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Abstract
The optimization of sintering temperature in the production of nickel-based superalloywas
investigated.Mixed elemental powders of Inconel 738LC superalloywas fabricated at different
sintering temperature ranging between 900 and 1200 °C,with a heating rate of 100 °Cmin−1, pressure
of 50MPa and 5min holding time. Themicrostructures, phase analyses, densification and
microhardness tests were conducted by using scanning electronmicroscopy (SEM), Energy dispersive
spectroscopy (EDS), x-rayDiffraction (XRD), polarized opticalmicroscope (POM), micro-hardness
testingmachine, andArchimedes’method respectively. Results revealed the formation of intermetallic
phases in themicrostructure, irrespective of the sintering temperature. The relative density increased
with increasing sintering temperature, as the highest relative density of 98.4%was attained at 1200 °C
andwith a correspondingmicrohardness value of 362.25 Hv. Therewas amarginal decrease in grain
size with increasing temperature, thereby resulted in reduced grain growth. This implies that the SPS
technology is appropriate for the fabrication of nickel-based superalloy.

1. Introduction

The dynamic processes involved in the operation of a gas power plant,more importantly, a turbine system,
necessitated the use of engineeringmaterials that have excellent structural stability when in service. Due to the
high-temperature working conditions of a turbine,materials of excellentmechanical properties and high-
temperature strength are required for its part production.Hence, Inconel 738 low carbon (IN738LC) superalloy
is considered suitable for this purpose. IN738LC superalloy, which is a nickel-based superalloy, have excellent
mechanical properties, good corrosion-oxidation resistance strength and good structural stability properties at
high temperatures [1–4]. Nickel-based superalloys are generally difficult tomanufacture due to the combination
of different elements in their composition. However, selection of key elements in the right proportion has helped
to improve strength of the superalloys and aided their stability at high temperature (650 °C)working conditions.
Superalloys are used for various components in a turbine system,which include turbine inlet nozzle, turbine
blades, compressor and other high temperature structural components within the system [5]. Other area of
applications includes, rocketmotor, aerospace engine, pumps, toolingmaterials and nuclear reactors [6, 7]. On
many occasions, the assessment of the economic viability and efficiency of a turbine power plant is usually
informed from the turbineflexibility to accommodate potential increase in the operating temperature, due to
demand for energy [8–10]. This is one of themajor factors that is usually put into considerationwhen nickel-
based superalloys are being designed. Another challenge that superalloys often encountered in service is the
build-up of thermal stresses [11]. These are often developed across the bulk volume of thematerials due to
uneven distribution of thermal energy. The thermal stresses aremostly due to the aggressive nature of the
turbine environment and high-temperature/pressure of the steam/gas that is applied on thematerial.
Therefore, the stresses can result to the distortion of components’microstructure [12, 13]. Hence,materials with
goodmechanical properties contribute in no smallmeasure, to the efficiency and performance of the turbines
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and equally reduce the cost ofmaintenance. IN738LChas beenwidely used for high-temperature engineering
applications. Primarily, it consists the gamma (γ)matrix phase (Ni) and the precipitate gammaprime
(γ′-Ni3(Al, Ti)) intermetallic phases [14]. These two phases are usually known to be a coherent face centered
cubic (fcc) crystal structure. They are the phases that partly responsible for the hardness strength and increased
melting temperature of the alloy.

However, the needs to keep improving the properties of IN738LC alloy, such as thematerial andmechanical
properties, cannot be overemphasized [15–17]. Therefore, a careful selection of the fabrication route that is
flexible tomicro-constituent and structural featuresmanipulations is imperative. Themicrostructure features
include the grain formation (size, shape and orientation), material’s densification, defects,micro-segregations
and othermicrostructural features. Variousmetallurgymethods for fabricating superalloys have beenwidely
reported. Some of these include the conventionalmelting and casting techniques (induction furnacemelting
and investment castingmethod, having its end-product as bars,metal sheets and other desired shapes).
However,microsegregations, impurities, inclusions, formation of freckles, pores and some other defects are
unavoidable in the conventionalmethods [18]. To circumvent the limitations that is often encountered in the
conventional processingmethod, powdermetallurgy (PM) has been research to be a better alternative. PMhave
been appreciably patronized bymetallurgist due its advantages over the conventionalmethods such as, ability to
produce components of infinite complexities and to form a near net shape component [19, 20]. Some of the
methods that emanated fromPM includemetal injectionmoulding (MIM), microwave sintering (MW), hot
isostatic press (HIP), laser sintering/lasermelting and spark plasma sintering techniques [21–26]. The
breakthrough that yielded considerable results in the application of powdermetallurgy technology, started in the
early 1960s [27] and subsequently gained attention up to this present time. SPSmethod involved, using a pulsed
direct electrical current of low voltage and uniaxial force (under low atmospheric pressure), for powders
consolidation. It is a fast sintering process for compacting and consolidatingmetallic and non-metallic powders.
The schematic diagramof spark plasma sintering technology used in this study is presented infigure 1.

SPS technology is a processing route that consolidates and densifies powders in one-step of operations. The
diffusionmechanism is characterized by heating and rapid cooling of the fabricatedmaterial in a sequential
order. By so doing, the densification process is hastened, and grain growth formation is reduced. Some of the
benefits of using SPS includes grain refinement, homogenous distribution of elemental composition, near-
uniformheat distribution during sintering, formation and even distribution of secondary phase precipitates (for
alloy prone to precipitate formation or intermetallic phase formation) [29]. In addition, some of the advantages
of SPS technology over the isostatic press, hot press,microwave sintering and atmospheric furnace in PM
includemicro-segregation elimination, porosity reduction, fabrication ofmaterials with superiormechanical
properties, fabrication of components to dimensional precision and production ofmaterials with good surface-
finish properties [30]. Relatively, a few numbers of studies have been carried out on the fabrication of nickel-
based superalloy using SPS, but since its existence, it is still at the laboratory stage [31].More importantly, few
reports are available on the use of SPS in fabricating IN738LC superalloy.However, effort is ongoing to establish
a documented processing data that can be adaptedwhen full knowledge of the industrial application of SPS is

Figure 1. Spark plasma sintering setup [28].
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established. Thus, the objective of this work is to investigate the densification andmicrostructural characteristics
of spark plasma sintered IN738LC superalloy by optimizing the sintering temperature.

2. Experimental procedure

An experimental investigationwas carried out to evaluate the influence of SPS processing temperature on the
microstructure of IN738LC superalloy. Seven different individualmetallic powders were combined to form a
nickel-based superalloy known as Inconel 738LC [11]. ANi powder (TLS-TechnikGmbh, 99.5%)was used as
the basematerial with a particle size range between 45–90 μm, in additionwithAℓ powder (TLS-Technik
Gmbh, 99.8%)with a particle size of 25 μm.Othermetallic powders include Co, Ta,W, Ti andCr, with particle
sizes below 45 μm.Ta,WandTiwere supplied by SigmaAldrich, while Alfa Aesar supplied theCo andCr
powders, which have an elemental purity of 99.9%. All the starting powders were spherical. The powders were
accurately weighed to have a desired stoichiometric composition in accordancewith IN738LC standard [11].
The percentageweight fraction of the alloy compositions is summarized in table 1. A digital weighing balance
was used to carefully weigh each powder to the desired percentage composition and poured into a tubularmixer
for pre-alloying. Atfirst, the powders were pre-alloyed for a period of 16 h at 96 rpm in themixer. A ball-to-
powder ratio of 10:1was used for the pre-alloyed process in order to ensure even distribution of powder particle
within thematrix. This was done in a dry environment and the balls usedwere tungsten. The balls were carefully
rinsedwith ethanol to remove impurities on the surface and allowed to dry for a period of 30 min. The balls and
the powders were poured into an air-tight plastic bottle and placed in the holding chamber of themixer.
Afterwards, themachinewas covered and switched on. At the completion of themixing procedure, the green
powderwas quickly transferred into the prepared graphite die.

The variation in the particle sizes of the elemental powders (compositions) is targeted at improving the
densification andmicrostructural evolution during powder consolidation by using a spark plasma sintering
process [32]. The feedstock powders (individual elements)were of a different size range; the shapes of all the
powders were spherical with the biggest particle diameter size less than or equal to 90μmforNi. The least
elemental powder particle size diameter is for the Al element, which is less than or equal to 25μm.The other
elemental powders particle sizes (Ta, Cr,W, Ti, Co)were between 3–45μmandwere all spherical in shapes.
Green powder of 59.54 gwas poured in a 40mmdiameter graphite die for each round of sintering to obtain a
dense sample of 6mm thickness and a diameter of 40mm size. The die used have an internal diameter of
40±0.05mm, external diameter of 60±0.1mmand a height of 48mm.The green powder has a theoretical
density of 7.894 g cm−3 as calculated by using equation (1).
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where TD is the theoretical density.
The sintering was done in a spark plasma-sinteringmachine (modelHHPD-25 fromFCTGermany). The

vacuumatmospherewasmaintained at 0.5mbar, and this is necessary to ensureminimal oxygen contamination
on the samples during sintering. Sintering procedure includes inserting a graphite foil (0.3mm thick) in between
the graphite die and the green powder to avoid direct contact of the powderwith the graphite punch and die. The
graphite foil prevents the occurrence of a chemical reaction between the powder and the die. This also ensures
easy removal of the sintered samples from themould after sintering. The green powderwas cold compacted
inside themold (die and punches)using LABmini pressingmachine at a pressure of 10MPa for a period of
2 min. Thereafter, the graphite die, filledwith green powderwas placed in the heating chamber of the furnace.
Sintering of the powders followed at four different temperatures (i.e. 900, 1000, 1100 and 1200 °C), while other
parameters are kept constant (i.e., pressure of 50MPa, holding time of 5 min and heating rate of 100 °Cmin−1).
A pressure of 50MPawas applied at the beginning of the sintering andwas unchanged until after the soaking
time of 5 min. The samples were cooled at the rate of 100 °Cmin−1 in the furnace before theywere removed.

The sintering temperaturewas closelymonitored and recordedwith the optical pyrometer, whichwas
placed in the SPS setup at 3mmdistance from the top of the sample surface. After the sintering process, the
samples were removed and sand-blasted to remove the carbon deposited on the sample surface through the

Table 1.W%of IN738LC composition.

Material Ni Cr Co Ti Al W Ta

Weight (%) 64.58 16 8.3 3.4 3.4 2.6 1.72
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graphite foil used for insulation during sintering. The density of the sintered samples wasmeasured by following
the Archimedes’method, using distilledwater as awetting liquid in a digital weighing balance.Metallographic
preparation of the sample was conducted by pre-grindingwith different grades of SiC emery paper [33]. This was
followed by polishing. The samples were etched in a solution consisting of 2 gCuCl2, 50mlHCl, 25mlHNO3

and 200mlH2O. The phases present andmorphological analyses of themicrostructure were examined using a
Falcon 500 series polarizing opticalmicroscope (POM) and a JEOL JSM-7600F scanning electronmicroscope
(SEM). The SEMwas incorporatedwith an EDSdetector and INCAX-Stream2 pulse analyzer software. For the
microstructural analysis, the INCA analyzer software in the SEMmachinewas set at 70 s acquisition time and at
a processing time of 2 s. The POMwas used tomeasure the grain size and this procedure follows the ASTME112
standard by using ContrastMethod (Brightfield Reflective light), Objective (ECEpiplan-Neofluar 20x/0.5HD
DICM27), Camera (AxioCamICc5) and Scaling (0.2738Micrometer /Pixel) [34]. The phases formed in the
sintered samples were characterized using a PANalytical Empyrean x-ray diffraction (XRD)machine, which is a
model withCuKα radiation. TheXRD spectra were analyzedwith anX’PertHighScore plus software. The
material hardness was characterized using aVickersmicrohardness tester (Future-tech) at a load of 500 gf
(5.0N) and a holding time of 10 s. The hardness test was conducted five times at different positions. The
hardness results presented in this study are the arithmeticmean of the five successive indentations.

3. Results and discussion

3.1.Densification behaviour of IN738 powders sintered at 900 °C–1200 °C
The displacement rate patterns developed during spark plasma sintered IN738LC superalloy is shown in
figure 2. The patternswere formed as a result of the application of axial force whichwas exerted on the powder
through the piston, coupledwith the sintering temperature applied. The alloys were sintered at four different
temperatures between 900°C–1200°C. The densification occurrence, which is the changes in the thickness
(shrinkage) of the samples by powder consolidation, was recorded. According to the displacement rate curve,
three stageswere observed. Thefirst stage represents the repositioning of the particles within the bulk volume of
the component due to pressure. The second stage shows the area of localized deformation at the contact points,
while the peaks at this point were observed at temperatures of between 610°C–670°C.This is where the energy
supplied, conquered the opposing energy of the particles (recrystallization start). Lastly, the third stage shows the
areawhere the bulk deformation of the particles occurred [35].

The sintering system that was employed in this experiment was calibrated to operate with a high-
temperature reading pyrometer. The temperature activity before attaining 250 °Cwas not read nor recorded by
the system. Thus, the system recorded the situation of operation from250 °Cand above. Fromfigure 2, it can be
observed that the first peak for all the samples started at 250 °C. This indicates that prior to this stage, therewas a
densification activity. The trajectory curve observed for the four samples (sintered at 900, 1000 and 1100 and
1200 °C) is similar. The curves were seen to overlap as they progress with increasing sintering temperature. A
sharp increase in the punch displacement rate beyond 760 °Cwas observed. This is due to the thermal softening
of the compact. The trajectory of the displacement curve for the sample sintered at 1200 °C, follows a depression
path at a temperature around 1000 °C. The impact of the sintering temperature on the densification behaviour
of the samples was observed from the displacement rate recorded. The least total displacement rate was obtained

Figure 2.Displacement rate versus temperature for IN738LC sintered at 900, 1000, 1100 and 1200 °C.
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at 900 °C (0.37 mmmin−1), while the highest was obtained at 1100 °C (0.44 mmmin−1, 18.9% increment). The
total displacement rate for the sample sintered at 1200 °Cwas 0.42 mmmin−1. However, between the sample
sintered at 1200 and 1100 °C, there is a difference of 0.02 mmmin−1 displacement rate (4.5%difference).

The lower displacement rate obtained, confirmed the detrimental effect of low sintering temperature on
densification. This was evident in the relative density and themicrohardness value obtained. The difference in
the displacement rate of sample sintered at 1100 and 1200 °C,which ismarginal (4.5%difference), suggest that
the two temperatures are good for the densification of IN738LC alloy. The phenomena that occurred in the three
stages can be explained thus: as was reported in figure 2, thefirst stage implies that therewas a prior
rearrangement of powder particles due to the pressure applied. Stage two implies that therewas limited particle
deformation, and it is the point where necking formation started (localized deformation), which further
increased in the packing. This indicated that deformation began at this stage,mainly at the surface before
progressing to the core of the sample. This observation conforms to the results reported by Song et al [36]. The
third stage signifies bulk deformation of the particles leading to grain formation; this is an indication that plastic
deformation of the particles had occurred, which extended to the core of the alloy. The two displacement rate
peaks (stages 2 and 3) shown infigure 2, therefore portray the occurrence of plastic deformation of the powder
particles under concurrent application of heat and pressure. Furthermore, the transition process of the powder
particles to grains fromparticle rearrangement to local deformation and bulk deformation is shown as a
schematic infigure 3.

Consequently, the amplitude of the two peaks (stages 2 and 3) and the degree of the densification involved,
are then linked, intrinsically to themagnitude of the deformation of the alloy, since a sharp peakwas observed.
However, a slightly stretched peakwas observed at the third stage, which can be interpreted as an expansion of
the deformation into the core of the sample, resulting in large densification. Even though the peak suggests large
deformation, the sample has not been sintered yet, since a progression of the curvewas still obvious, although it
has been densified. The obvious descending of the displacement rates curve signifies a fully dense and sintered
specimen, whichmeans an effective consolidation of the specimen has been performed. At this point, itmay be
concluded thatmass transport phenomenon had occurred, a concept responsible for necking and grain growth.
Hence, the reason for a continuous decrease in the displacement rate curve because the powders had already
been densified [30]. In summary, temperature accelerates deformation, thereby causing initiation of neck
growth at thefirst stage of the sintering cycle. The second stage experienced thermal softening of the compact
due to adiabatic heating and dynamic recrystallization. The third stage experienced high dislocationmotion due
to thermal stress. As a result, bulk deformation and porosity annihilation occurred. This allowed densification as
a response to sintering stress.

3.2.Microstructure and EDXcharacteristics of IN738LC superalloy
The optical and SEMmicrographs, showing themicrostructures of sintered IN738LC alloys were represented in
figures 4(a)–(g). The optical images of the etched sample are shown infigures 4(a), (c), while figures 4(d)–(g)
represent the SEM images. The optical imageswere that of the specimen sintered at 1200 °C, taken at different

Figure 3. Schematic representation powder consolidation: (a) powder consolidation at stage 1, showing particle rearrangement
(b)particles consolidation at stage 2, showing local deformation (c) Stage 3, shows the developed grains after sinteringwith bulk
deformation.
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magnifications and the SEM images were for all the four samples, d (900 °C), e (1000 °C), f (1100 °C) and
g (1200 °C), respectively. From figure 4(a), a rough surface was observedwith black patches, dotted scantily
across the surface of the sample; this was observed in different sizes and can be presumed to be pores located
between the grains, although not so obvious on a biggermagnification. Island ofwhite patches was equally
observed infigures 4(b)–(c), whichwas later confirmed by the elementalmapping graph infigure 5, to be a
chromium-rich zone. The chromium-rich spots were strategically located at the grain boundaries of the γ+ γ′

matrix. This is an indication that it was evenly distributed across the samples. However, this is not surprising
because, after the nickel element, chromiumwas the next element that is present in large quantity (16%). The
pre-alloying of powders for 16 h ensures the homogenization of the ad-mixed powder, which is whatwas evident
on themicrostructure.

In addition, an intermetallic phasewas observed, this was later distinguished by usingXRDmachine to
analyze the phases and this is reported in section 3.4. These are phases known to poses high strength properties,
with FCC structure. This suggests that the alloywill have high stability strength at both elevated and room
temperature. This agrees with some previously reportedworks [37, 38] and it is designatedwith brown colour on
themicrograph, with some black patches in between. A close observation of the SEM images infigures 4(d)–(g)
shows that the grains were of different orientations and sizes. This is of great benefit to the sintered alloy as its

Figure 4.POMmicrostructure (a)–(c) of IN738LC sintered at 1200 °Cand SEMmicrostructure (backscattered) of sintered specimen
at different temperatures (d) 900 °C (e) 1000 °C (f) 1100 °C (g) 1200 °C.
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suggesting that the samples attained good densification. Furthermore, the BSC-SEM images show very faint
pores within the bulk volume of the sintered samples. All these are of great advantage, as they contributed to the
quality of the densification produced. The light grey area is the γ+γ′ (primarymatrix and secondary
intermetallic) zone. The dark grey area, as seen in themicrograph infigures 4(d)–(g) and confirmed by the EDX
in elementalmapping graph infigure 5, is the chromium-rich zone. Thewhite spot on the SEM-BSC images
represents the un-dissolved tungsten that is known to be a solid solution hardening element. It has a high density
andmelting temperature point. The oxygen and carbon observed on the EDXgraph are trace elements that are
present as a result ofmaterial handling during the process of pouring powders into the graphite die. Figure 5
shows the elemental distribution of IN738LC alloywhichwas sintered at 1200 °C. The precipitation of Co and
Crwas observed, including the homogenous distributing alloying elements.

3.3. Grain size
Figure 6 represents the POM image annotations of the sintered samples,measuring the grain sizes and the
comparison of average grain size of the samples with respect to sintering temperature. Observation shows that
therewas little difference in the average grain size (AVG) of the four sintered samples, with the highest AVGat
900 °C,which is around 9.5μm.The least was at 1100 °C, and 1200 °C, having 8μmas their AVG. It is apparent
that an increase in temperature leads to amarginal decrease in the average grain size, although all the samples
were processed at the same holding time of 5 min. Thismay be due to the plasticity dynamics that occurred as the

Figure 5.EDSmapping and element distribution of IN738LC alloy sintered at 1200 °C.
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sintering temperature increases. The plasticity occurrence enables grain boundary formation and ensured that
the poreswere closewithin the grain leading to shrinkage andmarginal decrease in the average size of grain.
Guillaume andChristian [39] studied the sintering behaviour of zirconia. They investigated themechanism that
controlled densification and sintering path and observed that 5 min soaking time is not sufficient for grain
growth. The grain size of thematerials sintered for 5 minwas the same. They further confirmed that
considerable grain growth formation occurred after the soaking timewas increased to 15, 60 and 180 min
respectively. Therefore, we believed that the 5 min holding time that was used in our study could only produce
marginal changes in grain size and the timemay not be sufficient for extensive grain growth. In comparisonwith
the hardness property, the bigger the grain size, the lower the hardness. This is in linewith theHall-Petch
relationship. In addition, the solid solution strengthening elements of chromiumand tungsten as seen in the
micrographmight be part of what contributed to the hardness property. Infigure 9, the relationship between
grain size and hardness property is clearly, displayed.

3.4. X-ray diffraction analyses
XRDanalysis of the sintered IN738LC alloy samples produced at different sintering temperatures of 900, 1000,
1100 and 1200 °Cwith the peaks of phases formed are shown infigure 7. The precipitated secondary γ′
intermetallic phase (Ni3Ti, Ni3Al)was the predominant phase observed in all the sintered samples. This
occurred atfive different angles 2θ peaks. In addition, some other phases and elements present include the
primary γ phase (Ni)matrix, Ta andCr2 elements. Ta, which is one of the solid solutions strengthening elements
was only visible in the samples sintered at 900 and 1000 °Cat a diffraction angle close to 2θ=90°. This dissolved
into thematrix at a higher temperature above 1000 °C. TheTa peak intensity was nearly invincible as shown in
figure 7. At 2θ angles of 45, 52 and 77°, it was observed that the peaks of γ and γ′ phases overlapped in their
formation. A broadening of peaks with reduced intensity was observed as the sintering temperature increases. In
a similar study, conducted by Sarkar et al [40], it was reported that the peaks obtained for the γmatrix and the γ′
intermetallic phase from theXRD analyses overlapped. In nickel-based superalloys, different types of oxide
phasesmay occur, especially when the alloy is subjected to an oxide environment. Therefore, the presence of Cr2
will certainly help in the formation of the protective oxide layer.Hence, the reaction of Cr2 with oxygenwill lead
to the formation of a protective layer on the surface of the bulkmaterial. It was also observed that the intensity of
the peak at a 2θ angle of 45°, which is the dominant point where γ and γ′ occurred and overlapped, reduces with
an increase in sintering temperature. This is suggesting that dissolution of the two precipitated phases occurred
as the sintering temperature increases.

3.5.Microhardness relationshipwith sintered density and grain size
Figure 8 shows the relative density of the sintered samples against the hardness property. It was observed that the
relative densities of thematerials have a great influence on theirmechanical properties. The data infigure 8
revealed that the relative density values obtained from the densitymeasurement usingArchimedes
’ principle increased and themicrohardness values also increasedwith increasing sintering temperature. The
microhardness values of the sintered IN738LC alloys increased from287Hv to 362Hv, as the relative density
increased from90% to 98% respectively. The highest relative density was obtained at 98%, and it was evident

Figure 6.Annotation images andAverage grains sizemeasurement of IN738LC sintered at 900.
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from themicrostructures obtained for this alloy,minimal pores could be seen on themicrograph. The increase
in densificationwith the increasing sintering temperature can be attributed to the presence of smaller grain size
and the presence of solid solution strengthening hard element (W,Cr), as it was observed from figure 4. The
formation of γ′ intermetallic phase within thematrix, is also a factor that can is responsible for the increase in the
hardness values [13], although not quantified. Figure 9 shows the relationship between themicrohardness, grain
size and the sintering temperature. It was observed that the hardness values increasedwith amarginal decrease in
grain size andwith increasing sintering temperature. The alloywith the least average grain size, sintered at 1100
and 1200 °C, have their corresponding hardness value to be 334 and 362Hv respectively. The alloy sintered at
900, and 1000 °Chave an average grain size of 9.5 and 9μm,with their corresponding hardness value as 287Hv
and 308Hv respectively. The increase in the hardness values at high sintering temperaturemay be due to the
influence of the individual hardness strength of the elements that formed solid solution strengthened phases.
Therefore, relating theHall-Petch relationship to our observation, it could be noticed that the bigger the grain
size, the lower the hardness strength. Consequently, a high sintering temperature can hasten the densification
and consolidation ofmetallic powders.

Figure 7.XRDpatterns of the sintered IN738LC alloy at 900, 1000, 1100, and 1200 °C.

Figure 8.The relative density and hardness of the sintered samples at different temperatures.
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4. Conclusion

In this work, the densification,microstructure, andmicrohardness of spark plasma sintered Inconel 738LC
superalloy, sintered at 900, 1000, 1100 and 1200 °C temperature was investigated and characterized by using
SEM,XRD,Vickersmicrohardness tester. Based on the results, conclusions can be drawn as follow:

(1) As the sintering temperature increases, the densification of the sintered alloys increases. This is
also corroborated by the gradual increase in the displacement rate with respect to increasing sintering
temperature. The recrystallization temperature peak (stage 2) conforms to the 0.4Tm of the nickel-based
superalloys in general. In this work, the 0.4Tm of IN738LCwas around 650 °C, and themaximum
densification attainedwas at 1200 °C,whichwas approximately 98%.

(2) The morphology of the sintered sample contained, the primary γ-phase, secondary γ′-phase and W, Cr
solid solution strengthening elements. Coherent γ′ precipitate was observed to be inherent within the
matrix and can be said to be uniformly distributedwithin the γ-matrix. Pores were less obviouswithin the
morphology; therewas little difference in the average grain size of the four sintered samples, while the
hardness property increasedwith a decrease in the grain size.

(3) The sample sintered at 1200 °C, possessed superior hardness property, the Vickers microhardness value was 362
atHv1.0,with anaverage grain sizeof 8μm.Thepresence andthedistributionofprecipitated intermetallic phases,
which formed solutionhardening andas seen in theXRDspectra contributes to the increasedhardness value.
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