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Abstract

The cold-spray process was used to prepare nanostructured WC—Co coatings. The coating microstructural characteristics and
phase composition were analyzed via optical microscopy, scanning electron micrd&Bly and X-ray diffraction(XRD).
The morphology and microstructure of the nanostructured WC—Co powder were also analyzed by SEM and XRpmA 10
thick coating was achieved. The powder particles and coating microhardness were also evaluated and compared. The results show
that there is no degradation of the WC—-Co powder during the cold-spray process and well bonded and phase pure WC coating
can be produced by the cold-spray process.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction atoms are associated with grain boundaries. As the grain
size is reduced to 10 nm, the percentage increases to
1.1. Nanostructured materials 30; at 5 nm, approximately 50% of all atoms are

associated with the grain boundary sites. The unique
properties of nanograined materials are associated with

structures, nanophase materials, or nanometer-sized crysin€ fineness of structure as well as the enhanced solu-

taline solidd have crystal sizes of typically b|||t_y and increasing atomic mobility associated with

approximately 10-1000 A1-100 nm in at least one  9rain boundaries1].

dimension. Nanostructured materials come in two gen-

eral morphologies(i) nanqlgyered materials d(_aposited 1.2. Cold-spray processing of nano WC—Co coatings

by physical vapour deposition or electrodeposition pro-

cesses andji) nanograined materials, which are usually

consolidated from nanostructured powdgtk The cold gas-dynamic process spray method or simply
As the grain size becomes smaller, there are ancold-spray is a high-rate material deposition process in

increasing number of atoms associated with grain bound-which small, unmelted powder particléypically 1-50

ary sites compared to crystal lattice sites. For example,um in diametey are accelerated to velocities on the

at a grain size of 100 nm, approximately 3% of all order of 600—-1000 nfs in a supersonic jet of com-

- pressed gas. Upon impact against a substrate, the solid
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Nanocrystalline materialéalso referred to as nano-
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Calculations indicate that the particle kinetic energy
at impact is typically much less than the energy required

Substrate

S‘;‘;jf;};‘” to melt the particle[2]. Micrographs of cold-sprayed
Powder | > coatings suggest that the deposition mechanism is pri-
Feeder marily a solid-state proce$2,3]; i.e. no material melting
occurs in this process.
Coating WC-Co coatings are well known for their use in
T wear resistance applicationi,8]. The hard WC parti-

cles form the major wear-resistant constituent of these
materials, while the Co binder provides toughness and
support [8]. Properties such as the hardness, wear

Gas resistance, and strength are influenced primarily by the
Heater WC grain size and volume fraction, and in the case of
thermal spray coatings, also the porosity, the carbide
Gas High and binder phase compositidf]. But due to the high
Pressure temperature characteristics of the traditional thermal

spray methods, such as, high velocity oxy-fiidi/OF),
plasma spray, detonation-gun, flame spray and high
Fig. 1. Schematic of a typical cold-spray system. velocity air-fuel; the WC—Co powder tends to undergo
a combination of decarburization, oxidation, reduction
tunnel tests with flows containing small tracer particles, by reaction with the B (plasma spray and dissolutiop
scientists observed that above a critical particle velocity reaction between the WC and Co during spraying. This
(which varies for different materialshere was a tran-  behavior results in the formation of hard and brittle
sition from particle erosion of a target surface to rapidly phases, such as, 3&W C, W, Co W Ccrystalline and
increasing depositiof2—4]. Based on these phenomena, amorphousn-phasey and WQ, [8—12.
a spray system was created and an US patent was issued Due to its low temperatures, the cold-spray process is
in 1994[6]. a new alternative method for spraying not only WC—
Fig. 1 shows the schematics of a typical cold-spray Co powders but also nanostructured materials. As an
system. In cold-spray, a compressed gas, usually He,advantage, in cold-spray there is no particle melting and
N,, air or their mixtures, at inlet pressures up to 500 psi all the nanostructure will be kept intact during the
(3.4 MP3, flows through a converging—diverging noz- process. In contrary, the traditional thermal spray pro-
zle to develop supersonic gas velocities. The powdercesses require at least some partial melting of the
particles are fed into the gas flow immediately before sprayed material in order to produce adhegmmhesion
the converging section of the nozzle and are acceleratedf the sprayed particles. Any melting of the nanostruc-
by the rapidly expanding ga2-5]. tured material will cause the resolidified particles to
The compressed gas can be introduced at roomhave the same microstructure as ‘regular thermal
temperature, or it can be preheated in order to achievesprayed particles.
higher gas flow velocities in the nozzle. Preheat tem- No phase transformation occurs during the cold-spray
peratures as high as 60C can be used, but the gas process since it is a 100% solid-state process; implying
rapidly cools as it expands in the diverging section of no particle melting. Therefore, oxidation, nitriding,
the nozzle. As a consequence, the dwell time of the decarburizing and any decomposition in general are
particles in contact with hot gas is brief, and the avoided in this process. The as-sprayed coating phase
temperatures of the solid particles at impact remain composition should be the same as the powder phase
substantially below the initial gas preheat temperature composition.
[2]. But as it was discussed above, WC can be decom-
The mechanisms by which the solid-state particles posed at temperatures lower than that of its decompo-
deform and bond to the substrate or previously depositedsition by the reaction of the WC with the Co binder.
layers has not been well characterized. Though it hasThe compositional ranges of thg-phases(Co,W,C)
not yet been demonstrated, plastic deformation mayare not fixed and vary with temperature. For example,
disrupt thin surface films, such as oxides, and provide Co;W;C exists in the range Gg YW Cto Gg W C
intimate conformal contact under high local pressure, from 1197 to 1427C [8]. These temperatures are higher
allowing bonding to occur. This theory would also than those experienced during cold-spray, where the
explain the observed minimum critical velocity neces- maximum gas temperature does not exceed ®(2].
sary to achieve deposition, because sufficient kinetic The gas temperature used during this work was %2.0
energy must be available to plastically deform the solid  The wettability of WC by most binder metals is better
material[2]. than that of the other carbides and the WC is tougher
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Table 1 whered is the atomic spacing. The peak width resulting
Spray parameters from a small grain size effect alone can be described by
Main gas N, the Scherrer equatiofi3,14:

Main gas temperature at the g(tC) 540 KN

Gun pressurépsi) 300 B(20)=— (1
Spray distancémm) 25 Dcog

In Eg. (1), B(20) is the true broadening of the

than the other carbides. The nanostructural characterd:ffr""cktlon line rr}eﬁsu.rgztdh att hhahl‘f maximum intensity,
may improve the mechanical properties of this material. also known as tuli-wi at hal-maximumg’ is a
Due to its low temperature@o WC degradation the constant(being taken as 0)9 A is the wavelength of

cold-spray process may represent a significant advance—the.x'ray ra<_j|at|on;D is the mean d'”.‘e”S'O” of the
ment to the spraying of nanostructured carbides. grains ande is the Bragg angle. Contributions due to

The objective of this work is to produce nano WC— Ko, andKao, were deconvoluted by using the Rachinger

Co coatings by the cold-spray process and investigatecorreCtion[13’14’ and only theKa, peak widths were

the microstructural characteristics of cold-sprayed WC— used for calculation. XRD of a Si specimen was used
Co coatings. to measure the instrumental broadening, and the Cauchy

correction was used to remove the instrument broadening
. to obtain the true crystal broadenifitd]. According to
2. Experimental procedure Ref. [17], results from TEM and XRD of alumina
feedstocks showed that the best fit was obtained when
ASB Industries cold-spray system was built according the Cauchy correction was applied to remove the instru-
to the design of its Russian inventd®], and was used  ment broadening factor. The XRD method can provide
for the study reported in this article. The nanostructured structural information regarding mean grain size along
WC-12%Co Metco AE7923 feedstodiSulzer-Metco,  the entire samplé13—19, and the penetration distance
Westbury, NY) was cold-sprayed on low carbon steel of the X-ray beam into the sample can vary from a few
substrates. The feedstock particle size varies from 10 toto several micrometers depending on the sample
43 pm. The substrates were grit blasted with alumina characteristics.
just before the deposition. The typical coating thickness
was 10pm. The spray parameters applied are listed in 3. Results and discussion
Table 1.
The cross-section of the coating was evaluated by 3.1. Feedstock morphology and phase composition
using an optical microscopéikon-Epiphot 200, Nikon
Inc., Melville, NY). The coating and the cross-section ~ Figs. 2 and 3 show the typical feedstock particle
of the WC—Co feedstock particles were also analyzed morphology. The powder particles present the micros-
by scanning electron microscog$EM). tructural characteristics representative of agglomerated
The Knoop microhardness measurements were per.and sintered particle$8,18. Individual nanoparticles
formed at 10 g load for 15 §Tukon, Instron, Canton, can not be successfully thermal sprayed because of their
MA) on the coating and feedstock particle cross-sec-
tions. In order to measure the feedstock microhardness g
the particles were vacuum impregnated with epoxy resin Kilie
and polished. Knoop indentation was chosen because it*

. = A
has a shallow penetration when compared to that of N R St
. . . - b LT L
Vickers. Therefore, Knoop indentation seems to be more P A R T e ‘;:
adequate for performing microhardness measurement el X :.';J'f'.'f.- o Fas 3 o

in small volumes, such as, powder particles.

X-ray diffraction (XRD) (Model 172a-Culk, Philips,
Almelo, Netherlands was used to establish the phase
composition of the feedstock and coating. XRD was §
also used to estimate the average grain size of thej
feedstock and coatinfl3—16. The applicability of this
method was confirmed by comparing results from trans-
mission electron microscopyTEM) and XRD tech-
niques [15,16. The XRD method assumes that the
overall broadening of XRD peaks comprises two effects: i
one arising from the small coherent grain size and one
arising from the atomic level microstrain; i.Ad/d, Fig. 2. Typical nanostructured WC—Co particle.
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20 um

Fig. 3. General morphology of the nanostructured WC—Co particles. Fig. 6. Cross-section of a nanostructured cold-sprayed WC—12%Co
coating(SEM).

wcC

WC

Nano WC-Co powder || To overcome this problem, the feedstock was devel-
oped by creating an agglomeration of nanoparticles into
large (micron sized irregular shaped blocks. The

wc agglomeration of nanoparticles into microscopic parti-
cles also allows use of existing conventional powder
feeders. Each powder particle has two distinct regions.

WC | we
wc
One region is light or white, representing the highly
L- Co Lc: J}"C’C agglomerated nanoparticles of WC. The other region is
50 60 70 80

Intensity

WC

U dark, localized in between the microscopic particles.
Some of these typical dark regions indicated in Fig. 2

20 30 40

20 are expected to be porosity presented in the agglomer-
_ ated particles. Fig. 3 shows that the particles have a

sphere to a lenticular shape.
low mass [19]. Thus, they do not have the inertia The XRD pattern of the nanostructured WC-Co
required to cross the streamlines in the spray jet andpowder is shown in Fig. 4. Only the presence of a well
would be segregated to its periphery without deposition crystalline phase of WC and some amount of Co are
on the substrate. noticed.

10 microns

Fig. 5. Cross-section of a nanostructured cold-sprayed WC-12%Co cdarvy.
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Fig. 7. Schematic of the particle densification upon impact at a high
velocity.
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Fig. 8. XRD of the nanostructured WC—-12%Co cold-sprayed coating.

3.2. Coating cross-section

The cross-section of the nanostructured WC—-Co coat-

ing analyzed via optical microscopyOM) and SEM

133

section surface, caused by the agglomeration of micro-
scopic particles during manufacturing is noticed.
However, the structure of the powder particle is not
dense when compared with the structure of the coating.
It is possible to observe dark regions in the powder
microstructure between adjacent microscopic particles
(Fig. 2); as pointed out by arrows. Nevertheless, these
dark gaps are not observed in the coating microstructure
(Fig. 6); only the irregularities of the cross-section
surface created by the microscopic particles are
observed.

During the impact at supersonic velocities, and by the
fact that the cold-spray is a solid-state process, there
should be a densification of the powder particles upon
impact, but not any melting. The densification will pack
the microscopic particles, eliminating the voids or dark
gaps between them. A schematic of the particle structure
and its densification upon impact at a high velocity is
shown in Fig. 7.

3.3. Feedstock and coating microhardness

The Knoop microhardness at 10 g lo&dumber of
measurementsp=5) for the nanostructured WC-
12%Co powder particles is 427 kgf/mnm?. However,
the Knoop microhardness at 10 g loddumber of
measurementsp=3) for the nanostructured WC-—
12%Co cold-sprayed coating is 122282 kgf/mnr.

These experimental observations agree very well with
the densification observed in the microstructures of the
powder and coating and with the model described in
Fig. 7, supported by the supersonic velocities of impact
presented by the cold-sprayed particl@s-4].

Typical Vickers microhardness values for WC-Co
coatings HVOF, D-Gun and plasma sprayed are in the
range 1000—1400 kgmn? HV (300 g [20,2]. At 10-

g load the maximum hardness value increases consid-
erably because the indentation impression encloses only
a relatively small region of the coating. The indentation

sizes are on the order of a single or few splats of the
coating. This minimizes the extend of defects, such as,
pores, splat boundaries and microcraking enclosed with-

are seen in Figs. 5 and 6, respectively. It is noticed thatin the indentation[22]. As a consequence, the intrinsic

the coating is very dense, without the presence of

properties of the material are preferentially measured.

porosity. The coating—substrate interface shows no gaps However, the hardness values presented by the coating

or cracks, which are characteristic feature of ‘good’
adhesion between the coating and the substrate.
Observing the optical micrograph, the substrate sur-
face is very irregular, and exhibits valley and reentrant
features. The coating totally fills the reentrant features
and follows exactly this very irregular surface. This is
probably associated with the supersonic velocities of
impact presented by the cold-sprayed parti¢ids
Comparing the SEM pictures of the feedstock particle
and coating taken with the same magnification of
1000x (Figs. 2 and 6, respectivelythe irregular cross-

under a low load of 10 g are in the range of those
presented at 300 g; considering here that Knoop and
Vickers hardnesses have similar characteristics. It may
be stated that the significant increase in hardness from
feedstock to coating is much more an effect of particle
compaction rather than nanostructural characteristics.

3.4. Coating phase composition

The XRD pattern of the nanostructured WC-Co
coating is shown in Fig. 8. Only the presence of a



134 R.S. Lima et al. / Thin Solid Films 416 (2002) 129-135

Table 2

of the sprayed materials, then the residual stress effects
Average grain size

from thermal origin should then be minimized.
In fact, when comparing the results of Table 2, it is

Material Average grain . . .
size (nm) noticed that the average grain size of the feedstock
rticl nd th ing ar i imilar. Thi r-
Nanostructured feedstock WC—Co 109 pat_tces IFIJI S t ? COQ’;h gt]ha? quite Sfth a b S(;)_bse
Nanostructured cold-sprayed coating WC—-Co 103 vation coflaborates wi € Issues o € above discus-

sion about residual stress from thermal origin.
However, compressive stresses resulting from the

crystalline phase of WC and some Co are noticed. None/Mmpact of high velocity particles against the substrate
of the phases formed by the degradation of the WC— surface might be present. As discussed in other section,

Co, normally observed in other thermal spray processestn€® impact produces a densification in the WC-Co
particles. This densification effect might exhibit similar

[8—13 are present in the cold-sprayed coating. The A _ ,
characteristics to those of ‘shot-peening’; i.e. compres-

XRD patterns also agree with the fact that the deposition * - ; )
mechanism is primarily a solid-state process in cold- sive stresses. Nonetheless, if compressive residual stress-

spray[2,3]. es are present, they do not seem to be making a
As no phase transformation is noticed, this observa- Significant effect on average grain size measured by

tion also agrees with the phenomenon described in Fig. XRD technique(Table 2.
7. The significant increase in microhardness from pow-
der to coating( ~2800% can not be explained on basis

of phase transformations. Sintering also can not explain :
the microhardness increase because of the low gas The nanostructured WC—Co cold-sprayed coating has

temperature and dwell time of the partickdgactions of a high density and microhardness when compared to

a secondl in the spray jet. The impact densification th_ose of the nanostructureq feedstock. The coating
seems to be the most plausible phenomenon. microhardness enhancement is much more dependent on

the impact velocity than the nanostructured particle
microhardness itself. The impact of the particles against
the substrate at supersonic velocities, promotes a densi-
fication in each nanostructured particle. There is no
Table 2 shows the average grain size of the feedstocksignificant difference between the average grain size of
and coating. According to Ref13], the accuracy of a  the nanostructured feedstock and coating. It is possible
grain size determination depends mainly on the accuracyto produce pure and well bonded nanostructured WC—
with which the pure diffraction breadti8 can be Co coatings via cold-spray processing.
measured. In Ref.[13] curves of pure diffraction
breadthfsample breadtig/B) versus instrument broad-
ening/sample breadtkb/B) are observed. According to
Ref. [13], as the grain size becomes very lafgad 3
very smal), the ratiob/B inevitably increases into the ~Science Foundation gran#: DMI-9903569, STTR
unfavorable range above 0.50, and the rafigB Phase I: Nanostructured Protective Coatings for Indus-
decreases in spite of the best possible adjustment of therial Applications.
experimental conditions. As a consequence, one must
choose the regions where the high values3ofor g/ References
B) are found. Thus, based on the above statement, the
regions where the ratié/B is below 0.50 should be
chosen by the observer. For the samples and experimen-
tal conditions found in this work, the pead 01 of
the WC (100%) at 20 ~48° presented optimal charac-

4, Conclusions

3.5. Feedstock and coating grain size
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