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Abstract:

Fe-base Superalloy/Al,O; type composite compacts were successfully obtained by
spark plasma sintering from mechanically alloyed powders. The superalloy powders without
Al,O; and superalloy/Al,O; type composites powders with 5 and 10 %vol. Al,O; were
synthesized from elemental powders in a high energy planetary mill. The influence of the
milling process on particle size evolution has been determined using a Laser Particle Size
Analyzer with an analysis field of 0.1-7000 um. The composite compacts were obtained by
spark plasma sintering. Both, composite powders, and compacts were investigated by X-ray
diffraction (XRD), high temperature X-ray diffraction (HT-XRD), scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX).
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1. Introduction

Superalloys are part of the group of Ni, Ni-Co and Co base alloys and show- high
oxidation resistance, hot corrosion properties, creep resistance and very good mechanical
properties at high temperature [1-5]. Usually, superalloys can operate at a high fraction of
their melting point. Because of this, superalloys are used in jet engine components such as
turbine blades and combustion chamber [6]. Oxide Dispersion Strengthening (ODS)
superalloys have been researched in the last decades because the ODS superalloys have
excellent high-temperature creep-rupture strength and resistance oxidation and corrosion is
higher than those of the superalloys [7,8]. Superalloy/Al,Oz type composites belong to the
group of materials known as ceramic reinforced metal matrix composites (MMCs) [9-11].
The ceramic component offers high resistance to heat, wear, corrosion, and creep; the metal
component provides thermal conductivity, toughness, and mechanical strength. An important
parameter to ensure these properties of the composite is the particle sizes and dispersion of
the ceramic component. A decrease in ceramic particle size and a homogeneous distribution
leads to mechanical properties of MMCs increasing. Also, the ceramic particle prevents the
crystallite size increasing at high temperatures with positive impact on mechanical properties.

One of the common methods to produce MMCs powders is the mechanical alloying
(MA) process [12]. MA is a non-equilibrium process to obtain far from equilibrium
structures, including amorphous alloy, metastable nanostructured phases, nanomaterials with
extended solubility, intermetallic compounds and oxide dispersion strengthened alloys (ODS)
[13-16]. This technique involves the high energy ball milling of metallic and oxide powders
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to obtain a composite powder with a nanosized structure and a high degree of ceramic powder
dispersion in metal matrix. The most used ceramic component in MMCs is Al,O; powders
due to their thermal stability [17-19]. Fe base superalloy are chosen as a metal matrix due to
that their lower cost compared with the Ni and Co base superalloys.

Spark plasma sintering (SPS) is a new technique for rapid sintering of powders to
obtained composite compacts [20-22]. By SPS the crystallite growth is limited, and the
nanostructure result after MA process is maintained [20]. The SPS technology consists in a
high temperature pressing of powders in a graphite die. Simultaneous a DC current pulses are
involved. A plasma discharge between powder particle occurs which lead to their sintering
[23-26]. This process has been widely used to obtain magnetic materials, ODS alloys and
composite Fe, Ni and Co superalloy reinforced with ceramic particles [16,27,28]. In our
previous study, we obtained the Al,Os/Ni composite, in which the alumina particles are
uniformly dispersed in a quasi-continuously Ni network [29].

In this paper, we present the studies regarding the synthesis of the Superalloy/Al,Os
composite compacts by SPS from mechanically alloyed composite powders.

2. Materials and Experimental Procedures

The elemental Fe, Ni, Cr, Ti and B powders with purities over 99.5 % was used as
raw materials for obtaining the Fe base superalloy powder with the nominal composition
given in Table I. The powders particles size used in the experimental studies is as follows: -
150 pm for iron, -10 um for nickel, -250 um for chrome, -88 um for titanium and -40 um for
boron. To obtain the MMCs powders we added 5 and 10 %vol. Al,O; with particle size -20
pum, as ceramic reinforcement. The compositions of samples are shown in Tables I and I1.

Tab. I The composition of Fe base superalloy powders (starting samples).
Chemical composition, wt.%

Fe Ni Cr Ti B
FeCrNiTiB (Fe base 57.25 26 15 1.7 0.05
Superalloy)
Tab. Il MMCs powders composition (starting samples).
Samples Al,O3 (vol.%0) Theoretical density (g/cm®)
FeCrNiTiB 0 7.93
FeCrNiTiB+5 % Al,O; 5 7.73
FeCrNiTiB+10 % Al,O; 10 7.53

The powders were milled up to 16 h in a Fritsch Pulverisette 6 (high energy planetary
ball mill), using a hardened steel vial and balls. The mechanical alloying process was carried
out in an argon atmosphere to prevent sample oxidation. The ball to powder mass ratio — BPR
was 10:1. The vial rotation speed was set at 300 rpm. Several milling times, ranging from 1 to
16 h has been chosen for collecting samples. The milled powders were then consolidated by
spark plasma sintering (SPS) technique to obtain nanocrystalline composite compact. Home-
made SPS equipment working at 24 V and 3.75 kA was used. Also, the current pulse has a
rectangular shape. On heating, the pulse ON-time was 20 ms, and OFF-time was 20 ms.
Sintering parameters used for as-obtained sintered compacts were temperature ranging from
750 to 900°C, sintering time - 0 min. (without holding time), the pressure applied during
sintering was 30 MPa and sintering atmosphere was Ar. The sintering temperature was
measured at 2 mm from sample with a thermocouple inserted in graphite mold. The particle
sizes distribution has been determined using a Laser Particle Sizer (Analysette 22 NanoTec -



C. V. Prica et al.,/Science of Sintering, 54(2022)335-347 337

Fritsch), by wet dispersion technique (water — dispersion liquid), with an analysis field of 10
nm to 1000 um. For the X-ray diffraction studies an Inel Equinox 3000 diffractometer with
Co radiation (Aco ka = 0.1790300 nm) equipped with a high-temperature chamber-Anton Paar
HTK 1200 N was used. The diffraction patterns were recorded in the angular range 26 = 30-
110°. For HT-XRD in situ analyses, the heating rate was 10°C/min. up to 900°C. The mean
crystallite sizes were computed using Scherrer method [30]. A JEOL-JSM 5600 LV scanning
electron microscope (SEM) coupled with an energy-dispersive X-ray (EDX) spectrometer
(Oxford Instruments, INCA 200 software) was used for the investigation of particles
morphology and local chemical homogeneity.

3. Results and Discussion

Fig.1. SEM images and elemental map distribution of Superalloy and Superalloy/Al,O;
powders: a — unmilled Superalloy powders (starting sample); b — Superalloy powders milled
up to 16 h; ¢ — Superalloy/5 % Al,O3 powders (starting sample); d - Superalloy/5 % Al,O;
powders milled up to 16 h; e - Superalloy/10 % Al,Oz powders (starting sample) and f -
Superalloy/10 % Al,O3 powders milled up to 16 h.
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In Fig. 1 are shown the SEM-EDX images of both superalloy and superalloy/Al,O;
powders unmilled and after milling up to 16 h. It can be observed spherical particles, which is
Ti powder, Fe powders - large irregular shape particles (red colour), Cr powders — flat
particles (blue colour) and Ni powders - the smallest particles (green colour) (Fig. 1a). In
added, in Fig. 1c and e it can be seen the Al,O; particles — small agglomeration (blue). After
16 h of milling, on the base of SEM images, we can conclude that the superalloy powders are
larger than the superalloy/Al,O3; powders. The particles are also flattened, and their shape is
irregular with rounded edges (Fig. 1b). With the increase of Al,O; powder content, the
particle sizes decrease (Fig. 1d and f). The particle has an irregular polyhedral shape. The
elemental map distributions (EDX) are overlapped with the SEM images.

Particle sizes distribution of starting mixture formed by elemental powders
(superalloy and superalloy/Al,O3) are shown in Fig. 2. All the curves present a multimodal
distribution of particle sizes. The particle size distribution of powder mixtures with different
densities is difficult to analyze by wet dispersion laser scattering. However, according to the
particle size distribution curves, presented in the fig 2, it can be observed the increase of the
amount of the fine particles (size ranges 0.2-4 um and 4-20 um) together with the increase of
the amount of alumina (from 5 to 10 %vol).
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Fig. 2. Particle sizes distribution of starting samples.
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Fig. 3. Particle size distributions of powders milled up to 16 h:
a) frequency distribution, b) cumulative curve.
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In table 111 are shown the values of Dy, Dso and Dgg corresponding to the superalloy
and composite powders 16 h milled.

Tab. 111 Values of Dyq, Dsg and Dy, corresponding to the superalloy and composite powders
16 h milled.

Superallo Superallo
Superalloy |5 %F\)/ol. AIZOS +10 C%vol. A?lzo3
Dso [Um] 157 90 72
D1 [pm] 50 30 29

Comparing the results of the particle size distribution analysis, for the starting
mixture and for the mechanically alloyed powder after 16 h of milling (Fig. 2 and 3), a
decrease of the fine fraction, smaller than ~ 20 um can be observed. This may be due to the
embedding of Al,O; into the metal particles during mechanical alloying. Increasing the
content of Al,Oz powder also influences the fragmentation mechanism during mechanical
alloying, hindering the cold-welding processes. Higher aluminum oxide content (10 %vol.
Al,Oy3) facilitates a pnarrower distribution of powder particles and decreases powder particles'
size. This can be seen more clearly from Fig. 3b and Table 11, the Dgy values for each type of
the powder mixture: 263 pm for superalloy powder, 171 pm for superalloy with 5 vol.%
Al,O3 and respectively 132 pum for superalloy with 10 vol.% Al,Os.

In Fig. 4 are shown the X-ray diffraction patterns of superalloy powders milled up to
16 h. The Bragg characteristic peaks of Fe, Cr (BCC lattice) and Ni (FCC lattice) elemental
powder has been identified in the pattern of start samples (ss). The maxima of Ti (HC lattice)
and B (rhombohedral lattice) cannot be highlighted due the smaller amount in which these
elements are presents (below of detection limit of the diffractometer). With milling time
increasing, up to 4 h, only the broadening of the peaks occurs. A peak broadening is produced
by internal stresses and microstructure refinement induces by mechanical milling. After 8
hours of milling it can be observed that the FCC characteristic peaks positions are shifted at
lower angles. These are associated with increasing of the FCC crystal parameter due to the
diffusion of the Cr and Fe in Ni matrix. The intensity of the peaks corresponding to BCC
phases decreases, and the intensity of the FCC phases increases. At 16 h of milling, only the
peaks of the FCC phase can be observed in the diffraction pattern.
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Fig. 4. X-ray diffraction patterns of superalloy powders milled up to 16 h.

Fig. 5 shows the X-ray diffraction pattern of superalloy/5 %vol. Al,O; composite
powders. In pattern of starting mixture, it can be identifier both the characteristic Bragg lines
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of the elemental metallic powders (Fe, Ni and Cr) and of the ceramic component — Al,Os.
Since the Al,Oj3 is the hard and brittle component, during the milling process it is fractured
and is embedded in the ductile component, which is the metallic component — Fe, Ni and Cr.
For this reason, in the first hours of milling, the diffraction peaks correspond to Al,O; totally
disappears. After 4 h of milling an asymmetry of the (100) peak of BCC phases can be
observed and the (111) peak of FCC phase appear. At 8 hours of milling FCC phase is more
visible due to the diffusion of Fe and Cr atoms in Ni FCC matrix. After 16 h of milling the
FCC phase is prevalent. Moreover, the asymmetry of the (111) peak indicated that the FCC
solid solution is not fully formed in the entire volume of milled powders.
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Fig. 5. X-ray diffraction pattern of superalloy/5 % Al,O3; powders milled up to 16 h.

In Fig. 6 are shown the XRD pattern of the superalloy with 10 vol.% Al,O3; powders.
It can be observed that the peaks that correspond to Al,O; no longer exist in diffraction
pattern after 2 h of milling. The characteristic peaks of FCC phase are present in XRD pattern
after 4 h of milling. With milling time increasing the characteristic peaks of FCC phase
increase. Also, the peaks intensity of BCC phase decrease; after 16 h of milling only a small
quantity of BCC phase remains in superalloy matrix. From above, also it can be concluded
that the BCC phase amount is higher when the Al,O; content increase due to the alumina
particles hindering the atomic diffusion. To investigate the Al,O; particle influence on
superalloy's thermal stability, the mechanically alloyed powders were subjected to in situ HT-
XRD analyses up to 900°C.
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Fig. 6. X-ray diffraction pattern of superalloy/10 % Al,O3; powders milled up to 16 h.
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The HT-XRD patterns of superalloy mechanically alloyed powder are shows in Fig.
7. With the increase of the temperature, only the narrowing of the diffraction peaks
corresponding to the FCC phase occurs. This phenomenon is associated with both reducing
the crystallites size due to recrystallization and internal stress removing.
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Fig. 7. HT-XRD patterns of mechanically alloyed superalloy powders.

Fig. 8 shows the HT-XRD patterns of superalloy/5 vol.% Al,O; composite powders.
It can be noticed that the two phases (BCC and FCC) are present in diffraction patterns up to
500°C. Also, the BCC phase characteristic peak is more visible with temperature increasing,
up to 500°C, due to removal of internal stress. With temperature increase at around 600°C the
BCC to FCC phase transition occurs. Thus, in the range of temperature between 600 to 900°C,
only the FCC phase peaks can be identified in diffraction patterns.

(110)‘ (Fe,Cr)- BCC
(111) (200)‘ (Fe,Ni)- FCC |(211)
ﬁ - J / 4 900°C
-‘,%: J\‘L A 800°C
E . P
£ 700°C
il J\\ 600°C
500°C
e, - R
. W 20°C
T T T T |' T T
40 50 60 70 80 90
29, degree

Fig. 8. HT-XRD patterns of mechanically alloyed superalloy/5 % Al,O; composite powders.

The HT-XRD diffraction patterns of superalloy/10% Al,0; composite (Fig. 9) show
that the increasing of Al,O3 content leads to increase of both the BCC phase peak intensity

and transition temperature at 700°C.
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Fig. 9. HT-XRD patterns of mechanically alloyed superalloy/10 % Al,O3; composite powders.

From the above results, we can conclude that the BCC phase is present in a large
quantity and is more stable with increasing of the alumina content. Due to the fragility of
alumina, during the milling process, the fragmentation predominates. The fine alumina
particles are enveloped by the metal powder particles, thus preventing the diffusion of Ni into
Fe and the formation of the y phase. Therefore, the alumina stabilizes the BCC phase. The
evolution of the lattice parameter with temperature is shown in Fig. 10. It can be noticed that
the lattice parameters of both phases, which crystallizes into a network bcc (superalloy with 5
and 10 % Al,O3) show an insignificant increase up to 200°C. In the range of 200 to 500°C, the
lattice parameters increase with temperature increasing. The lattice parameters of the
superalloy y phase grow almost evenly and proportionally with the temperature increasing. In
the case of the composite powders (superalloy with 5 and 10 % Al,Oz3), a sudden increase of
lattice parameters of y phases at 500°C can be attributed to the o~y transition.
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Fig. 10. Lattice parameter evolution versus temperature.

Using superalloy powders and superalloy with 5 and 10 vol.% Al,O; composite
powders were made compacts by SPS technique at 750 and 900°C. Fig. 11 shows the SEM
image and the elemental distribution map (EDX) of superalloy compacts obtained by SPS at
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900°C. It can be observed that the sample is homogeneous and consists of a single phase (Fig.
11a). The distribution maps (Fig. 11b) show that the metallic elements (Fe — red color, Ni —
green color and Cr — yellow color) are evenly distributed.

i)

Fig. 11. SEM image a) and the elemental distribution map (EDX) b) of superalloy compacts
obtained by SPS at 900°C.

In Fig. 12 are shown the SEM images (a) and EDX analyzes (b) of superalloy/5 vol.%
Al,O; composite compact after sintering by SPS at 900°C. The Al,O3 (green color) relatively
large particles (2-10 um) are distributed at the boundary of the former superalloy particles.
Also, it can be observed that the elements distribution is not uniform. The Cr rich phases
(light brown color) can be identified.

"

Crrich
phase

Fig. 12. SEM image a) and EDX analyze b) of superalloy/5 % Al,O; composite compact after
sintering by SPS at 900°C.

h)

Fig. 13. SEM image a) and elemental map distribution b) of superalloy/10 % Al,O; composite
compact sintered at 900°C.
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The SEM image and elemental map distribution of superalloy/10 % Al,O; composite
compact sintered at 900°C is shows in Fig. 13. In SEM image (Fig. 13a.) it can be observed
the homogenous structure of superalloy/10 % Al,O; composite compact. The map distribution
of elements (Fig. 13b.) shows that the Al,O; particles (green color) are small (< 1 um) and
evenly distributed in the metallic matrix (Fe — red color, Ni — yellow color, Cr — light brown
color) of the composite compact.

The compacts obtained by SPS technique after different sintering temperatures were
subjected to XRD analyses (Fig. 14). In all diffraction patterns only the characteristics Bragg
peaks of the FCC phase are identified. Also, it can be observed that the peaks width decreases
with sintering temperature increasing due to the removal of internal stress accumulated during
mechanical alloying process and recrystallization.
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Fig. 14. XRD patterns of Superalloy compacts and composite superalloy compacts with 5 %
and 10 % Al,0; obtained by SPS at 750 and 900°C.
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Fig. 15. Mean crystallite sizes of compacts obtained from superalloy and superalloy with 5
and 10 % Al,O5; composite powders by sintering at 750 and 900°C.
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The mean crystallite sizes of compacts obtained by superalloy and superalloy with 5
and 10 vol.% Al,O5; composite powders by sintering at 750 and 900°C are shown in Fig. 15.
For comparison the mean crystallite sizes of powders milled up to 16 hours is also shown in
Fig. 15. The values of crystallite sizes of superalloy and composite powders after 16 h of
milling are almost the same (around 11 nm). After SPS, the values of the mean crystallite
sizes increase with increasing sintering temperature. For the same sintering temperature, the
value of crystalline sizes decreases with increasing Al,Os content. Thus, the value of the mean
crystallite size of superalloy compacts sintered at 750°C increases from 19.5 nm to 23.7 nm in
the case of sintering at 900°C. With increasing the Al,O; content, the average crystallite sizes
of superalloy/5 vol.% Al,O3; composite compacts sintered at 750°C degrease from 18 nm to
16.8 nm for superalloy/10 vol.% Al,O; sintered at the same temperature. Also, if the sintering
temperature used was 900°C, the values of composite compacts crystallite sizes decreased
from 22 nm to 20 nm if the Al,O5 content increased from 5 to 10 %.

From above results, it can be concluded that the Al,O; particles, being evenly
distributed in the particles, most probably in the crystallite’s boundary by mechanical milling,
it prevents diffusion and thus the growth of crystallites.

4. Conclusion

The superalloy composite compacts were successfully obtained by SPS technique
from mechanically alloyed powders. The particle sizes of powders 16 h milled decrease with
Al,O3 content increasing.

From XRD of both superalloy and superalloy/Al,O; powders, it can be concluded the
following: the lattice structure of superalloy powders milled for 16 hours are FCC; the BCC
phase is present in superalloy with 5 vol.% and 10 vol.% Al,Os.

The HT-XRD diffraction patterns of superalloy and both composite powders
(superalloy/5 vol.% Al,O3 and superalloy/10 vol.% Al,O3) show that the superalloy maintain
its lattice (FCC) up to 900°C , the BCC phase is stable in superalloy with 5 vol.% Al,Os up to
600°C and up to 700°C in the case of superalloy/10 vol.% Al,O; composites powder. Above
these temperatures, the transition of BCC to FCC phase occurs.

The compacts obtain by SPS sintered at 750 and 900°C from superalloy and
composite powders have only FCC structure. The Al,Os; particle sizes from composite
compacts sintered by SPS at 900°C decrease with Al,O; content increasing. Also, the
crystallite sizes of compacts decrease with Al,O; content increasing and increase with
sintering temperature increasing.
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Cascemax. Komnosumu muna ALO3 u cynepnecype ma 6asu eeodcha cy ycnewno
CUHMEMUCAny U3 MeXanuuky JecUpanux npaxoea cunmeposanux y naasmu.  Ilpax
cynepaezype 6e3 AlL,O3 u cyneprecype/Al,03 muna xomnosuma ca 5 u 10 % vol. ALO3 cy
CUHMEMUCAHY U3 eNeMEeHMAPHUX NpPaxoed y GUCOKO-eHeP2emCKOM NIAHeMAapHOM MIUHY.
Ymuyaj npoyeca maegerwa na pacnooeny geruuune wecmuya je oopehen ynompebom Laser
Particle Size Analyzer y pawney 0.1-1000 um. Y30pyu komnozuma cy 000ujenu cuHmeposarsem
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y naasmu. ¥ npaxosu u cunmeposanu yzopyu cy ucnumuganu y3 nomoh XRD, HT-XRD, SEM
u EDX memooama.

Kwyune peuu: cynepnezypa/Al,O3 xomnosum, mexanuuko iecuparse, CUHIMEPO8ar»e y nia3mi.
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