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WC-(nanoWC-Co)  with  micro-WC  reinforcing  particles  in  nanoWC-Co  cermet  matrix  was cold-sprayed
by using  WC-Co  with  bimodal  sized  WC  particles  (with  both  micro-sized  WC particles  and  nano-sized  WC
particles).  The  effect  of spray  powder  property  and  post-spray  treatment  on  the  mechanical  properties
and  wear  performance  of  cold-sprayed  WC-(nanoWC-Co)  coating  were  examined  in comparison  to  the
conventional  high-velocity  oxy-fuel  (HVOF)-sprayed  WC-Co  coating.  Results  showed  that  both  hardness
and  toughness  were  influenced  by the spray  powder  properties  and  the  post-spray  heat  treatment.  Com-
pared  to  the  HVOF-sprayed  WC-Co  coating  with  micro-sized  WC  particles,  WC-(nanoWC-Co)  exhibited
old spray
C-(nanoWC-Co)

ardness
oughness
ear resistance

much  higher  hardness  and toughness  and  thereby  much  higher  wear  resistance.  The  further  toughening  of
WC-(nanoWC-Co)  by post-spray  heat  treatment  significantly  doubled  the  wear  performance.  The excel-
lent wear  resistance  of  WC-(nanoWC-Co)  is attributed  to the  simultaneous  strengthening  and  toughening
effects  resulting  from  the  microstructure  design  of  bimodal  WC  particle  size  distribution  composed  of
both  micro-sized  and  nano-sized  WC  particles.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Carbide cermets are widely used as wear-resistant parts, cut-
ing tools and rock drills in a variety of wear-resistant industrial
pplications [1–6]. Ceramic particle size and its distribution, as
ell as the content and composition of the cementing metal binder
hase, play a decisive role in determining mechanical properties.
he wear resistance of cermet depends on a material’s resistance to
enetration by abrasive particles or protruding asperities of mating
aterial and the difficulty of material removal by fracture and plas-

ic flow. Consequently, wear resistance is influenced by mechanical
roperties such as hardness (H) and fracture toughness (KIC) [2,7,8],
ince material hardness indicates the deformation-resistant ability
nd fracture toughness indicates the fracture-resistant ability. Dif-
erent from the abrasion of brittle materials, such as Al2O3 or Si3N4,
ominated by fracture [9–11], the abrasion of WC-Co materials
ypically involves rounding, fragmentation, pullout of WC grains

nd removal of exposed binder, which suggests that the material
emoval process during abrasion involves both plastic deforma-
ion and fracture. Correlation studies of wear resistance with

∗ Corresponding author. Tel.: +86 29 82660970; fax: +86 29 83237910.
E-mail address: licj@mail.xjtu.edu.cn (C.-J. Li).

ttp://dx.doi.org/10.1016/j.apsusc.2015.01.138
169-4332/© 2015 Elsevier B.V. All rights reserved.
mechanical properties have led to the establishment of the
relationships between the abrasive wear resistance and hard-
ness/toughness. Abrasive wear resistance increases linearly with
the increase of the product of fracture toughness and hardness in
the form of K3/8

IC H1/2 according to Wayne’s experimental equation
[7] for cermet. Consequently, both hardness and toughness influ-
ence the wear resistance. Therefore, both high hardness and high
toughness is of significant importance to the enhancement of wear
resistance of cermet.

With the WC-Co system, hard WC particles act as the major
wear-resistant constituent, while Co binder provides WC-Co with
a high toughness [12]. The hardness and fracture toughness of
WC-12Co bulk with WC  particles in conventional micrometer size
range are 1100–1500 Hv [13–17] and 11–20 MPa  m1/2, respectively
[13,14,17]. With the decrease of WC particle size and cobalt content,
the micro-hardness of WC-Co increases [12,14,16,18], accompa-
nied by the decrease of fracture toughness [8,13,14,18–20]. When
the carbide size is reduced to 10–100 nm,  the hardness of a
WC-12Co bulk reaches 1500–2000 Hv [14,16,17,21–25], while
the fracture toughness is reduced to as low as 5–10 MPa  m1/2
[14,17,23–25]. Accordingly, most approaches to increase WC-Co
hardness following the strength theory of cemented hard alloys
generally encounter the problem involving the reduction of tough-
ness.

dx.doi.org/10.1016/j.apsusc.2015.01.138
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.01.138&domain=pdf
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Fig. 1 shows the XRD patterns of WC-(nanoWC-Co) spray
powders. WC and �-Co phases were detected for the powder.
Typical cross-sectional microstructures of starting powder and
G.-J. Yang et al. / Applied Su

To simultaneously improve the hardness and toughness of cer-
et, diamond or cubic BN, which are harder than WC,  are added

nto the cermet [26]. However, it is obvious that this approach
annot be widely applied due to the extremely high cost of those
uperhard ceramics. Therefore, the co-enhancement of hardness
nd toughness of WC-Co is still an important work full of challenges.

To achieve the co-enhancement of hardness and toughness, a
C-(nanoWC-Co) concept has been proposed by using bimodal-

ized microstructure design in previous study [27,28]. With this
icrostructure design, both micro-sized WC  particles and nano-

ized WC  particles are included. The cobalt binder with nano-sized
C particles constructs the nanostructured WC-Co matrix instead

f pure cobalt in the conventional materials, in which micro-sized
C particles are distributed.
In this study, WC-(nanoWC-Co) powder with micro-sized WC

trengthening particles and the nano-structured WC-Co matrix was
old-sprayed by using WC-Co with bimodal sized WC particles, and
he effect of spray powder property and post-spray treatment on
he mechanical properties and wear performance of cold-sprayed

C-(nanoWC-Co) was investigated in comparison to high-velocity
xy-fuel (HVOF)-sprayed WC-Co.

. Experimental methods

.1. Preparation of WC-Co powder with bimodal-sized WC

All the WC-based cermet powders and deposits in this study
ere of the same composition, i.e. 88 wt% WC  and 12 wt% Co. The

imodal-sized WC particles were prepared through high-energy
all-milling and detailed information can be found in literature
27]. A commercial WC-12Co powder (8812, Xinke, Wuxi, China)
ontaining 1–2 �m WC  particles was ball-milled for different dura-
ions in a high-energy ball mill (ND4-2L, Tianzun, Nanjing, China)
ith a ball-to-powder weight ratio of 10:1 at a rotation speed

f 220 rpm. The milling vial and milling balls were made of WC-
o in order to avoid contamination. To obtain a porous powder
uitable for cold-spraying consolidation, the milled powder was
old-compacted to form a green body with different porosity fol-
owed by sintering in a hydrogen atmosphere at 1000 ◦C for 18 h.
hen the powder in a size range from 20 to 30 �m was  obtained
y crushing the sintered WC-Co followed by sifting. In this study,
he spray powders are abbreviated by the processing parameters,
s shown in Table 1.

.2. Deposition of WC-Co

Cold spraying was employed for the consolidation of WC-
nanoWC-Co) from the WC-(nanoWC-Co) powder using a cold-
praying system (CS-2000) which was developed in Xi’an Jiaotong
niversity and whose installation was described in detail else-
here [29]. The spray nozzle employed in this study was a

onvergent–divergent nozzle with a throat diameter of 2 mm.
elium was used as both the accelerating gas and the powder feeder

as. The gas pressure and temperature in the pre-chamber were

 MPa  and 600 ◦C, respectively. The standoff distance from the noz-
le exit to the substrate surface was 20 mm.  To further improve the

able 1
rocessing parameters of spray powders and porosities of four powders.

Powder type Milling duration (h) Powder porosity (%)

70h-P30 70 30
70h-P40 70 40
120h-P30 120 30
120h-P40 120 40
Science 332 (2015) 80–88 81

carbide/binder interface adhesion, the as-consolidated WC-Co was
annealed at 1000 ◦C for 6 h in a hydrogen atmosphere.

HVOF spraying was  used to deposit (micro-WC)-Co in com-
parison to cold-sprayed WC-(nanoWC-Co) using a HVOF system
(CH-2000) developed in Xi’an Jiaotong University. Propane (at a
pressure of 0.4 MPa  and a flow of 1300 L/h) and oxygen (at a pres-
sure of 0.55 MPa  and a flow of 13,000 L/h) were used to generate
supersonic flame. Nitrogen gas was  used as a powder feed gas. The
spray distance was 180 mm.  The spray powder was  the same as
the commercially WC-12Co powder used for the starting powder
of WC-(nanoWC-Co) powder.

2.3. Characterization of microstructure and mechanical
properties

The microstructure of WC-Co was characterized by scanning
electron microscopy (SEM; VEGA II-XMU, TESCAN, Brno, Czech
Republic). X-ray diffraction (XRD; XRD-6000, Shimadzu, Kyoto,
Japan) was  employed to characterize the phase structure. WC par-
ticle size in the cermet was measured by a laser diffraction particle
size analyzer (MASTERSIZER 2000, Malvern, Worcestershire, UK).
The WC particles were separated from the cermet by dissolving the
cobalt binder phase into hydrochloric acid.

The micro-hardness of the WC-Co was measured by a Vickers
micro-hardness tester (HV-5, Taiming, Shanghai, China) under a
load of 300 g for a loading duration of 30 s. The fracture tough-
ness was  estimated by diamond pyramid (Vickers) indentation test
under a load of 5000 g for a loading duration of 30 s using Niihara’s
equation corresponding to Pamlqvist type crack [19,30–32]. Ten
measurements were carried out for each hardness or toughness.

Abrasion wear test was conducted on a pin-on-disk tribome-
ter (ML-10, Xuanhua, Hebei, China) in ambient temperature and
humidity. Coatings were deposited on the end of a pin of a size of
� 4 × 30 mm.  The test was  carried out at a load of 9.8 N with WC-Co
sliding against silicon carbide emery paper (300#) which was  lined
on the disk rotating at a speed of 60 rpm. During abrasion wear test,
pin was  driven to move toward the disk center at a speed of 4 mm
per turn. This ensured that WC-Co was  abraded by fresh emery
paper during the whole test. Each sample was tested for five runs
and three samples were used to obtain the mean wear weight loss.

3. Results

3.1. Microstructure of WC-(nanoWC-Co) spray powders
Fig. 1. XRD patterns of different spray powders.
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Fig. 2. Typical cross-sectional microstructure 

C-(nanoWC-Co) spray powder are shown in Fig. 2. The WC parti-
le size in spray powder was significantly reduced compared to
he starting powder. Compared to relatively large WC particles
n the starting powder (Fig. 2a and b), WC particles in the WC-
nanoWC-Co) spray powder (Fig. 2c and d) presented a bimodal
ize distribution, i.e. micrometer size and nanometer size. Fig. 3
urther quantitatively reveals the WC particle size distribution in
he WC-(nanoWC-Co) spray powder. The fraction of nano-sized WC
articles (compared to all WC  particles) increased from 9.5 to 12%
ith increasing ball milling duration from 72 to 120 h. In addition,

he detailed WC particle size distribution changed a little. Consider-
ng all WC  particles, the binder phase is metallic Co phase. However,
f considering only micro-sized WC particles as hard reinforcement,
he matrix should be the nanoWC-Co cermet which is composed of
ano-sized WC  particles and Co binder phase. Therefore, the spray

owder with a bimodal WC particle size distribution in this study

s termed as WC-(nanoWC-Co) [27].

ig. 3. WC particle size distribution (based on volume fraction) in starting powder
nd  the powders ball milled for different durations.
ting powder (a, b) and 72h-P40 powder (c, d).

3.2. Microstructure of WC-(nanoWC-Co) coatings

Fig. 4 shows the XRD patterns of cold-sprayed coatings using
different spray powders. As expected, only WC  and Co phases
can be detected in all coatings. However, some �-Co phase
transformed to �-Co phase during the cold spray deposition,
resulting in �+�-Co dual-phase structure in the cold-sprayed
coatings. This is evidently different from most reported litera-
ture on cold-sprayed WC-Co coatings [33–36]. Fig. 5 reveals the
cross-sectional microstructure of cold-sprayed coatings using dif-
ferent spray powders. It can be found that cold-sprayed coatings
presented a dense microstructure. The bimodal WC particle
size distribution was  well retained into deposits, forming WC-
(nanoWC-Co) coatings. After annealing at 1000 ◦C, the �-Co phase
transformed back to �-Co phase (Fig. 6). The bimodal WC  parti-

cle size distribution was not influenced by the annealing treatment
(Fig. 7).

Fig. 4. XRD patterns of cold-sprayed coatings using different spray powders.
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Fig. 5. Typical cross-sectional microstructure of cold-sprayed coatings using differ-
ent  spray powders: (a) 120h-40P; (b) 120h-30P.

Fig. 7. Typical cross-sectional microstructure of coatings after annealing
Fig. 6. XRD patterns of coatings after annealing treatment.

3.3. Mechanical properties of WC-(nanoWC-Co) coatings

Fig. 8 shows the effect of processing parameter and annealing
treatment on coating hardness and toughness. It can be found
from Fig. 8a that the cold-sprayed coatings presented a very high
hardness of 1600–2000 Hv for different processing parameters.
The increase of powder milling duration from 72 to 120 h led to a
higher hardness for the cold-sprayed coating. Moreover, the lower
porosity of the spray powder led to a little higher hardness for
the cold-sprayed coating. After annealing treatment, the coating
hardness tended to decrease a little. Compared to the typical hard-
ness of ∼1200 Hv of microWC-12Co with micro-sized WC  particles
[13–18], WC-(nanoWC-Co) coatings prepared in this study pre-
sented a comparable high hardness to nanoWC-12Co (∼1800 Hv)

[12,14,16,18,37,38]. Fig. 8b shows the effect of processing param-
eter and annealing treatment on coating toughness. Compared to
the relatively low toughness of nanoWC-12Co with micro-sized

 treatment: (a) 72h-40P; (b) 72h-30P; (c) 120h-40P; (d) 120h-30P.
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the high strain rate plastic deformation as reported in literature
[39–41], in which the Co binder phase undergoes very severe plas-
tic deformation in processing approaches such as high-pressure
torsion method.
ig. 8. Effect of processing parameter and annealing treatment on coating hardness
nd  toughness: (a) hardness; (b) toughness.

C  particles, WC-(nanoWC-Co) coatings possessed a comparable
igh toughness to microWC-12Co (11–20 MPa  m1/2) [13,14,17].

.4. Wear performance of WC-12Co coatings

Fig. 9 shows the comparison of the wear performance of cold-
prayed WC-(nanoWC-Co) coatings (120h-P30) and HVOF-sprayed
icroWC-12Co coatings with the same nominal constituent of
C-12Co. Compared to the HVOF-sprayed microWC-12Co coat-

ng which was widely used in various industries, the cold-sprayed

C-(nanoWC-Co) coating presented a higher wear resistance. The

nnealing treatment reduced the wear performance of HVOF-
prayed coatings. However, the wear resistance of the cold-sprayed

ig. 9. The wear performance of cold-sprayed and HVOF-sprayed WC-12Co
oatings.
 Science 332 (2015) 80–88

WC-(nanoWC-Co) coating was  significantly improved by more than
one-fold.

4. Discussion

4.1. Co phase transformation during cold spraying

Results showed that the bimodal WC  particle structure in
spray powders is well retained into the cold-sprayed coatings.
This can be attributed to the much lower processing temperature
of spray powder during cold spraying than the grain coarsening
temperature and even the melting temperature. It is interest-
ingly found that Co binder phase transformation from �-Co
to �-Co occurs during cold spraying. However, thermodynami-
cally stable �-Co rather than metastable �-Co is often found in
cold-sprayed WC-Co cermet coatings in literature [33–36], since
close-packed hexagonal (cph) �-Co is thermodynamically sta-
ble and face-centered cubic (fcc) �-Co is metastable at room
temperature. Since fcc �-Co is a metastable phase, it trans-
forms back to cph �-Co after annealing treatment, as shown in
Fig. 6.

This Co binder phase transformation from �-Co to �-Co occurred
during cold-spraying would be closely related to the high-velocity
impact deposition process of bimodal WC-Co powders. Although
fcc �-Co is metastable at room temperature, the phase transfor-
mation from cph �-Co to fcc �-Co can be rationally promoted by
Fig. 10. Typical crack morphology in WC-(nanoWC-Co): (a) overview [27]; (b)
detailed nano-zigzag.
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ternary bonding inter-layer is the most important issue for the WC-
Co cermet [47]. If no ternary bonding inter-layer is formed during
the following milling treatment and cold spray impact, these inter-
faces between WC and Co matrix would serve as pre-cracks and
G.-J. Yang et al. / Applied Su

For the cold spraying of WC-Co cermet coatings, conventional
C-Co spray powders, which are relatively dense and widely used

or HVOF spraying, are quite difficult to deposit due to their high
ardness and thereby low deformability. In order to enhance the
eformability of spray powder, porous WC-Co powder structure
esign was proposed in the previous study [27,42]. The partial
eformation behavior of porous particles provides the surface layer
f deposited particle as the coating surface with certain deforma-
ion ability [42]. An extremely high pressure is generated during the
igh-velocity impact of spray powders on deposit surface or coat-

ng surface. On the one hand, the deformation of the particle results
n the elimination of inter particle voids and thereby a macroscopic
ense structure [42]. On the other hand, the porous structure of par-
icle is also effectively densified at a microscopic scale due to the
igh pressure [27]. As a result, an overall dense microstructure is
nally achieved. Similarly, a quite dense WC-(nanoWC-Co) coating

s achieved by using bimodal structured WC-Co powders.
During the high-velocity impact of spray particle on deposit sur-

ace, the apparent plastic deformation of WC-Co powder would
e dominated by the true plastic deformation of Co binder phase
ecause WC particles are of extremely higher hardness than Co
hase. To achieve a certain deformation of the overall WC-Co
owder, Co phase must possess a much intensive true plastic defor-
ation. In addition, the whole deformation of the WC-Co powder

ccurs during an extremely short duration of about dozens of nano-
econds [43,44]. As a result, the plastic deformation of Co phase has
n extremely high strain rate of ∼3–5 × 108 s−1, which is so high
hat can lead to the localized amorphization of Ni-based alloy dur-
ng cold spraying of cBN-NiCrAl cermet [45]. Therefore, the high
train rate plastic deformation during cold spraying promotes the
o binder phase transformation from �-Co to �-Co occurred during
old spraying.

.2. Simultaneous strengthening and toughening effects in
C-(nanoWC-Co)

The simultaneous strengthening and toughening effects in WC-
nanoWC-Co) have been reported in previous study [27,28]. In
etail, WC-(nanoWC-Co) coatings exhibit both a high hardness
omparable to nanoWC-Co matrix and a high toughness compa-
able to microWC-Co [27,28]. The high hardness can be explained
y decomposing WC-(nanoWC-Co) into different constituents, i.e.
icro-sized WC  particles and nanoWC-Co which can be further

ecomposed to nanoWC particles and Co binder phase [27]. The
igh toughness can be attributed to the crack bridging due to the
icro-sized strengthening WC  particles (marked by black arrows in

ig. 10a) and much larger cracking surface area due to the bimodal
igzag cracking path resulting from the bimodal WC particles size
istribution [27]. During the fracture of WC-Co cermet, cracking
ainly occurs near the WC/Co interface forming zigzag cracking

urface [18,46]. For the cracking morphology of WC-(nanoWC-Co)
hown in Fig. 10, except for the micro-sized zigzags as shown by
hite arrows in Fig. 10a, nano-sized zigzags can also be clearly

dentified from Fig. 10b. Fig. 11 schematically shows the hierarchi-
al crack surface morphologies of micro-WC-Co, WC-(nanoWC-Co)
nd nanoWC-Co. The cracking surface area of micro-WC-Co and
anoWC-Co is comparable due to their geometry similarity. How-
ver, the cracking surface area of WC-(nanoWC-Co) is much larger
han two others. Although lower toughness of nanoWC-Co than

icroWC-Co indicates lower specific cracking energy of the nano-
igzag cracking than micro-zigzag cracking, much larger cracking

urface area of WC-(nanoWC-Co) results in its higher fracture
oughness [27]. The present results further proved the validity
f simultaneous strengthening and toughening effects using WC-
nanoWC-Co) structure design.
Fig. 11. Schematic diagram of crack surface morphologies of micro-WC-Co, WC-
(nanoWC-Co) (bimodal) and nanoWC-Co.

4.3. Dependence of mechanical property on powder property and
annealing treatment

It can be found from Figs. 7 and 8 that increasing milling dura-
tion from 72 to 120 h tends to enhance both hardness and toughness
of cold-sprayed coatings. It is believed to be related to more nano-
sized WC particles during longer milling duration, i.e. 12% nano-WC
for 120 h milling compared to 9.5% nano-WC for 72 h milling. Fig. 2b
demonstrates a near rectangular morphology of WC  particles. How-
ever, the WC particles tend to change to an irregular morphology
with a smaller particle size after the milling for 72 or 120 h. It means
that the fracture of WC particles occur during milling treatment.
From the point view of volume fraction (Fig. 3), nano-sized parti-
cles seem to be a minor fraction compared to the major fraction
of micro-sized particles. However, with regard to the change in
WC particle distribution based on particle number after different
milling durations (Fig. 12), it can be clearly found that the number
of nano-sized particles is much larger, in several orders, than that
of micro-sized particles. Considering the irregular morphology of
milled WC compared to the near rectangular morphology of star-
ing WC,  the nano-sized WC particles are believed to be fractured
from the edge of micro-sized WC particles rather than directly sep-
arated from small WC particles. As a result, the content increase of
nano-sized WC particles becomes more difficult with the milling
duration, i.e. 12% for 120 h milling and 9% for 70 h milling. It is well
worth to address that the fractured nano-sized WC  particles would
show some freshly bared surface (fracture surface), and this type
of surface is of no binder phase. It is well known that the W-Co-C
Fig. 12. WC particle size distribution (based on particle number) in starting powder
and the powders ball milled for different durations.
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ig. 13. Typical worn coating surface. (a) HVOF-sprayed microWC-Co; (b) cold-spra

hereby limit the strength and toughness. These pre-cracks have
o be healed up possibly during high-velocity impact or post-spray
reatment.

It can be clearly found that the dense microstructure of WC-
nanoWC-Co) is produced by using two types of spray powders
ith a porosity of 30 or 40%. As discussed in Section 4.1, the inten-

ive plastic deformation of spray powder is a necesarry condition
or the succesive deposition of spray powder during cold spray-
ng [22,36,43]. For those metallic materials with a relatively low
ardness, the critical particle velocity for the cold spray deposition

s generally in a range from ∼250 to ∼700 m/s  [48,49]. However,
or the WC-Co materials with a dense structure and a relatively
igh hardness, the cirtical velocity was reported to be as high as
00–1000 m/s  [22]. In order to reduce the particle velocity and
hereby reduce the processing cost, porous WC-Co powders with a
elatively low hardness was proposed for the cold spraying depo-
ition [27,42]. During the impact of a cermet powder, there is an
ntensive deformation near the interface between this powder and
he deposition surface, which is actually a previously deposited
ermet [43]. However, the powder top part, which serves as the
eposit surface for the sequential deposition of spray powder, does
ot experience an intensive deformation and thereby retains a
elatively porous structure. It would contribute to the effective
eformation of this deposit surface during the sequential pow-
er impact deposition. Therefore, two types of spray powders
ith a porosity of 30 or 40% result in the dense microstructure

f WC-(nanoWC-Co). It should be noted that the microstructure
f cold-sprayed WC-(nanoWC-Co) would also be densified by the
amping effect during the sequential impact deposition, which has
een widely reported in literature [29,50].

Besides the densification of porous spray powders during cold
praying, it is worth to discuss the deformation behavior of cermet
owders. It can be found that the WC  particle size is not changed by

he high-velocity impact of spray powder. It means that the frac-
ure of the micro-sized and nano-zied WC  particles does not occur,
lthough it is reported that the large ceramic particles with a size
f tens of micrometers are fractured during cold spraying [51–53].
C-(nanoWC-Co); (c) annealed HVOF microWC-Co; (d) annealed WC-(nanoWC-Co).

It can be concluded that the deformation of the WC-(nanoWC-Co)
spray powder is actually an apparent plastic deformation, which
has been discussed in Section 4.1. In other words, the true plastic
deformation only occurs to the metallic Co binder phase, while the
possible rotation and movement of WC particles also contribute to
the apparent deformation of WC-(nanoWC-Co) spray powder. As a
result, the apparent deformation mainly depends on the extremely
the high strain rate plastic deformation of Co binder phase. The high
strain rate plastic deformation of metals produces a large number of
dislocations and other crystal defects as well [54,55]. These crystal
defects would increase the coating hardness via cold work hard-
ening effect. Therefore, this is a partial hardening mechanism of
cold-sprayed WC-(nanoWC-Co) in this study.

Annealing treatment tends to decrease coating hardness while
evidently increases coating toughness. This can be correlated to the
change of crystal defects and ineffectively bonded WC/Co inter-
faces. The ineffectively bonded WC/Co interfaces would be healed
up during annealing treatment. This means that the healing up of
pre-cracks in the WC-(nanoWC-Co) contributes to increase both
hardness and toughness. The crystal defects produced by intensive
plastic deformation of Co would disappear during annealing treat-
ment at 1000 ◦C, which is higher than 0.2–0.4 melting point of Co
metal [54,56]. This would lead to the decrease in coating hardness
by eliminating the cold work hardening effect. At the same time, the
disappearance of these crystal defects evidently contributes to the
increase in the fracture toughness of Co binder phase. As a result,
a higher toughness of WC-(nanoWC-Co) is realized after annealing
treatment.

4.4. Strengthening mechanism of wear performance

Compared to widely industrialized HVOF-sprayed microWC-Co
coatings, cold-sprayed WC-(nanoWC-Co) coatings present a much

higher wear resistance. To reveal the enhancement mechanism of
wear performance, the worn coating surface was observed and
shown in Fig. 13. It can be found from Fig. 13a and c that both
as-sprayed and annealed HVOF microWC-12Co coatings present a
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[26] Z.Z. Fang, A. Griffo, B. White, G. Lockwood, D. Belnap, G. Hilmas, J. Bitler, Int. J.
ig. 14. Comparison of hardness and toughness of cold-sprayed WC-(nanoWC-Co)
nd HVOF-sprayed WC-Co.

icro-cutting weight loss mechanism. Due to the decomposition
f WC particles and appearance of � phase during the annealing
reatment of HVOF-sprayed microWC-Co coating, the annealing
reatment leads to a decrease of wear performance [57,58]. From
his point of view, the cutting weight loss of WC-(nanoWC-
o) coatings would lower than microWC-Co coating owing to a
igher hardness. In addition, both cold-sprayed and annealed WC-
nanoWC-Co) coating exhibit some plastic deformation of materials
s shown by the wear lips in Fig. 13b and d, since WC-(nanoWC-
o) coatings possess a relatively high toughness. Compared with
s-sprayed WC-(nanoWC-Co) coating, the annealed WC-(nanoWC-
o) coating exhibits a lower hardness but a higher toughness.
onsequently, annealing treatment results in an increase in wear
erformance for WC-(nanoWC-Co) coating. These results clearly
uggest that, besides hardening effect, the toughening of WC-Co
oatings is also essential to realize better wear performance.

By quantitative comparison, it can be found from Fig. 9 that
he wear resistance of cold-sprayed WC-(nanoWC-Co) increases by

ore than double by the annealing treatment, although the fracture
oughness exhibits only an increase from 14.4 to 18.9 MPa  m1/2. It
s worth to further discuss the influence of microstructure evo-
ution during annealing treatment on the wear performance of
old-sprayed WC-(nanoWC-Co). Firstly, as discussed in Section 4.3,
he generation of nano-sized WC  particles by mainly the edge
racture of micro-sized WC particles is accompanied with some
ared WC  surface without the effective W-Co-C ternary bond-

ng inter-layer. During the cold-spraying process, the extremely
hort duration and relatively low temperature cannot generate
he effective W-Co-C ternary bonding inter-layer. This would leave
ome pre-cracks in the as-sprayed cermet. Secondly, the significant
pparent deformation of spray powder might result in some frac-
ure in Co phase, if the movement or rotation of irregular hard WC
articles cannot fulfill the apparent deformation of the overall spray
owder. This can be similar to the micro-cracks in the deformed
ermet materials and result in another form of pre-cracks in the as-
prayed cermet despite the apparent dense microstructure shown
n cross-sections. During the post-spray annealing treatment, all
hese pre-cracks would be healed up. In addition, the crystal defects
n Co binder phase induced by high-velocity impact would dis-
ppear during the annealing treatment. All these changes in the
icrostructure would contribute to a much higher wear perfor-
ance after post-spraying annealing treatment.
To further compare the WC-(nanoWC-Co) in this study with
VOF-sprayed WC-Co, both the hardness and toughness of two
ypes of coatings are shown in Fig. 14 (the data comes from
oth this study and literature). Compared to the HVOF-sprayed
C-Co coatings (and even newly developed warm sprayed

[
[
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coatings) [59–62], the cold-sprayed WC-(nanoWC-Co) presents
obvious higher hardness and toughness. For the cold-sprayed
WC-(nanoWC-Co), the further increase in toughness during heat
treatment contributes to a higher wear resistance, although the
hardness tends to decrease a little. However, for HVOF-sprayed
coatings, the heat treatment decreases the toughness and thereby
leads to a lower wear resistance, which is consistent with literature
[62].

5. Conclusions

WC-(nanoWC-Co) with micro-sized WC  reinforcing particles
and the nano-structured WC-Co matrix was cold-sprayed by using
WC-Co with bimodal-sized WC particles, and effect of powder
property and post-spray treatment on the mechanical properties
and wear performance was investigated. The high-velocity impact
of spray powders and the relatively high transformation ability of
porous WC-(nanoWC-Co) powders resulted in a dense structure.
The increase in powder milling duration from 72 to 120 h enhanced
both the hardness and toughness of cold-sprayed coatings due to
the more nano-sized WC particles during longer milling duration.
The wear performance was  significantly improved by the simulta-
neous strengthening and toughening effects of WC-(nanoWC-Co),
compared to the HVOF-sprayed WC-Co with micro-sized WC  parti-
cles. Despite a little decrease in hardness, the post-spray annealing
treatment of the as-sprayed WC-(nanoWC-Co) led to an increase
in toughness, thereby doubling the wear resistance for the cold-
sprayed WC-(NanoWC-Co).
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