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ABSTRACT

Blended elemental Ni-30 wt.% W powders were mechanically alloyed (MA'd) for 1h,3h, 6h, 12h, 24 h,
36 hand 48 h in a Spex mixer/mill at room temperature in order to investigate the effects of MA duration
on the solubility of W in Ni and the grain size, hardness and particle size. Microstructural and phase char-
acterizations of the MA'd powders were carried out using X-ray diffractometer (XRD), scanning electron
microscope (SEM) and transmission electron microscope (TEM). On the basis of achieved saturation on
the solid solubility, hardness and particle size, the Ni-30 wt.% W powders MA'd for 48 h were chosen
as the matrix which was reinforced with different amounts of WC and/or with 1wt.% Y,03 particles.
The reinforced powders were further MA'd for 12 h. The MA’'d powders were sintered at 1300°C for 1h
under Ar and H; gas flowing conditions. Microstructural characterizations of the sintered samples were
conducted via XRD and SEM. Sintered densities were measured by using the Archimedes’ method. Vick-
ers microhardness tests were performed on both MA'd powders and the sintered samples. Sliding wear

experiments were done in order to investigate wear behaviors of the sintered samples.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ni-W alloys are known to exhibit superior mechanical prop-
erties (high tensile strength and hardness), higher heat and wear
resistance and also better corrosion behavior than elemental Ni
[1,2]. In addition to their outstanding mechanical and chemical
properties, Ni-W alloys have received attention as being poten-
tial candidates of an environmentally friendly substitute for hard
chrome plating [3] and because of their enhanced catalytic activi-
ties [4]. Moreover, Ni-W alloys can be used as a substrate for high
temperature superconductors [5].

Non-equilibrium compositions of Ni-W alloys can be fabricated
using electrodeposition technique and MA [6-23]. Synthesis of
Ni-W alloys by electrodeposition was first reported by Yamasaki
et al. [6] and since then, there have been a quite number of studies
which reported mechanical, tribological and chemical properties
of the Ni-W alloys fabricated via electrodeposition with different
W amounts and different deposition parameters [1,2,6-16]. Sim-
ilar to electrodeposition, MA’d powders also exhibit extension of
equilibrium solid solubility limits [17]. In addition to synthesizing
equilibrium solid solutions, it has also been possible to synthe-
size non-equilibrium (metastable) supersaturated solid solutions
by MA starting from blended elemental powders [17]. The equilib-
rium and non-equilibrium solubility of W in MA’d Ni-W alloys was
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reported by several researchers [18-23]. Aning et al. [20] stated that
if the W content is greater than about 28 at.%, amorphization of the
powders occurs. Nasu et al. [23] compared the structural features
of the electrodeposited and MA’'d Ni-20 at.% W alloys and indicated
that the structures of MA’'d Ni-W alloys are similar to those of
the electrodeposited alloys however they contain small amounts
of undissolved pure Ni and W in the investigated MA conditions.
More recently, powder metallurgical routes and subsequent cold
rolling have been utilized for Ni-W alloys to form cubic textures
for superconductor applications [24-26].

Significant enhancements on the mechanical, tribological and
chemical properties of electrodeposited Ni-W alloys have been
achieved by co-deposition with different insoluble particles of SiC
[27], SiO, [28], Al;03 [29], CeO, [30], WC [31], ZrO; [32]. How-
ever, there are no reported investigations regarding the dispersion
strengthening of Ni-W alloys fabricated via MA. In the present
investigation, Ni-30wt.% W alloys were produced via MA and
sintering at 1300°C for 1 h. Effects of MA durations on the solid
solubility of W and the microstructure, particle size distribution
and hardness of the MA'd powders were evaluated. WC and Y,03
particles were added as dispersoids and their influences on the
properties were investigated. Microstructural and physical prop-
erties of the sintered samples were investigated.

2. Experimental procedures

Elemental nickel (Ni) (Alfa Aesar™, 99.9% purity, 3-7 pm average particle size)
and tungsten (W) (Eurotungstene™, 99.9% purity, 14 wm average particle size) and
Y05 (Alfa Aesar™, 99.9% purity, 1 pm average particle size) and WC (Alfa Aesar™,
99.5% purity, 3.3 wm average particle size) powders were used in the present inves-


dx.doi.org/10.1016/j.jallcom.2010.08.038
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:agenc@itu.edu.tr
dx.doi.org/10.1016/j.jallcom.2010.08.038

A. Geng, M. Liitfi Ovecoglu / Journal of Alloys and Compounds 508 (2010) 162-171

Atomic Percent Tungsten

163

0 10 20
2500 ' B 3 ; 30 I 40 ] 50 - 60 7‘0. a‘ot 80 100
] [3422°C
]9
1 s L
] Pl
: 4 5
3000 S
'll [
1”’ :
I‘ [
2500 L P 3
o 1 ""
4" {
£ 2000 a
5 -
-
o ] 3
A 1500 : 5 1495°C 3
E 1485°C] 53 192 555}
o ] .
[ L
A . e e 7‘_ [
1000 (Ni}) 381 3060°C ---*.5;:::::':6-?’:9::::::::1-_
; 7TE 570°C & :
] ‘! ! .
1 L N ] +
] e L S e b .
500 ' - - ' ;__E = (W)—-—_
] S - ool A
385°CT~..._ Magn. | o l{ i & u = : ;
“--.._‘.‘Trans. :' } i :'. : L
] By H [ [ [ -
0Fr . S 1 1 At ; frer . H . : PR MMM &
4 10 20 30 40 50 60 70 80 90 100
Ni Weight Percent Tungsten w

Fig. 1. The binary Ni-W phase diagram [35].

tigation. Ni and W powders were blended to constitute the composition Ni-30 wt.%
W (hereafter referred to be as Ni30W) which were mechanically alloyed (MA'd)
for different durations of 1h, 3h, 6h, 12h, 24 h, 36 h and 48 h using a Spex™ Duo
Mixer/Mill 8000D with a speed of 1200 rpm in a tungsten carbide (WC) vial with
WC balls having a diameter of 6.35mm (1/4in.). The vials were sealed inside a
Plaslabs™ glove box under purified Ar gas (99.995% purity) to prevent oxidation
during MA. The ball-to-powder weight ratio (BPR) was 10:1. 1 wt.% Stearic acid
was used as a process control agent (PCA) to inhibit cold-welding and agglomer-
ation during MA. WC powders were pre-milled for 24 h using the same conditions
and had an average particle size distribution of about 180 nm after milling. Solid
solubility of W in Ni was observed using a Bruker™ D8 Advance X-ray diffrac-
tometer (XRD) (Cu Ka radiation) on the basis of peak shifting and Vegard's law
[33]. Pre-milled WC particles and Y,O3 particles were added to Ni30W powders
MA'd for 48 h. Powder blends having the compositions of Ni30W, Ni30W-2.5 wt.%
WC, Ni30W-5wt.% WC, Ni30W-1 wt.% Y,03, Ni3OW-2.5 wt.% WC-1 wt.% Y,03 and
Ni30W-5 wt.% WC-1 wt.% Y, 03 (hereafter referred to be as Ni30W, Ni30W +2.5WC,
Ni30W +5WC, Ni30W +1Y,03, Ni30W +2.5WC+1Y,03 and Ni30W +5WC+1Y;03,
respectively) were further MA'd for 12 h using the same conditions.

Powder particle size measurements were carried out in a Malvern™ Master-
sizer Laser particle size analyzer. Microstructural characterization investigations of
as-blended and MA'd powders were conducted using a Hitachi™ TM-1000 scanning
electron microscope (SEM), Jeol™-JEM-EX2000 transmission electron microscope
(TEM) and a Bruker™ D8 Advance XRD (Cu Ka radiation). Crystallite sizes and the
retained strain of the MA’d powders were measured by using TOPAS 3 (Bruker™
AXS) software [34]. Vickers microhardness tests on the MA'd powders were per-
formed using a Shimadzu™ microhardness tester under a load of 100g for 10s.
Microhardness test result for each sample is the arithmetic mean of about 10 suc-
cessive indentations and standard deviations.

MA’d powders were compacted in a 10 ton capacity APEX™ 3010/4 uni-action
hydraulic press to obtain cylinder type compacts with a diameter of 12.75 mm under
an uniaxial pressure of 400 MPa. The compacts were sintered in a Linn™ high tem-
perature hydrogen furnace at 1300 °C under inert Ar (introduced between 20-650 °C
and 900-1300°C) and reducing H, (introduced between 650 °C and 900 °C) gas flow-
ing conditions for 1h. Microstructural characterizations of the sintered samples
were carried out using a Bruker™ D8 Advance XRD and a Jeol™-JSM-5410 SEM
equipped with a Noran™ 648D-1FSS EDS apparatus. Sintered densities were mea-
sured by using the Archimedes’ method. Vickers microhardness tests on sintered
samples were conducted using a Shimadzu™ microhardness tester under a load
of 100 g for 10s. The sliding wear experiments were conducted on a Tribotech™
Oscillating Tribotester using 6 mm alumina balls under an applied force of 10 N. The
tests were conducted at room temperature in a laboratory atmosphere with a sliding
speed of 10 mm/s, a stroke length of 5mm and a sliding distance of 20 m. Abraded

surfaces were characterized using a Veeco™ Dektak 6 M Stylus Profiler and test
results are arithmetic mean of three different measurements for each sample.

3. Results and discussion

Fig. 1 shows the binary phase diagram of Ni-W [35]. As seen in
Fig. 1, Ni-30 wt.% W alloy, which is equivalent to about Ni-12.2 at.%
W is in the equilibrium solid solution phase.

3.1. Optimization of MA conditions

Fig. 2 shows the XRD patterns of the Ni30W powders MA’d for
different durations. The XRD pattern of as-blended Ni30W pow-
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Fig. 2. XRD patterns of Ni30W powders in the (a) as-blended conditions and MA’'d
for: (b) 1h,(c)3h,(d)6h,(e)12h, (f) 24h, (g) 36 h and (h) 48 h.
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Table 1

Properties of the MA’d Ni30W powders.
Sample W solution Grain size Hardness Particle size

inNi(at%)  (nm) (HVo.) (dos) (Rm)

As-blended - 249 287 + 102 19.609
MA'd for 1h - 36.3 383 £ 82 32.388
MA'd for 3h 7.422 28.1 582 + 88 18.178
MA'd for 6 h 10.628 16.8 703 + 56 21.381
MA'd for 12h 15.329 12.5 757 + 38 14.183
MA'd for 24h 17.826 11.8 823 £ 16 10.819
MA’d for 36 h 17.826 7.6 871 + 37 11.659
MA'd for 48 h 17.864 7.4 902 + 28 10.049

ders (Fig. 2a) reveals the presence of the characteristic peaks of the
Ni phase which has a f.c.c. Bravais lattice and Fm3m space group
with the lattice parameter of a=0.352nm [36] and the W phase
which has a b.c.c. Bravais lattice and Im3m space group with the
lattice parameter of a=0.316 nm [37]. Likewise, the XRD pattern of
Ni30W powders MA'd for 1 h (Fig. 2b) reveals the same Ni and W
phases. Peak intensities decrease drastically after MA for 1 h due to
the grain refinement of Ni. Further increase in MA duration results
in further broadening of the peaks of both phases as a result of grain
refinement and buildup strain during MA. Formation of (NiW) solid
solution starts after MA for 3 h and increases with increasing MA
duration where Ni peaks shift to greater d values as a consequence
of increasing W amount in the Ni lattice (Fig. 2c). Concurrently, the
intensity of the W peaks decrease with increasing MA durations as
a result of the solution process. Table 1 gives the W solid solubil-
ity values in Ni with increasing MA duration calculated by using
the Vegard’s law [33] and the grain sizes of MA'd Ni30W powders
calculated using the TOPAS 3 software. As seen in Table 1, in the
initial stage of MA, an average size of 249 nm of Ni grains in the
as-blended powders decrease significantly and become 36 nm after
MA for 1 h, whereas no solid solution formation occurs at this stage.
Grain size of Ni/(NiW) solid solution decreases systematically with
increasing MA duration and the Ni30W powders MA’d for 48 h have
an average crystallite size of 7.4 nm. The solubility of W in Ni also
increases with increasing MA duration. 7.42 at.% W solubility for the
Ni30W powders MA'd for 3 h increases to 17.82 at.% for those MA’d
for 24 h. The solubility of W in Ni reaches a saturation value and
becomes 17.86 at.% for the Ni30W powders MA’d for 48 h. Aning
et al. [20] reported a similar saturation phenomenon in the MA’d
Ni-15at.% W alloys. It is worth noting that the lattice parameter
of W also changes during processing due to extended solubility of
2.29 at.% Ni in the W lattice. Streletskii and Courtney [22] have also
reported a solubility value of 1.7 at.% Ni in the W lattice after MA
for 10 h. According to Ni-W binary phase diagram (Fig. 1) [35] Ni
solubility in W is negligible, however, it is very well known that
non-equilibrium (metastable) supersaturated solid solutions can
be produced using MA [17-23]. As can be noticed, calculated W
solution amounts are higher than the amount of W in the starting
powder batches. The reason for these high W amounts could be due
to WC contamination during MA. In order to determine the amount
of WC contamination coming from the milling media, XRF measure-
ments have been conducted and revealed the presence of 0.38 wt.%
Co in the Ni30OW powders MA’d for 36 h, which is equivalent to
about 5.95wt.% WC contamination. Even after assumption of the
total decarburization of all the contaminated WC to W, calculated
W values are still higher than the estimated W amounts, indicat-
ing that the possible penetration of WC into Ni lattice occurred in
either WC form or W,C which formed during MA. Penetration of
the W, C phase which has a hexagonal Bravais lattice and the lattice
parameters of a=0.519 nm and c=0.472 nm [38] can cause shifting
of Ni peaks to greater d values since the lattice parameters are larger
than that of Ni (a=0.352 nm).

Vickers microhardness results of the MA’d Ni30W powders are
given in Table 1. A hardness value of 287 + 102 HV; for the as-
blended Ni30W powders increases with increasing MA duration
and reaches a maximum value of 902 + 28 HV ; after MA for 48 h.
Large standard deviations in the hardness values of the as-blended
powders and for those during the initial stage of MA, i.e.,, 1h and
3 h, can be attributed to the presence of both elemental Ni and W
powders in their structure. It can be noticed from Table 1 that satu-
ration on the hardness values is reached after MA for 36 h, which is
quite similar to saturation of hardness values of Al matrix compos-
ite powders fabricated via MA [39]. According to Schuh et al. [10],
both solid solution and grain-boundary hardening can contribute
to the measured hardness of nano-crystalline Ni-W alloys fabri-
cated via electrodeposition. On this basis, hardness of Ni-W alloys
can be determined using Eq. (1):

H = Ho + AHgs + AHgy (1)

where Hj is the intrinsic hardness of a high-purity single crystal Ni
specimen, AH;;s is the increment of hardness resulting from solid
solution strengthening, and AHgy, is the additional hardness due
to grain refinement [10]. In the case of nano-crystalline Ni-W alloy
powders fabricated via MA, strain hardening should also contribute
to the strengthening of the composites. Calculation using TOPAS
3 software revealed a negligible strain value of 0.31% in the as-
blended Ni30W powders, which increased up to 3.8% during MA
process. These increases in the strain values could strongly affect
the measured hardness values.

Fig. 3a-d shows the representative SEM/BEI micrographs of
the Ni30W MA’'d for different durations. Ni and W particles in
the microstructure of Ni30W MA'’d for 1h are indexed in Fig. 3a.
Cold-welding and flattening of ductile Ni particles take place dur-
ing the initial stage of MA (Fig. 3a). As well as applied Vegard’s
law, an idea about the evaluation of solid solution formation can
be gained by observing the distribution of white W particles in
the SEM/BEI micrographs of the powders. Increasing MA duration,
thereby increasing (NiW) solid solution formation, makes parti-
cles more brittle than elemental Ni, which results in fracturing of
cold-welded and flattened particles. Fig. 3b shows the spheroidal
agglomerates of Ni30W powders MA’d for 6 h with a diameter of
about 10-20 pwm. Inset figure in Fig. 3b is a close-up micrograph of a
(NiW) agglomerate containing elemental W particles (indexed with
a black arrow) in its microstructure. Fig. 3c shows the spheroidal
agglomerates of Ni30W powders MA'd for 24 h with a diameter
of about 10 wm. Moreover, compared to Ni30W powders MA’d for
6 h (Fig. 3b), fraction of elemental W particles decreases drastically
after MA for 24 h (Fig. 3c). As seen in inset figure of Fig. 3d, ele-
mental W particles are still present in the microstructure of the
Ni30W powders MA'd for 48 h. Average particle size measurements
are given in Table 1. As-blended Ni30W powders have an average
particle size of 19.6 pm indicating the agglomeration of starting
powders of Ni (average size of 7 um) and W (average size of 14 um).
The characteristic tendency of cold-welding of ductile particles dur-
ing MA causes an increase in particle size distribution at the initial
stage of MA, where Ni30OW powders MA’d for 1 h have an average
particle size of 32.38 wm. Steady-state conditions between cold-
welding and fracturing are achieved after MA for 24 h and further
increasing of MA duration slightly changed the average particle size
of the powders (Table 1). Thus, the mechanism of the evolution
of particle size values, as stated by Suryanarayana [17], is quite
similar to the mechanism of mechanical alloying of ductile mate-
rials where narrow particle size distribution caused by tendency
of small particles to weld together and large particles to fracture
under steady-state conditions.

The presence of elemental W and (NiW) solid solution phases
in the Ni30W powders MA’d for 12 h is observed in the XRD pat-
tern (Fig. 2e). Fig. 4a-c, however, shows the bright field, dark field
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Fig. 3. Representative SEM/BEI micrographs of Ni30W powders: (a) MA'd for 1h, (b) MA'd for 6 h, (c) MA'd for 24 h and (d) MA'd for 48 h.

and selected area diffraction pattern TEM micrographs indicating
the presence of elemental Ni particles in the Ni30W powders MA'd
for 12 h. A selected area diffraction pattern taken from the lower
left particle in Fig. 4a presented in Fig. 4c and suggests that these
particles ranging in size between 10 and 20 nm (indexed as Ni in
Fig. 4a and b) are being composed of Ni. Very weak and/or almost
amorphous like diffraction patterns taken from spherical particles
in Fig. 4a. However, regarding their distributions in the microstruc-
tures and XRD patterns presented in Fig. 2, it is believed that these
particles are being composed of (NiW) solid solution.

Fig. 5a and b shows the bright field TEM micrograph and a
selected area diffraction pattern taken from the Ni30W powders
MA’d for 48h, respectively. As seen in halo diffraction pattern
(Fig. 5b) taken from Fig. 5a, almost total amorphization of the pow-
ders takes place after MA for 48 h, which is also consistent with the
XRD pattern presented in Fig. 2h. The diffusion and severe defor-
mation during MA result in a substantial disappearance of grain
boundaries (indexed with black arrows in Fig. 5a) and eventually
amorphization.

3.2. The effects of WC and Y,03 additions

On the basis of above presented steady-state achievement with
observed saturation on the solid solution formation, particle and

(b)

—
100nm

grain sizes and hardness values, Ni3OW powders MA'd for 48 h
have been chosen as the matrix to be further reinforced with WC
and Y, 03 particles. Fig. 6a-f is the XRD patterns of Ni30W pow-
ders reinforced with WC and/or Y,03 particles. Only the (NiW)
solid solution peak is observed in the XRD pattern of the Ni30W
powders MA’d for 60h in total (Fig. 6a). As seen in Fig. 6b—f, XRD
patterns of Ni30W powders reinforced with 2.5 wt.% and 5 wt.% WC
and/or 1 wt.% Y, 03 particles are similar. The peaks of WC and Y503
cannot be observed probably due to their small amounts which
disappeared in the amorphous background.

TEM investigations are conducted in order to get better under-
standing about the state of WC and Y,0s3 particles in the MA’d
NiW matrix. Fig. 7a—c is a series of bright field, dark field and
selected area diffraction pattern TEM micrographs taken from
Ni30W +2.5WC powders. Fig. 7a shows the presence of black par-
ticles in the microstructure, which vary in size between 20 nm
and 100 nm. Microstructural features of the spheroidal particles
in Fig. 7a are quite similar to those of Fig. 5a, which possess an
amorphous like microstructure. Fig. 7c is a selected area diffraction
pattern taken from the lower right black particles in Fig. 7a indi-
cating that these particles are being composed of the W, C phase
which has a hexagonal Bravais lattice and the lattice parameters of
a=0.519nmand c=0.472 nm[38]. A careful check at other locations
of the Ni30OW +2.5WC sample and quite a number of diffraction pat-

(c)

311)

A220)

~—(200)
S ——(111)

Fig. 4. TEM micrographs taken from the Ni30W powders MA’d for 12 h: (a) bright field image, (b) dark field image and (c) corresponding selected area diffraction pattern of

Ni.
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Fig. 5. TEM micrographs taken from Ni30W powders MA’d for 48 h: (a) bright field image, (b) selected area diffraction pattern indicating the amorphous structure.
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Fig. 6. XRD patterns of (a) Ni3OW powders MA'd for 60h in total, (b)
Ni30W +2.5WC, (c) Ni30W +5WC, (d) Ni30W + 1Y, 03, (e) Ni30OW +2.5WC+1Y;03
and (f) Ni30W +5WC + 1Y, 03 powders.

terns taken from the sample also confirm the presence of the W;,C
phase, which formed due to transformation of WC. It is believed
that, pre-milling of WC powders for 24 h and further milling with

(a) ()

—
100nm

NiW powders for 12 h caused transformation of WC to W,C. TEM
observations of Fig. 7 present a strong contribution to the discus-
sion about the distortion of Ni/(NiW) lattices with the penetration
of W, C particles.

Fig.8aand bis bright field and dark field TEM micrographs taken
from the Ni30W + 1Y, 03 powders showing spheroidal shaped par-
ticles varying in size between 20nm and 80 nm. Corresponding
electron diffraction pattern from the lower left black particles in
Fig. 8a is shown in Fig. 8c. These spherical particles are unam-
biguously identified as being composed of Y,03 phase which has
a body centered cubic Bravais lattice with lattice parameter of
a=1.0597 nm [40].

3.3. Characterization of the sintered samples

Fig. 9a shows the XRD patterns of Ni30W, Ni30W +2.5WC and
Ni30W +5WC samples revealing the presence of (NiW) solid solu-
tion peaks and a small diffraction peak from the {111} reflection
plane of Ni. WC peaks cannot be observed probably due to the
above mentioned penetration into Ni lattices and/or possible decar-
burization. It is evident from the peak shifts of the NiW solid
solution phase in Fig. 9 that the solid solution extension of W
in Ni does take place. Utilizing the least squares approximation
method for peak shifts in combination with the Vegard’s law [33],
dissolved W amounts in the sintered Ni30W, Ni30OW +2.5WC and
Ni30W +5WC samples were calculated as 21.19 at.%, 23.51 at.% and
24.59 at.%, respectively. Increasing W amount in Ni30W sample can

Fig. 7. TEM micrographs taken from Ni30W +2.5WC powders: (a) bright field image, (b) dark field image and (c) corresponding selected area diffraction pattern of W,C

phase.
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Fig. 8. TEM micrographs taken from Ni3OW +1Y,03; powders: (a) bright field image, (b) dark field image and (c) corresponding selected area diffraction pattern of Y,03

phase.

be attributed to the incorporation of W or WC particles into Ni lat-
tices, which otherwise can clearly observed in the microstructures
of the powders (inset figure in Fig. 3d). It is also obvious that the
d values of (NiW) solid solution increase with increasing WC con-
tents, which supports the hypothesis about WC penetration into
the Ni lattice. Fig. 9b shows the XRD patterns of Ni30W +1Y,03,
Ni30OW +2.5WC+1Y,03 and Ni30W +5WC+ 1Y,03 samples and
reveals similar features with Fig. 9a, where only the peaks of
(NiW) solid solution and a small peak of Ni are observed. Dis-
solved W amounts in the Ni30W + 1Y, 03, Ni30W +2.5WC+1Y,03
and Ni30W +5WC+ 1Y,03 samples are predicted as 21.19at.%,
22.35at.% and 24.59 at.%, respectively. As seen in both Fig. 9a and
b no intermetallic phases were formed between Ni and W. The
expectation about diffusion of W from supersaturated metastable
(NiW) solid solution did not take place [41], yet a small Ni peak
was observed in the XRD patterns. It is believed that the presence
of WC/W,C along with W in Ni lattice, may somehow prevent the
W diffusion from Ni lattice during sintering. However, there is no
evidence to support this phenomenon.

Fig. 10a-f is a series of SEM micrographs of the sintered
Ni30W samples reinforced with WC and/or Y,03. SEM micro-
graphs of the sintered Ni30W (Fig. 10a), Ni30W + 2.5WC (Fig. 10b)
and Ni30W +5WC (Fig. 10c) samples reveal a similar microstruc-
tural feature with uniform contrast and having almost no open
porosity. SEM micrograph of the sintered Ni3OW+1Y,03 sam-
ple (Fig. 10d) reveals the distribution of submicron/micron
sized particles in the microstructure. On the basis of EDS
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scans, particles having a chemical composition of 65.56 wt.% Ni,
25.53wt.% W and 8.89wt.% Y are indexed as Y-rich particles in
Fig. 10d. SEM micrographs of the sintered Ni30W +2.5WC+1Y,03
sample (Fig. 10e), Ni3OW+5WC+1Y,03 sample (Fig. 10f) also
show the presence of these particles in the microstructures.
No distinguished contrast regions implying the presence of
WC/W,C particles as different phases were observed in the
SEM micrographs of the sintered Ni3OW+2.5WC (Fig. 10b),
Ni30W +5WC (Fig. 10c), Ni30W +2.5WC+ 1Y, 03 sample (Fig. 10e)
and Ni30OW +5WC+1Y,03 (Fig. 10f) samples probably due to the
above mentioned penetration of WC/W,C particles into the Ni lat-
tice.

Sintered samples were fractured manually in order to gain bet-
ter comprehension about the microstructural features in the bulk
of the samples. Fig. 11a-g is representative fracture surface SEM
micrographs of the sintered Ni30W samples reinforced with WC
and/or Y,0s3. Fig. 11a is a fracture surface SEM/SEI micrograph
taken from the sintered Ni30W sample showing intergranular frac-
turing features with elongated regions during fracturing, which
suggest that sintered Ni30W sample possesses ductile character-
istics. Fig. 11b is the corresponding BEI micrograph of Fig. 11a,
revealing uniform contrast indicating the presence of one par-
ticular phase in the microstructure. On the basis of EDS scans
taken from Fig. 11a and b, sintered Ni30W sample have the
overall chemistry of 68.14wt.% Ni and 31.86 wt.% W. As seen in
Fig. 10a and b, the (NiW) grain sizes in the sintered Ni30W sam-
ple vary between 1pum and 4 pum. Fig. 11c shows the fracture
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Fig. 9. XRD patterns of the sintered samples: (a) Ni30W samples reinforced with different amounts of WC and (b) Ni30W samples reinforced with Y,03; and WC particles.
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Fig. 10. SEM micrographs of the sintered Ni30W samples reinforced with WC and/or Y203: (a) Ni30W, (b) Ni30W +2.5WC, (c) Ni30W +5WC, (d) Ni30W +1Y203, (e)

Ni30W +2.5WC+1Y203 and (f) Ni30W + 5WC+1Y203 samples.

surface SEM micrograph taken from the sintered Ni30W +2.5WC
sample. Although surface SEM micrograph of the same sample
(Fig. 10b) has uniform contrast, careful observations conducted on
the bulk of the sample revealed the presence of “pomegranate-
like” regions in the microstructure where spherical particles having
sizes between 0.1 pmand 1 wm are surrounded by the matrix. Inset
figure in Fig. 11c shows higher magnification SEM micrograph of
the pomegranate-like regions. We believe that the formation of
these “pomegranate-like” regions result from consecutive mech-
anisms in the microstructure during MA and sintering. Firstly, the
pre-milled WC particles with average particles size of 180 nm are
surrounded by the matrix (NiW) phase during the initial stages of
MA, which prevent the homogeneous distribution of WC particles
in the microstructure. As MA progresses, the (NiW) and WC parti-
cles combine to produce ductile agglomerates which remain intact
during MA. During sintering, simultaneous decarburization and
growth of these particles take place in all composite agglomerates
resulting in a “pomegranate-like” morphology. To test the validity
of the decarburization step of the above proposed formation mech-
anism, EDS scans were taken from the spheroidal particles of this
“pomegranate-like” region shown in Fig. 11c. These scans of the
Ni30W +2.5WC sample revealed that these particles are composed
0f51.04 £6.19wt.% Ni and 48.94 + 6.18 wt.% W. Fig. 11d shows the
distribution of these “pomegranate-like” regions in the fracture
SEM microstructure of the sintered Ni30W +5WC sample, indi-
cating that increasing WC amount increases the volume fraction
of these regions in the microstructure. EDS scans taken from the
spheroidal particles in Fig. 11d revealed that these particles have
an overall chemistry of 39.42 4+ 6.53 wt.% Ni and 60.57 +6.53 wt.%
W. The distinguished feature of the particles of Ni30W +2.5WC and

Ni30W +5WC samples is their W amount, which increases with
increasing WC content. EDS spectra analysis indicates the presence
of negligible amounts of C in the microstructures of these particles
suggesting the decarburization of the WC/W-C phases took place
during sintering. In a previous study [42], the decarburization of
TiC particles during sintering was reported, which attributed to the
presence of oxygen in the MA’d powders. Here, the transformation
of WC to W, C after reacting with W takes place during MA and
the decarburization of the W, C occurs during sintering. As seen in
the SEM micrographs of Ni30OW +2.5WC + 1Y, 03 sample (Fig. 11f)
and Ni30W +5WC+1Y,03 sample (Fig. 11g), the above mentioned
“pomegranate-like” regions are not present probably due to the fact
that addition of hard Y, 03 particles increases the fracturing mech-
anism during MA providing the homogeneous distribution of the
WC particles in the microstructure.

Relative density values, microhardness values and wear
amounts of the sintered samples are presented in Table 2. As seen
in Table 2, relative density values of the sintered Ni30W samples
decrease with increasing WC amounts, where 97.84 wt.% relative

Table 2

Properties of the sintered samples.
Sample Relative Hardness Wear (mm?

density (%) (HVo1) N-'m1)x10°°

Ni30W 97.84 367 + 21 711 +£2
Ni30W +2.5WC 96.13 440 + 34 5.951 £ 0.72
Ni30W +5WC 91.38 533 £+ 27 2.706 + 0.52
Ni30W +1Y,03 86.61 301+ 15 8.414 + 0.28
Ni30W +2.5WC+1Y,03 93.41 410 + 28 6.875 + 0.43
Ni30W +5WC+1Y,03 93.26 453 + 27 4.336 + 0.69
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Fig. 11. SEM micrographs of the fracture surface of sintered Ni30W samples reinforced with WC and/or Y203: (a) Ni30W, (c) Ni30W +2.5WC, (d) Ni30OW +5WC, (e)
Ni30W +1Y203, (f) Ni30W + 5WC+1Y203 and (g) Ni30OW + 5WC+ 1Y203 samples, (b) is the corresponding BEI micrograph of (a). Inset figure in (c) is the higher magnification

image showing “pomegranate-like” structure in the Ni30W +2.5WC sample.

density value of the sintered Ni30OW sample decrease to 91.38 wt.%
for the sintered Ni30W +5WC sample. Addition of 1wt.% Y503 to
Ni30W drastically decreases the relative density value of the sam-
ple, i.e., a relative density value of 86.61 wt.% is measured for the
sintered Ni30W +1Y,03 sample. Further addition of WC particles
along with Y, 03 increases the relative density values compared to
the Ni30OW +1Y,03 sample. The sintered Ni30W +2.5WC+1Y,03
and Ni30W +5WC+ 1Y, 03 samples have respective relative density
values of 93.41 wt.% and 93.26 wt.%.

Also seen in Table 2, microhardness values of the MA’d pow-
ders decrease drastically during sintering. A hardness value of
902 HV for the Ni30W powders MA’d for 48 h (Table 1) decrease
to 367 HV for the sintered Ni30W sample fabricated from the pow-
ders MA’d for 60 h in total (Table 2). This is expected since different
hardening mechanisms such as grain-boundary strengthening and
strain hardening are no longer effective as much as they were
in the MA'd powders. It is obvious that sintering led to consid-
erable grain growth, where nanometer scale size of the Ni30W
grains in the MA'd powders (Table 1) grew to about 1 wm and 4 wm

in size in the sintered Ni30W sample (Fig. 11a). As reported by
Robertson et al. [43], hardness values of the electrodeposited Ni
samples are significantly affected by the grain sizes of the sam-
ples. In their study, electrodeposited Ni samples having average
grain sizes of 10 wm, 100 nm and 10 nm had the respective hard-
ness values of 140 HV, 300 HV and 650 HV [43]. Moreover, relieving
of the retained strain took place during sintering and as a result
the strain values of the sintered samples are quite negligible. Hard-
ness values of the sintered Ni30W sample increases with increasing
WC amount. Despite its lower density than the Ni30W sample,
the sintered Ni3OW +5WC sample has a microhardness value of
533 HV (Table 2). Microhardness value of the sintered Ni30W sam-
ple decrease with the addition of 1 wt.% Y,03 and becomes 302 HV
for the sintered Ni3OW+1Y,03 sample. Although an increment
is expected in microhardness values with the addition of hard
Y, 03 particles, low relative density value could be responsible for
the decrease in the microhardness value of the Ni30OW +1Y,03
sample. Ni30W +2.5WC+1Y,03 and Ni30W +5WC+1Y,03 sam-
ples have respective microhardness values of 410 HV and 453 HV,
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Fig. 12. Representative optical micrographs of the worn surfaces of: (a) Ni30W, (b) Ni30W +5WC, (c) Ni30W + 1Y, 03 and (d) Ni30W + 5WC + 1Y, 03 samples.

which are unexpectedly lower than the microhardness values
of the Ni30W +2.5WC and Ni30W +5WC samples. Formation of
“pomegranate-like” regions in the sintered Ni30W samples rein-
forced with WC might be the reason for their relatively higher
hardness values compared to those of the samples reinforced with
both WC and Y,03.

Wear amounts of the sintered samples are also listed in Table 2.
The wear results given in Table 2 are the results obtained by mea-
suring the length and the depth of the wear stroke and they are
based on the assumption of the homogeneous wear in all 5mm
stroke length. For this reason, average values of three different mea-
surements and standard deviations are presented as wear results.
As shown in Table 2, the wear resistance of the Ni30W sample
increases with increasing WC amounts. However, on the basis of
these values, addition of Y, 05 particles has almost no effect on wear
resistances of the sintered samples. Fig. 12a-d is representative
optical micrographs taken from the worn surfaces of the sintered
samples in order to reveal the wear characteristics of the samples.
As seenin these figures, width of the wear stroke decreases with the
addition of 5 wt.% WC and wear characteristics are almost the same
both in the sintered Ni30W (Fig. 12a) and Ni30W +5WC (Fig. 12b)
samples. It is obvious from the micrographs of Fig. 12 that the addi-
tion of Y, 03 particles increases the resistance to scratch abrasion.
Although, profilometry measurements seem to be logical for the
sintered Ni30OW samples reinforced with different amounts of WC
particles, the addition of Y505 particles clearly changes the wear
mechanism from adhesive to abrasive (Fig. 12c). The surface of the
sintered Ni30W and Ni30W + 5WC samples were flattened out due
to material removal from the sample during sliding wear experi-
ments. However, the addition of Y,03 particles might have caused
mild abrasive wear damage. As seen in Fig. 12d, Ni3OW sample
reinforced with both 5wt.% WC and 1 wt.% Y03 particles are quite
resistant to wear under given sliding wear conditions. Although
the coupled effects of reinforcing with both WC and Y, 03 particles
cannot be clearly distinguished in the microhardness values, wear
results indicate that they are much better effective if used together.

4. Summary and conclusions

The present study reports on the solid solution formation of
Ni-30wt.% W alloys and those reinforced with WC and Y, 03 parti-

cles fabricated via mechanical alloying and sintering. The effects of
MA alloying duration on the solubility of W in Ni were investigated.
A maximum W solubility in Ni was achieved in the Ni-30 wt.% W
powders MA'd for 48 h. Microhardness values of the Ni-30 wt.% W
powders increased systematically with increasing MA durations as
a consequence of W solubility, grain refinement and strain harden-
ing. The Ni-30 wt.% W powders MA’d for 48 h were reinforced with
WC and/or Y,03 particles which further MA’d together for 12 h.
The MA'd powders were sintered at 1300 °C for 1 h under Ar, H, gas
flowing conditions and the microstructural and physical properties
of the sintered samples were characterized.

On the basis of the results of the present investigations, the
following conclusions can be drawn:

(1) XRD patterns of the MA’d powders revealed the evaluation of Ni
and W phases and formation of (NiW) solid solution phase and
a maximum W dissolution value of 17.86 at.% was calculated
for the Ni-30 wt.% W (Ni30W) powders MA'd for 48 h.

(2) A microhardness value of 287 HV for the as-blended Ni30W
powders increased to 902 HV after MA for 48 h as a consequence
of W solubility, grain refinement and strain hardening.

(3) SEM investigations on the MA’d Ni30W powders revealed the
microstructural evolution of the MA’d powders and indicated
the presence of elemental W particles even after MA for 48 h.

(4) TEM investigations on the Ni30W powders MA’d for 12h
revealed the presence of elemental Ni nanoparticles and amor-
phization of the powders after MA for 48 h. Nano-crystalline
W, C and Y, 03 particles are also observed via TEM investiga-
tions

(5) XRD patterns of the sintered samples revealed the presence
of (NiW) solid solution phase and a small peak of elemental
Ni, whereas no intermetallic phases of Ni and W were formed
during sintering.

(6) SEM micrographs of the sintered samples were consistent with
the XRD patterns where an uniform contrast were formed.
However, fracture surface SEM micrographs of the sintered
Ni30W +2.5WC and Ni30W + 5WC samples revealed the forma-
tion of “pomegranate-like” regions between the (NiW) matrix
and the particles having higher W amounts than the matrix.

(7) A relative density value of 97.84% is achieved for the sintered
Ni30W sample. Relative densities decreased with increasing
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amount of WC reinforcements. Moreover, addition of 1wt.%
Y03 drastically decreased to relative density to 86.61%. Micro-
hardness values of the MA’d powders decrease drastically
during sintering. Increasing WC amounts increased the micro-
hardness.

(8) On the basis of sliding wear experiments, the coupled effects
of reinforcing with both WC and Y,03 particles are revealed
indicating that they are much better effective if used together.

In overall, considering the reported results of the present inves-
tigation, Ni-W alloys reinforced with WC and Y,03; particles
fabricated via mechanical alloying and sintering can be potential
candidates for different structural applications.
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