frequency vibration during sieving in industrial production.

The original and preoxidized FGH96 superalloy powder were respectively loaded in a stainless-
steel bucket with 160 mm in diameter and 200 mm in height. Then degassing was carried out at 450
C under below 1.0x10? Pa for 8 hours, followed by encapsulating to prevent air from flowing to
these buckets. Finally, the two buckets were HIPed at 1170 °C under 140 MPa for 4 hours to get fully
densified superalloy with two different oxygen content.

2.2. Materials Characterization

The oxygen content of the powder and HIPed FGH96 superalloy were detected by pulse heating-
infrared absorption method with an oxygen and nitrogen analyzer (TC600, LECO, SAN Jose,
America) and the results were displayed in Table 1.

Table 1. Oxygen content of superalloy under different state (ppm).

State Original Preoxidized
Powder 141 397
HIPed 135 341

To investigate the effect of oxygen content on microstructure of the FGH96 superalloy, the
samples were ground and mechanical polished for PPB evaluation. For EBSD analysis, these polished
sample should be electro-polished a step further in a solution composed of 20ml HCI + 80ml CHsOH
under the voltage of 25V for 15s. And for phases observation by SEM, these electro-polished samples
should be electro-etched in a 170ml HaPOu + 10ml H2SOs + 15g CrOs solution under the voltage of 5V
for 2-3s. The PPB degree was estimated with metallographic microscopy (OM, DM8000M, LEICA,
Witzler, Germany). The y’ phase and carbon morphology were captured using the field emission
scanning electron microscope (FE-SEM, Regulus8100, HITACHI, Tokyo, Japan) under back scattering
electron mode (BSE). And crystal orientation images, grain size and grain boundary distributions
were obtained by electron back scattering diffraction mode (EBSD). The average size and proportion
of v' phase and carbon were measured by Image-Pro Plus analysis software. The phases crystal
structure and annealing twin were analyzed with field emission transmission electron microscope
(TEM, Tecnai G2 F20, FEI, Hillsboro, America).

To reveal the influence of oxygen content on creep property of FGH96 superalloy, the creep
experiment at 700 °C under 690 MPa was carried out on a electronic creep testing machine (RDL100,
SINOTEST, Changchun, China). The fracture morphology was observed by SEM under secondary
electron (SE) mode and the local misorientation maps before and after creep experiment were
obtained by SEM under EBSD mode. The annealing twin before and after creep experiment were also
analyzed with TEM.
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3. Results and Discussion

3.1. Effect of Oxygen Content on Microstructure of FGH96 Superalloy

Figure 1 is the mechanical polished morphology of FGH96 superalloy with different oxygen
content, indicating clear spherical original powder particle boundary. According to the PPB grade
evaluation principle given by Ingesten et al. [18], the PPB grades of FGH96 superalloy with oxygen
content of 135ppm and 341ppm are grade 2 and grade 3 respectively. In a word, the higher the oxygen
content is, the more continuously the PPB will be.

@) (b)
Figure 1. OM images of FGH96 superalloy with different oxygen content: (a)135ppm, (b)341ppm.

The phase composition of FGH96 superalloy with different oxygen content is mainly y matrix,
Y’ phase and carbide. The v’ phase can be divided into three types: one is irregular long strips or large
blocks (Figure 2a,b, marked y’1), which distributes at PPB; and the second is petal-like or spherical
(Figure 2c,d, marked v’2), which disperses inside the PPB; and the third is small spherical (Figure
2c,d, marked v’s), precipitating between vy’2 phases. Quantitative metallography demonstrated the
effect of oxygen content on v phase size and the results are displayed in Table 2. It is clear that the
oxygen content has great influence on the y’'1 phase size, which of the FGH96 superalloy with oxygen
content of 341ppm increases by 20% compared with that of 135ppm. Yet, the size of v’2 and y’s phases
rarely affect by oxygen content, the y’2 phase size of the superalloy with oxygen content of 135ppm
and 341ppm are 325.4nm and 320.7nm respectively, while the y’s phase size are 22.6nm and 24.8nm
respectively.
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Figure 2. v’ phase morphology of FGH96 superalloy with different oxygen content: (a, c) 135ppm, (b,
d) 341ppm.

Table 2. v’ phase size of FGH96 alloy with different oxygen content.

Oxygen content / ppm Y1/ pm Y2/ nm Y's/nm
135 1.07 325.4 22.6
341 1.27 320.7 24.8

From the SEM-BSE images in Figure 3a,b, carbide in FGH96 superalloy with different oxygen
content has two forms, that is MC carbide with black contrast and M2Cs carbide with white contrast,
both of which are scattered among PPB. Corresponding selected area electron diffraction patterns
(SAED) are shown in Figure 3c,d, which is consistent with the results of reference [19]. The average
size and percentage of these two kinds of carbides were statistically analyzed and the results are
displayed in Figure 3. When oxygen content increases from 135ppm to 341ppm, the size of MC
carbide increased from 77.4nm to 104.1nm and the percentage rises from 0.15% to 0.22%. Therefore,
oxygen around powder particle surface accelerates the precipitation and growth of MC carbide.
However, oxygen content has little influence on the precipitation of M23Cs carbide. The average sizes
of M23Cs carbide in FGH96 superalloy with oxygen content of 135ppm and 341ppm are 768.9nm and
824.3nm respectively, and the percentages are 0.10% and 0.11% respectively.

In comparison with the original superalloy powder, Ni, Ti, Cr, Al and other elements on the
surface of the peroxidized powder oxidized more seriously, forming a thicker oxide layer as well as
a broader alloy elements deletion region [20]. In consequence, weaker driving force of ¥’ phase
precipitation and mutual resistance of growing up around powder particle surface during HIPing,
resulting in bigger y’1 phase than vz phase, and larger average size of y'1 phase in FGH96 superalloy
with higher oxygen content than that with lower oxygen content. Since the internal chemical state of
the powder nearly unaffected by surface oxidation, Y2 and y’s phase in different oxygen content
superalloy presented almost the same morphology and average size. Meanwhile, a thicker oxide
layer means more tiny oxide particles around the powder surface, tending to form more and bigger
MC carbide at PPB.
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Figure 3. SEM-BSE images of FGH96 superalloy with (a)135ppm, (b)341ppm oxygen content and
SAED patterns of (c) MC and (d) M23Cs carbides.
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Figure 4. Histograms of carbide average size and percentage in FGH96 superalloy: (a) MC carbide,
(b) M23Cs carbide.

The effect of oxygen content on crystal orientation and grain size distribution of FGH96
superalloy was studied by EBSD. Figure 5a,b illustrate the crystal orientation graphs of FGH96
superalloy with oxygen content of 135ppm and 341ppm respectively. Each crystal orientation is
random, implying the isotropous microstructure and oxygen content has no significant effect on the
crystal orientation. But the grain size distribution changes significantly with the increase of oxygen
content. According to the grain size distribution diagrams in Figure 6a,b, the maximum grain size of
superalloy with oxygen content of 341ppm is 10um larger than that of 135ppm, while the average
grain size is smaller by 40%. Because the FGH96 superalloy with higher oxygen content has more fine
grains mainly gathering around PPB, and the proportion of grains less than 2um is about 80% and
62% and in superalloy with oxygen content of 341ppm and 135ppm respectively. As a result, with
the increase of oxygen content, the grain size distribution range become broader, but the average
grain size is smaller.

The grain size distribution has strong relation to the degree of plastic deformation and
recrystallization process during HIPing. The shear stress exerted by the external gas densifies the
powder particles with drastic plastic deformation at the very beginning of HIPing. While the
densified material tends to annealing in the following holding and cooling stage. Higher oxygen
content of the powder tends to precipitate more oxides and carbides, which will hinder the
deformation of the powder particles and grain growth [12]. Therefore, under the same HIPing
condition, the powder with higher oxygen content formed more continuous PPB, lowering the degree
of plastic deformation, so the original large grain size of the powder was retained, and many fine
recrystallization grains also reserved owing to the insufficient driving force to grow up.
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@) (b)
Figure 5. Crystal orientation images of FGH96 superalloy with different oxygen content: (a) 135ppm,
(b) 341ppm.
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Figure 6. Grain size distribution of FGH96 superalloy with different oxygen content: (a) 135ppm, (b)
341ppm.

Figure 7 is the histogram of grain boundary distribution, and when the oxygen content increases
from 135ppm to 341ppm, the twin boundary (60°), 3.3, of FGH96 alloy decreases from 34% to 30%,
and the small angle boundary (< 10°) increases from 12% to 17%. Figure 8 shows the }'3 boundary
distribution maps of superalloy with different oxygen content. Similar to many FCC structure alloys
[21], due to the low-level fault energy and large deformation during HIPing, a large number of
annealing twins formed. As described above, higher oxygen content superalloy deforms harder
during HIPing and fine recrystallized grains are difficult to grow, so more small angle grain
boundary reserved.
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Figure 7. Grain boundary distribution of FGH96 superalloy with different oxygen content: (a)
135ppm, (b) 341ppm.
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Figure 8. Twin boundaries of FGH96 superalloy with different oxygen content: (a) 135ppm, (b)
341ppm.

3.2. Effect of Oxygen Content on Creep Property of FGH96 Superalloy

The creep curves of FGH96 superalloy with different oxygen content at 700 °C and 690 MPa have
three stages, creep transition stage (I), steady creep stage (II) and creep acceleration stage (III) in
Figure. 9, and the latter two stages domains. When the oxygen content increases from 135ppm to
341ppm, the duration of the steady creep stage decreases from 43 hours to 21 hours, and the steady
creep rate changes from 4.34x103 h'! to 1.87x102 h-, and the creep life diminishes from 176h to 94h,
and the total strain shortens from 13.9% to 8.5%.
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Figure 9. Creep curves of FGH96 superalloy with different oxygen content.

The creep fracture morphology of the specimen with oxygen content of 135ppm contains three
typical regions, namely fracture source region, crack extension region and shear lip region, as shown
in Figure 10a region I, I and III respectively. The crack originated at the edge of the specimen, and
gradually expanded inward, and then tore rapidly. Figure 10b is the fracture source region, where a
small number of PPB can be found. Wedge-shaped cracks can be seen from the enlarged image of the
rectangular area in Figure 10b, indicating the intergranular and transgranular mixed fracture. Figure
10c displays the crack extension region, where there is a large number of deep dimples, implying
transgranular fracture feature, and a few PPB. Figure. 10d is the shear lip region, in which a large
number of shallow dimples exists.

The creep fracture morphology of the specimen with oxygen content of 341ppm also has these
three typical regions, showing in Figure 11a region I, IT and III respectively. A large quantity of PPB
appears in both the fracture source region and the crack extension region (Figure 11b,c), indicating
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that the crack originated at the PPB and also expanded along PPB. No secondary cracks were found
in the whole fracture, meaning that the crack extended fast compared with the lower oxygen content
creep specimen, which confirms with the creep curves. The shear lip region (Figure 10a region III) is
relatively small compared with that of lower oxygen content (Figure 11a region III), and the shallow
dimples can also be observed in Figure 11d.

Figure 10. Creep fracture morphology specimen with 135ppm oxygen content: (a) overall fracture
morphology, magnified image of region (b) I, (c) II, (d) IIL in (a).
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Figure 11. Creep fracture morphology specimen with 341ppm oxygen content: (a) overall fracture
morphology, magnified image of region (b) I, (c) II, (d) IIL in (a).

The local misorientation distribution curves of the specimens with different oxygen content
before and after creep experiment demonstrate in Figure 12. There is no significant difference
between the two local misorientation distribution curves before creep. However, after creep test, the
two local misorientation distribution curves dramatically changed, which indicates large strain
occurred in these two specimens during creep test. Compared with the creep specimen with oxygen
content of 341ppm, the specimen with that of 135ppm has a broader local misorientation distribution,
which means a larger strain during creep, and as a result, it has a longer creep life, regarding its lower
crack extension rate.

The local misorientation maps of the specimens with two different oxygen content before and
after creep experiment illustrate in Figure 13. Before creep test, the two local misorientation maps
exhibit uniform distribution. While after creep, the stain of the specimen with oxygen content of
135ppm clusters on grain boundaries and in fine grains, but the stain of the specimen with oxygen
content of 341ppm gather around PPB. Therefore, when the oxygen content increases from 135ppm
to 341ppm, the creep fracture changes from intergranular and transgranular mixed fracture to PPB
fracture.

During creep, specimen releases stress concentration by the grain deformation and
recrystallization. As analyzed above, deformation was resisted by the continuous PPB networks and
much fine recrystallization grains formed around PPB in FGH96 superalloy with oxygen content of
341ppm, thus the strain concentrated along PPB, becoming crack origin and extension path.
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Figure 12. Local misorientation distribution: (a) before creep, (b) after creep.
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Figure 13. Local misorientation maps: (a) before creep with 135ppm oxygen content, (b) after creep

with 135ppm oxygen content, (c) after creep with 135ppm oxygen content, (d) after creep with
341ppm oxygen content.

3.3. Creep Mechanism

During the creep, dislocations form in the y matrix and gradually slip to the y-y” phase interface,
forming dislocation entanglement gradually. The lattice mismatch stress between y and vy’ phases
can be released by the dislocation entanglement, making dislocations cut through vy’ phase and
forming two incomplete dislocations. One of the incomplete dislocations moves along (111) crystal
plane to form stacking fault. And finally micro-twins generate [22,23]. Figure 14a shows the micro-
twins morphology of FGH96 superalloy with 135ppm oxygen content, which are single directional
micro-twins. While Figure 14b displays two directional micro-twins in FGH96 superalloy with
341ppm oxygen content, indicating the cross-slip phenomenon. Therefore, dislocation slip and micro-
twins formation is the main creep deformation mechanism of FGH96 superalloy.

However, the slip direction of the original }’3 boundaries in FGH96 superalloy differentiate form
these micro-twins, for which the micro-twins formation and movement will be limited. Consequently,
the higher proportion of the )3 boundaries in FGH96 superalloy with 135ppm oxygen content slow
down the creep rate and contributes a longer creep life. While in FGH96 superalloy with 341ppm
oxygen content, multiple directions of slip system motivate simultaneously and slip cross for the
weaker resistance by }'3 boundaries, so the specimen creeped faster and raptured earlier.

(b)

Figure 14. TEM images of specimens after creep with different oxygen content: (a) 135ppm, (b)

341ppm.
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4. Conclusions

Microstructure and creep property of FGH96 superalloy with different oxygen content were
investigated. The major findings are summarized as follows:

1. Oxygen content increased from 135ppm to 341ppm, PPB grade rose from grade 2 to grade 3, and
the size of ¥’ phase on PPB enlarged from 1.07um to 1.27um, and MC carbide size grew from
77.4nm to 104.0nm and MC volume fraction increased from 0.15% to 0.22%.

2. Oxygen content increased from 135ppm to 341ppm, steady creep duration shortened from 43h
to 21h, and steady creep rate accelerated from 4.34x10 h-! to 1.87x10-2 h!, and creep rupture life
decreased from 176h to 94h, and the creep rupture mode transferred from intergranular and
trans-granular mixed fracture to along PPB fracture.

3. FGHO96 superalloy with 341ppm oxygen content has a wider grain size distribution and less }'3
boundaries compare with lower oxygen content superalloy.

4. Multiple directions of slip system motivate simultaneously and slip cross for the weaker
resistance by less )3 boundaries in FGH96 superalloy with 341ppm oxygen content, so the
specimen creeped faster and raptured earlier.
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