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Abstract:

This paper aims at studying microstructure and raeiclal properties of spark plasma
sintered (SPSed) Stellftés cobalt-based superalloy. SPS is a sinteringnigcie, based on a
relatively fast resistance heating using a pulseceat. Fast sintering process, associated with
minimum grain growth, results in excellent mechahjgroperties. Samples were sintered at
temperatures ranging from 950 to 1100°C. Microstmec of samples were studied using
scanning electron microscope (SEM), energy-disper3i-ray spectroscope (EDS), X-Ray
diffraction (XRD), and optical microscope. Hardnesswell as room and high temperature
compression tests were used to evaluate the efdécimtering temperature and duration on
the mechanical properties of SPSed samples. Reshltsv that optimum mechanical
properties can be obtained after sintering at 105@% 10 min. The correlation between

sintering parameters, microstructure, and mechbproperties are discussed.

Keywords: Spark plasma sintering; Stelfft® alloy; Superalloy; Microstructure; Mechanical

properties



1. Introduction

Superalloys are high performance strategic alltwag €xhibit superior oxidation resistance,
excellent high temperature erosion-corrosion rasist, and very good high temperature
mechanical properties [1]. These alloys are widebed in different high temperature
industrial applications. Amongst different graddssaperalloys, Stellite is a cobalt-based
grade, that shows optimum combination of wear tasce, oxidation resistance, and
mechanical properties. More importantly, alloysthis grade have proven to maintain their
properties in extreme temperature conditions. iBtelt essentially a Co-based alloy that
mainly contains alloying elements, such as chrom{@n, tungsten(W), and carbon (C).
This alloy owes its excellent mechanical propertesolid solution strengthening, mostly
achieved by dissolution of Cr in the matrix. Crtlas main alloying element also reacts with C
to form complex and inter-dendritic carbides. Chiam carbide particles enhance the
oxidation/corrosion resistance of the alloy as vasllits high temperature strength. The other
alloying elements, W, is also a strong carbide fogrelement. The distribution, morphology,
and size of carbide particles greatly influencesrntechanical properties of the alloy. That is
why controlling processing conditions during mamtfiaing plays a prominent role in final
characteristic of the alloy [2-7]. Depending on tmenposition and the microstructure, Stellite
alloys can be used in different applications, idolg machine parts, gas turbines, hardfacing,
valve seats, implants, and industrial saws [2]fdDént petroleum, gas, and pharmaceutical
industries benefit from Stellite alloys [8]. Alsdifferent grades of Stellite alloys are widely

used for repair purposes, i.e. in repair weldinguobine blades and nozzles.

Different manufacturing methods are employed to enakmponents from Stellite alloys
among which casting, welding, and powder metallumyes are most widely used. The latter
has the advantage of being performed in solid stafierring that there is no need to deal with

typical casting and solidification problems such segregation, porosity, coarse grain



structure, dendritic structure, and interconnedtetile eutectic carbide network between the
dendrites [9,10]. In addition to that, powder mietgly has more controllability over the
microstructure-properties relationships. Numeroesearchers have studied processing
parameters-microstructure-properties relationshigtellite alloy, fabricated by hot isostatic
pressing (HIP) and powder injection molding (PIN)11]. But, to our knowledge, there are
very limited studies on the spark plasma sinte(®8S) of this alloy [12]. SPS has recently
emerged as a powder metallurgy technique, with -Bgged compaction characteristic.
Overall it is a fast, near net-shape, low cost, fl@dble method [13]. SPS essentially consists
of high temperature pressing (20-100 MPa) of powdera graphite die under simultaneous
flow of current pulses. As mentioned before, it@sidered as a fast P/M technique, which
gives the possibility of consolidation with minimugnain growth, which in turn results in
good mechanical properties [14In comparison to other more conventional sintering
techniques, SPS has advantages of being conduc¢tezbnaparatively lower sintering
temperatures with relatively short sintering tirB®Sed parts exhibit higher sintered densities,
limited grain growth and minimal material loss chgi sintering, thereby making this
technique promising with great potential [13]. 1S technology, raw or mechanically
alloyed ceramic, metallic, functional, oxide, arainposite powders can be consolidated [15-
19]. Rarely is there any comprehensive study, wiaidtdresses the correlation between the
SPS parameters and the microstructure and mechanogeerties of SPSed alloy. This study
aims at optimization of SPS parameter to achiegbdst possible mechanical properties. The
experimental studies in this investigation mainbcds on the effects of SPS processing
parameters (i.e., sintering temperature and sngetime) on the microstructure and
mechanical properties of Stelft® alloy. This specific alloy is the most widelyeasalloy in

Stellite grade, with its application mostly beimgR/M-made parts.



2. Materials and Methods

Cobalt-based Stellife6 superalloy powder with the average particle siz85um was used

in this study. Fig. 1 depicts SEM images of the gery showing that particles have spherical
morphologies with a very narrow particle size dmttion, which is typical of atomized
powders. Dendritic structure can be seen on pasticl Fig. 1, which is a result of casting and

solidification during manufacturing. Table 1 givee chemical composition of the alloy.

& > D ©a O B 'y
“Ace VOspet Mz pet . WD F————1mp00in o > O %X AccV  Spot Magn Dl
(07 40@ ¢ Sp 130 ey O ¢ 200kv 36 1000k SE

N - ~gnr ' ~a o= &

Fig. 1. SEM (SE) image of Stellife6 superalloy powder
Table 1.Chemical composition of Stellffes superalloy powder

Elements Co Cr W Fe Ni C Si Mn Mo P S
Weight % 62.9 245 4.3 2.7 1.6 1.15 1.02 1.17 0.55 0.008 0.004

All experiments were performed by the SPS machiR& Kacuum technology. The powder is
poured in a graphite die with a cylindrical cawtyth diameter 1.5 cm. The radial punches’
surface and the inner surface of the die were ddielwith a graphite foi(0.2 mm in
thickness) to avoid sticking of the SPSed parthi die.An axial pressure of 50 MPa was
applied throughout the heating stage under a cbedré\r atmosphere. Effects of sintering
time on the microstructure of the SPSed parts \wemsti

gated by changing sintering time at 1050°C. Totihé effects of sintering temperature on
the microstructure and mechanical properties ofedP&arts, the specimens were heated to

950, 1000, 1050, 1075 and 1100°C at a rate of ¥&@ifCand held at these temperatures for



10 minand cooled down &PS machineAfter removing the sintered specimens from the
graphite die, the samples were cut, ground, pdlistend etched for metallographic
examination. The etchant for this alloy was 200H@I (32%), 5 gr FeGland 5 ml nitric acid
(65%) solution. The microstructure of specimens vexamined by scanning electron
microscopy (SEM), connected to an energy disperXyay spectroscopy (EDS). X-Ray
Diffractometer (XRD) analyses were carried out aitial powders as well as sintered
samples, using Cu K-alpha radiation for phase itleation. Grain size was estimated from
XRD patterns, using Scherrer formula [20]:

0.91

= B(26)Cosb (L),

The densities of the sintered samples were measwastding to the Archimedes' principle.
Compression tests were performed on cylindrical gdasn of 5 mm diameter with
approximate height of 7.5 mm at room temperatureé an650°C. For high temperature
compression test samples were pre-heated at 650 °C5fmin. The hardness measurements
were conducted using Vickers hardness throughppication of 100 gf load for 10 s (Micro
hardness tester/MICROMET-S101 made in Mitutoyo dap&ub-size Charpy-U notch
samples for impact toughness testing were prepsreording to STP1418 standard [21]. The
samples of 4 mm x 3 mm x 27 mm having 1 mm depth &i60° notch angle and 0.25 notch

tip radius were machined with electrodischarge nmaat technique from sintered samples.

3. Results and discussion

3.1. Microstructure of spark plasma sintered sample

Figure 2 shows the effects of sintering time ongtz® and morphology of porosities in the
sample, SPSed at 1050°C for 2, 5, 10, and 15 noirosRy percentage and density are key
factors, affecting the mechanical properties ofatlietP/Med alloys. It is a basic fact that the

higher the sintering temperature, the higher is fthal density of the consolidated part.



Higher density means lower internal microstructudlcontinuities and defects, with both
having negative implications for the mechanical perties and the integrity of P/Med
powders. In order to evaluate the effects of simgetime on the densification behavior of
Stellite-6, SPSed specimens were polished andestudith optical microscope. As can be
seen in Fig. 2, after 2 minutes, particles ardatearly stage of sintering, with particles being
connected. Further holding up to 5 min is accomgrhmith the formation of diffusion necks
between particles. After 10 minutes of holding,réhis no sign of isolated rounded patrticles.
Some isolated porosities are still left in the ragtructure though. Further increase in holding
time up to 15 min does not show any significantng&in the area fraction of porosities,
implying that 10 min is the optimum holding timehdster holding times result in the
formation of a microstructure in which porositytiee dominant feature and longer holding
time does not deliver a microstructure with a resliporosity. Longer holding time increases
the possibility of grain growth and carbide coamgnwith both having negative implications
for the mechanical properties of the alloy. Figsh®ws the comparison between carbide size
in samples, sintered for 10 and 15 minutes. Casbiaee clearly coarser in the latter.
Controlling grain/carbide size is vital when it cesnto controlling mechanical and physical
properties of materials. Microstructures with finearbides generally improve the creep,
tensile, and fatigue properties of high temperatalleys in severe service conditions.
Increasing sintering temperature and holding tirheyot properly well planned, result in

coarse grain/carbide microstructures [22, 23].



Fig. 2. Effects of sintering time on the morphology anstiibution of porosities in samples,
SPSed at 1050°C for a) 2, b) 5, ¢) 10, and d) ¥bhwoiding (sintering) time

Fig. 3. Effects of sintering time on the carbide coarsgmmsamples, SPSed at 1050°C for a)
10 and b) 15 min holding (sintering) time

In order to study the influence of sintering tengtere on the porosity percentage of SPSed
specimens, samples were SPSed at 950, 1000, 1088, dnd 1100°C. Results showed that
SPS at 1075 and 1100°C is associated with theapartlting of consolidated samples. So, it
appears that sintering should be conducted belds 0 Fig. 4 shows the effects of sintering

temperature on the porosity area fraction of setevramples. Results show that 10 minutes of



sintering at 950 and 1000°C is not enough to makd bulk, with minimum interconnected
porosities in the microstructure. One can seedhahcrease in the sintering temperature from
1000 to 1050°C leads to a significant reductiopabsities in the SPSed sample. Sintering at
950°C and 1000°C result in the average porositggreage 22.5 and 16%, while at 1050°C,
this is less than 3%. The presence of these p@m®sit the microstructure can obviously

negatively affect mechanical properties of the dampBased on the obtained results,

sintering at 1050°C for 10 minutes gives the bastame.
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Fig. 4. Effects of sintering temperature a) 950, b) 1@G0@| c) 1050°C on the d) porosity
percentage and the density of consolidated samples.

XRD patterns of initial powder and samples sinteatdemperatures 950 and 1050°C are
shown in Fig. 5. The peaks in all three patentsatreimilar degrees, inferring that no new
phase (including intermetallic compounds) is forngleding sintering (at least not within the

detection limit of XRD). Stellite microstructure roprises a Co-based matrix with @,

M-C3, MgC and WC carbides [24]. No WC, d@, and MCzwere detected by XRD, implying



that the weight percentages of these phases arenwmaigh to be detected by XRD. The
majority of carbide phases in the microstructurtomgs to M3Cs. It is also noticeable that
sintering has resulted in an overall reduction edilpintensities and peak broadening. This is
comparatively more pronounced for the sample, sdteat 1050°C. Both peak broadening
and intensity reduction are indications of grairaginentation/grain refinement and
accumulation of lattice strain during sintering.nfpdes SPSed at 950 and 1050°C have

crystallite size of 39 and 31 nm respectively, vaaarthis is 65 nm in as-received powders.
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Fig. 5. XRD patterns of as-revised powders and samplegrsd at 950 and 1050°C.
Typical microstructures of Stellite®-6 alloy SPS&d1050°C, are presented in Figs. 6 and 7.
As can be seen, Stellite alloys have a Co-basedxnassentially composed of intermingled
complex dispersion of carbides. Carbides, presetiie Stellite alloy, are reportedly mostly
M23Cs and MCz, with small amounts of BC and WC [24]. The latter is known to be a high-
temperature carbide, while other carbides are nmiongortant for low and intermediate
temperatures. Overall, intermingled complex disper®f carbides (see Fig. 6) can enhance
mechanical properties and improve wear/erosiorstasie. EDS analyses of marked spots
(given in Fig. 7) are presented in Fig. 8. EDS spec of spot 1 shows high concentration of
Co, showing that spot 1 is the matrix. A high antafrCr is detected in point 2, showing that

this is a chromium-rich carbide. These chromiun-rg@arbides are mostly MCs carbides
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[25]. The third analysis (spot 3) shows that thetevpbhase is W-rich carbide. Fig. 9 shows
elemental mapping of alloying elements in the nstmacture, which is in accordance with the

presented XRD and EDS results.
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Fig. 7.BSE images of microstructure of the sample, sttt 1050°C
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Fig. 9. Elemental mapping analysis from the sample, sdtet 1050°C

3.2. Mechanical properties of spark plasma sinteredamples

The corresponding room and high temperature (656A@neering compression stress—strain
curves for SPSed samples at 950, 1000 and 1050fC stvain rate of 4.5x1ls are also
shown in Fig. 10. There is a clear distinction kestw the mechanical properties of the
sample, SPSed at 1050°C and those of sampleg,esirdelower temperatures (i.e. 950 and
1000°C). The former shows remarkably better meciaanproperties (yield and tensile
strength as well as elongation). Samples, SPSe@5at and 1000°C, exhibit limited
deformation before fracture, which obviously hasltowith the fact that the sintering in these
two temperatures is incomplete. Mechanical properit structure with such high degrees of
pore-connectivity are controlled by porosities eatthan the material itself. On the contrary,

mechanical properties of the sample, SPSed at C)50% controlled by complex primary



and secondary chromium-rich/8 and M3Cs carbides as well as tungsten-rich carbides
[25]. The same goes for the Vickers hardness salwbere the hardness values of SPSed
samples at 950, 1000, and 1050°C are 116, 158HndH\, 1 respectively. This can also be

attributed to the reduced porosity with increasatesng temperature.
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Fig. 10.Engineering Stress—strain compression curves 8E8Rpecimens at a) room
temperature and b) 650°C.

The tensile strength, hardness, and elongatioresadfi SPSed Stellite®-6 alloy samples are
compared with those of other manufacturing meth@gge Table 2). Interestingly, samples
produced by SPS show the highest yield strength lardiness, without any need for

additional heat treatment. Such perfect combinatbmproperties can be attributed to the
relatively fast synthesis in SPS, which eliminatesrisk of carbides coarsening/grain growth.
In addition to that, low levels of porosities amiermingled nature of carbides certainly have
positive contributions to the obtained mechanicapprties.

Impact toughness test was also done on sinteraginsges at room temperature. Results are
shown in Table 2. Sample, sintered at 1050°C forniil, showed the highest impact

toughness value. But this is not a particularlyhhigalue. The microstructure of SPSed
Stellite-6 essentially consists of an intermingteanplex network of carbides in a matrix Co-

based matrix (note Fig. 6). Carbides are inherebtlitle and are known to be suitable

positions for crack initiation and propagation [28herefore, this relatively low value of

impact toughness for optimum sample is not summgisiAlso samples, sintered by SPS



technique, have certain amount of porosity. Pdessican also act as preferred crack
nucleation sites, negatively affecting impact touggs of sintered alloys.
Table 2.Comparison between mechanical properties of &dlicomponents, produced by

SPS, PIM, casting, forging, and HIPYield strength reported from Ref 9 is taken from
stress-strain curves in this paper. The exact valliS might be slightly different)

Production Yield strength  Yield strength Hardness Impact
Method at RT (Mpa) at 650C (Mpa) (HV) toughness (J)
SPS (at 950°C) 191 57.78 116 1.3
SPS (at 1000°C) 490 63.86 158 2.6
SPS (at 1050°C) 885 220 510 8.3
PIM ~ 500 [9]* - 428.25 [9] -
Re-HIP 750 [10] - 459.3 [10] -
Casting 700 [10] - 380-490 [25] -

Forging (sheet) 635 [25] - - -

Fig. 11 shows the fracture surface of sampleseidt at 950, 1000 and 1050°C after
compression test. Provided images are taken atalmvhigh magnifications. The powdery
nature of the fracture surface of samples, sintete@50 and 1000°C, is an indication that
sintering at these two temperatures is incompletéhe sample, sintered at 1000°C, there is
no sign of distinct powders. Interestingly, thecftae at the necks is typically a ductile
fracture, confirmed by the presence of dimpleshanftacture surface. By increasing sintering
temperature to 1050°C, there is no sign of isolatethterconnected particles at the fracture
surface, which is in accordance with the compagdilower porosity of this sample (see Fig.
4d). Contrary to samples, sintered at 950 and IDO@°this case mechanical properties are
controlled by the nature of material and not bywheak and poorly connected necks.

Fig. 12 shows the SEM fracture surface of specinseém®red at 1050°C after fracture test.
Microvoids and some porosities are evident in freetsurfaces (see red areas) that can

certainly affect the impact toughness. As showas, ftlacture mode is dominated by brittle



fracture leading to low impact toughness. Even g¢iosome local ductile fracture areas exist

on the fracture surface, the fracture is obviodsligninated by cleavage fracture [14, 27].
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Fig. 11.Fracture surface morphologies (SEM/SE) of the sasnfintered at different
temperatures; sintered at (a and b) 950°C, (c ad@@0°C and (e and f) 1050°C after
compression test.
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Flg 12. Fracture sufc.(SEM/SE) of samples sintered 50D (optlmum onltlon) after
impact test at room temperature (highlighted asbasv microvoids/porosities)
4. Conclusions
This study aims at investigating the effects of repplasma sintering (SPS) on the
microstructure and mechanical properties of cobasted Stellit®-6 superalloy. Results
showed that it was not possible to achieve a campglere-free specimen with SPS. The
minimum porosity (roughly 3%) and the highest diécaiion, can be obtained after 10 min of
sintering at 1050°C. Higher holding time resultshie coarsening of chromium carbides in the
microstructure. Also, decreasing sintering tempeeatis associated with an incomplete
sintering, such a way that isolated or poorly cated powders can be easily seen in the
microstructure. EDS results showed that the matorsgary phase is chromium-rich carbide.
The XRD results also confirmed the presence of mium carbides. It is also seen that
sintering is associated with XRD peaks broadenwwpjch is an indication of grain
fragmentation and formation of smaller crystallittéechanical properties of the optimum

specimen are much higher than those obtained tgy &\ methods.

5. Data Availability
The raw data required to reproduce these findings available to download from
www.sciencedirct.com. The processed data requaoedroduce these findings are available

to download from www.sciencedirect.com.
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® Spark plasma sintering of Stellite superalloy iestigated
® Optimum mechanical properties can be obtained aitéering at 1050°C for 10 min
® Correlations between microstructure and sinterimg@meters are discussed



