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Grain size reduction in cemented carbides leads to higher mechanical properties. Therefore, preventing the grain growth
during sintering is a crucial task. This study proposes the application of Al2O3 coatings obtained by atomic layer deposition
(ALD) on WC-8Co powder, where Al2O3 is added as a grain growth inhibitor. After deposition, the films were found both on
separate particles and on the dense agglomerates. The thickness of aluminum oxide varied in the range of 30-100 nm
depending on the synthesis parameters and the powder’s bulk density. Composite particles were compacted using spark
plasma sintering (SPS). The compacted samples density was about 99-99.6% of the theoretical. Alumina was found on the
grain boundaries of tungsten carbide.
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Introduction

Advanced cermet materials based on tungsten carbide
and cobalt have been widely used for tools production
and in tribology due to their combination of such important
properties as high hardness, wear, and fracture resistance
[1]. For example, WC-Co alloys have high strength and
hardness because of its composition and structure, and
hard carbide is permeated with a soft and ductile cobalt
binder.

High-hardness compact unstructured cermet materials
based on tungsten carbide and cobalt are difficult to
obtain due to rapid grain growth during sintering, which
causes to low mechanical properties and adversely
affected on quality of final products. Conventional
sintering technology includes heating of the compacts
up to 1400-1500 °C. At this temperature, liquid eutectic
is formed and significant grain growth occurs through
the liquid phase [1]. Spark plasma sintering is a quick
and reliable way of obtaining compact samples. Pulsed
high power DC current which passes through the
sample in the SPS process achieves high heating rates
(up to 1000 °C/min) and applied pressure activates the
mass transfer at a relatively low temperature (0.5-0.9
Tm). Rapid heating and short isothermal holding time at
a relatively low temperature prevents intense grain
growth [2]. The electroplastic effect in the sample under
the influence of the high intensity electromagnetic field
occurs and enhances mass transfer in the solid phase

[3]. Spark plasma sintering of WC-Co-based cermet is
performed at a wide range of temperatures (from 900
to 1280 °С) and pressures (from 25 to 100 MPa) with
isothermal holding time from 5 to 30 minutes. Using
such parameters, minimal porosity can be achieved
(about 0.01%) [4-6].

To prevent the grain growth of the carbide phase, the
most effective way is the use of growth inhibitors such
as metals carbides and oxides [2]. It is advisable to use,
as inhibitor, the materials that do not disrupt the
structure of the cemented carbide, do not melt, and do
not form compounds and solid solutions with cobalt
and tungsten carbide at the sintering temperature.
Furthermore, the structure of cemented carbide should
not be agglomerations, which cause stress concentration.
One of such materials is Al2O3 [7]. Aluminum oxide
has high heat-resistance, wear-resistance, chemical
resistance, and low friction coefficient [1, 8]. There are
some studies that describe the creation of a cermet
composite based on tungsten carbide and aluminum
oxide powders with metal binders [9-13]. Deposition of
coatings directly on the tungsten carbide powder with
further sintering is a new approach to obtain cermet
compact materials.

Deposition of alumina film on powders is one of the
methods to obtain complex composites with a uniformly
distributed inhibitor. Atomic layer deposition (ALD) is
one of the methods of thin film production, and its
basic principles are based on self-controlled reactions
at the monolayer level with the functional groups of the
matrix surface [14, 15]. This method allows the deposition
of films with varying thickness and precision accuracy
both on flat-surface substrates and on powder materials
and it can provide high adhesion coatings due to
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chemical interaction with the substrate surface. ALD is
widely used to obtain thin films of oxides, including
aluminum oxide.

Methodology

The initial commercially available WC-8Co powder
(SC Kirovgrad Hard Alloys Plant, 99%) was used for
the deposition of thin films of aluminum oxide and
further sintering.

Trimethylaluminium (TMA-Al(CH3)3, CAS #75-24-
1, 99.999%, Russia) and deionized water was used as
precursors for Al2O3 coatings by atomic layer deposition
(ALD).

The phase composition and morphology of the initial
WC-8Co powder were studied by X-ray diffraction
(XRD, Bruker D8 Advanced, CuKα λ = 1.54059 Å,
scanning step of 0.02 ° (2θ scale), exposure time of 10
s, in the 2θ range from 30 ° to 80 °) and scanning electron
microscopy (Mira 3 Tescan, Oxford X-maxN EDX, 20
kV) at SPbPU. To determine the average crystallite size
of the tungsten carbide particles, Rietveld refinement
was performed using the TOPAS software package.

The particle size distributions were examined using a
laser particle size analyzer (Laser Diffraction) Analysette
22 NanoTec plus (Fritsch). Deposition of aluminum
oxide coatings on WC-8Co powders was performed on
the atomic layer deposition (ALD) system Picosun R-
150 equipped with a chamber for thin layer deposition
on powder materials POCA-200 at the SPbPU Research
Laboratory “Functional Materials.” POCA-200 is special
camera with micron diameter holes in the vertical
direction for the passage of gas and reagents directly
through powder. Synthesis temperature of 300 °С was
chosen based on the ALD temperature window and due
to the high growth rate per cycle, more than 1 Å/cycle
according to [16]. The number of ALD cycles varied
from 70 to 150. A single ALD cycle includes three
consecutive supplies of TMA (pulse time - 0.1 s, blowing
time between pulses - 1 s) with subsequent 60 s blowing
and three consecutive supplies of H2O (pulse time -
0.1 s, blowing time between pulses - 1 s) with subsequent
90 s of blowing. The temperature of precursor tanks was
maintained at 25 °С. About 20 g of powder was loaded
into the POCA-200 chamber. Pressure during synthesis
was about 17-20 hPa. The holding time of powder was
set for 1 hr at the pressure and the synthesis temperature.

The morphology and thickness of the films obtained
on WC-8Co powders surface were studied on the cross-
beam SEM-FIB workstation Zeiss Auriga Laser. Cross-
sections were made by a focused gallium ion beam
with accelerating voltage of 30 kV and beam currents
of 4 A, 600 A, and 50 A at the initial, intermediate, and
final stages, respectively. The secondary electron signal
was used to build images. The angle between the electron
gun and the ion gun was 45 degrees. The investigations
were made in the resource center “Nanotechnology” of

the Research Park, SPbSU.
The sintering of the WC-8Co powders before and

after deposition of Al2O3 was carried out by spark plasma
sintering (SPS) on the HP D 25 system (FCT Systeme
GmbH - Spark Plasma Sintering Furnace type HP D
25, Germany). The average duration of the sintering
process time was 40 min. The heating is performed by
passing DC pulse current at the heating rate of 100 °С/
min. High temperature holding time was 30 minutes at
1300 °C, ambient pressure less than 10−3 bar, and pressing
force at sintering - 16 kN. Sintering was performed in a
graphite mold with an inside diameter Ø20 mm at 2.5 g
of powder, and graphite foil gaskets are used to protect
the mold.

Sections of the sintered materials were embedded
into resin and polished with diamond grinding disc
(54 µm grit) and diamond suspension (9 and 3 µm)
perpendicularly to the SPS pressing direction. Alumina
free polishing was used to prevent contamination of
polished section by abrasive of aluminum oxide. Macro
hardness tests were conducted on a universal hardness
tester ZHU 187.5 (Zwick Roell AG, Germany) using a
load of 10 kg and a dwell time of 10 sec. The reported
value was the average of at least 10 indentations.

Results and Discussion

The WC-8Co powder characterization was performed
at the first research stage. The particle-size distribution
and powder morphology of the initial material is shown
in Fig. 1. Figure 1(a) shows frequency and cumulative
distribution based on a volumetric assumption. The
cumulative size distribution is 0.5 µm, 1.8 µm and 4 µm
for d10, d50 and d90, respectively. Powder particles size
of the observed in the SEM micrographs (Fig. 1(b))
was in agreement with the results obtained by a laser
analyzer. The initial powder material is a mechanical
mixture of tungsten carbide and cobalt metal powders,
where tungsten carbide consists of the WC phase and
W2C impurities. The tungsten carbide particles morphology
is angular. Cobalt particles have a rounded shape.

Atomic layer deposition in a test mode (300 °C-100
ALD cycles) checked the possibility of alumina
oxide deposition onto WC-8Co powder. The chemical

Fig. 1. (a) Particle-size distribution and (b) morphology of the
WC-8Co initial powder.
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composition of the obtained particles surface was
determined by EDX mapping in a random powder
probe (Fig. 2). Aluminum and oxygen were found over
the entire surface of the material; thus, alumina is
present both on cobalt and tungsten carbide particles.

To study the morphology, thickness, and integrity of
the coatings, Al2O3 was synthesized at 300 °С during
70 and 150 ALD cycles onto WC-8Co powder. Cross-
sections of the coated powder samples were made by

focused gallium ion beam and presented at Fig. 3.
Studying the coated samples obtained under different

number of ALD cycles have shown similar results. The
powder samples contained tungsten and cobalt particles
separately. Almost all of the particles are covered by
alumina partially or completely.

In the WC-8Co samples with aluminum oxide obtained
during 150 cycles, average film thickness is about 30
nm. However, some particles have thicker coating up to
100 nm, probably due to uneven density of powder
filling. We suppose that in the space with high density
of powder filling the passage of gas with reagent is
limited, which leads to the accumulation of the TMA,
H2O and formation of a thicker layer.

Fig. 3(a) and 3(b) demonstrate that the films are
primarily formed on dense agglomerations. However,
in locations of close contact between the particles,
where the van der Waals interaction is possible, there
are no coatings. Therefore, the uncoated surfaces and
particles may be the result of particles fracturing during
powder sample preparation. Agglomerated segments
with coatings could be partly destroyed during powder
mixing for making probe, and it leads to appearance of
uncoated surfaces.

In the samples with Al2O3 obtained during 70 cycles,
coatings are presented on the agglomerates, as in case
of samples with films synthesized at 150 ALD cycles.
Analysis of the results obtained using backscattered
electrons (BSE) shows the presence of coatings on cobalt
(dark particles) and tungsten carbide (light particles)
(Fig. 3(c)). 

For the particles with 70 ALD cycles, the films on
the surface are significantly thinner 10-20 nm than in

Fig. 2. SEM-EDX investigation of chemical distribution of the
WC-8Co powder after alumina deposition. BSE image with the
corresponding EDX elemental mapping results of WC-8Co with
Al2O3 coatings.

Fig. 3. Cross-sections of WC-8Co powder samples with alumina coatings. (a,b) 150 ALD cycles, (c,d) 70 ALD cycles.
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case of 150 ALD cycles and during gallium ion cutting,
and in some cases, it could be destroyed because of the
high-energy beam. Therefore, the top surfaces of some
particles have no alumina coating of (Figs. 3(c) and
3(d)). It could be also due to uneven density of initial
powder filling. However, aluminum is visible in the
spectra of energy-dispersive X-ray microanalysis (EDX),
Fig. 2.

Powders with aluminum oxide and without were
compacted by the SPS method. 

XRD data shows (Fig. 4) that initial tungsten carbide
powder has good crystallinity with diffraction peaks
corresponding to the (001), (100), (101), (110), (002),
(111), (200), (102) planes of hexagonal lattice structure
with P-6m2 space group (ICDD No. 00-051-0939).
The small amount of W2C impurities were detected in
initial powder. Planes of hexagonal lattice structure
(110), (002), (-1-11), (-1-12), (300), (-1-13) (ICDD No.
01-079-0743) with P-31m space group were related to
the W2C phase. Cobalt phase can be found with (111)
and (200) planes of FCC lattice structure with the Fm-
3m space group (ICDD No. 00-015-0806) in the initial
powder. 

Sintered samples according to XRD patterns consist
of WC phase. Alumina and W2C phases were not
detected. Furthermore, according to [11], the addition
of small amount of aluminum oxide prevents the
formation of W2C during sintering. In addition, SPS
method allowed the W2C phase content to decrease in
sintered samples.

XRD data shows that the diffraction peaks of all
sintered samples are shifted to the lower angles compared
to powder. This shift refers to lattice parameter growth
induced by heating during spark plasma sintering. The
sintered WC-8Co without Al2O3 coatings show maximum
diffraction peaks shift. The lower peaks shift corresponds
to the sintered sample with a thicker alumina coating
(150 ALD cycles). 

Average crystallite sizes of tungsten carbide obtained
from Rietveld refinement of XRD data were 68 nm for
WC-8Co powder, 129 nm for sintered sample treated
during 150 ALD cycles, 222 nm for sintered sample
treated during 70 ALD cycles, and 198 nm for sintered
sample without ALD treatment. The lowest average
crystallite size of the sintered WC-8Co is referring to
the samples with the thicker alumina coating.

The presence of aluminum oxide on the tungsten
carbide grain boundaries can be seen at fracture and
polished sections (Fig. 5). At SEM images of the polished
section can be seen porous areas around 20-100 µm
enriched by aluminum oxide. The local areas with high
alumina content could be related with sintering of
agglomerates with the alumina coating thicker than 100
nm. The sintering of alumina can be difficult because
of its rhombohedral lattice structure where all three
parameters are different and the adhesion between
Al2O3 coatings is poor. It may be the reason of porosity
formation in places with high content of aluminum
oxide. Low surface porosity at the polished sample may
be associated with spalling of WC particles in consequence
of which could stay locations with recesses. 

Macro-hardness values of spark plasma sintered samples
were 1861.42 ± 31.73 MPa for sample treated during
150 ALD cycles, 1855.17 ± 58.37 MPa for compact
cemented carbide treated during 70 ALD cycles, 1752.48

Fig. 5. SEM-EDX of a fracture and polished surface of a compact
materials with ALD treatment after sintering. (a) fractured cross-
section of sintered WC-8Co with 70 ALD cycles, (b) element
map: W is corresponding to dark grey, Al is corresponding to light
grey, (c) polished cross-section of sintered WC-8Co with 150
ALD cycles and elemental map.

Fig. 4. XRD patterns obtained from WC-8Co powder and sintered
WC-8Co with and without ALD treatment. (1) initial powder, (2)
sintered after 70 ALD cycles, (3) sintered after 150 ALD cycles;
(2) sintered powder; (○) WC, (◇) W2C, (△) - Co.
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± 58.29 for sintered cemented carbide without ALD
treatment. Macro hardness slightly increase with alumina
addition.

The density of the sintered samples with and without
of aluminum oxide films measured by hydrostatic
weighing is about 99.0-99.6% of the theoretical value.

Conclusions

This study examines the process of aluminum oxide
films deposition on the WC-8Co cemented carbide
powder by atomic layer deposition. The coatings of
alumina were found both on separate particles and
dense agglomerates. Fewer ALD cycles produce thinner
coatings. The thickness of aluminum oxide was higher
after 150 ALD cycles. The thickness ranges from 30 to
100 nm depending on the density of powder filling.

The compact nanocomposites were made using spark
plasma sintering (SPS). According to XRD data, sintered
samples consist only of the WC phase. According to
[11], the addition of small amount of aluminum oxide
prevents the formation of W2C during sintering. In
addition, the SPS method decreases the W2C phase
content in the sintered samples. The lowest average
crystallite size about 129 nm of the sintered WC-8Co
refers to the samples with thicker alumina coating. The
chemical composition of fracture shows the presence of
aluminum oxide at the grain boundaries of tungsten
carbide. The polished samples displayed porous areas
enriched by aluminum oxide. The local areas with high
alumina content can be related with sintering of
agglomerates with thick alumina coating. The macro
hardness slightly increases with alumina addition. The
density of the sintered samples with and without
aluminum oxide was about 99-99.6% of the theoretical
value.
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