Characterisation of WC-12Co thermal spray
powders and HPHVOF wear resistant coatings
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Fourteen commonly used, commercially available,
WC 12Co thermal spray powders were characterised
i terms of their particle size distribution, surface
morphology, cross-sectional morphology, and phase
composition. Based on the results, four powders were
selected for the deposition of thermal spray coatings
using the JP 5000 high pressure high velocity oxyfuel
(HPHVOF) system. Dry sand rubber wheel abrasion
tests were performed on the coatings in order to deter-
mine the effect of powder manufacturing method on
the wear rates. The coating produced using the cast
and crushed powder did not deposit well and wore
through very rapidly. The abrasion tests on the
remaining coatings showed that the other two powder
manufacturing routes are essentially equivalent in
terms of the resultant coating wear resistance.
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INTRODUCTION

Carbide based coatings are some of the most widely utilised
thermal spray coating types. They are used mainly to
protect components against sliding, abrasion, fretting, and
2rosive wear at temperatures below 550°C.

The high pressure high velocity oxyfuel (HPHVOF)
thermal spray process lends itself particularly well to the
spraying of densc and well bonded WC based coatings
owing to the low temperatures (about 3000°C), relative to
the plasma spray process, and the high particle velocities
{about 500 m s~!) which are obtained,! hence minimising
the loss of WC during the spraying process. Loss of WC is
a well known phenomenon in thermal spraying and occurs
primarily by a combination of decarburisation and dissolu-
tion in the binder metal during spraying, during which the
WC-Co transforms to phases such as W,C, Co,W;C
(n phascs), CosWC (e phase), WC, _,, WQ,. and W -8
The original cobalt binder phasc of the powder 1s also
often replaced in the coating by an amorphous or
nanocrystalline binder phase. The amorphous matrix
usually contains W Co-C phases such as Co, W,C,
CogWsC, Coya W, C,. Co, W, C, and Co, W, C,. These phases
are not detectable by X-ray diffraction (XRD) owing to
their nanocrystalline state,®® but evidence of partial
recrystallisation of the amorphous binder phase by means
of nucleation of Co,W,C, crystallites at the WC/Co
interface has been documented.>* The amorphous Co-W—(
binder alloy has also been observed to recrystallise into
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Co, W, C, phases detcctable by XRD, during vacuum or
air heat treatment at 9001100 K.57

The formation of non-WC carbide phases is gencrally
considered detrimental to the wear performance® !
although it appears that in some cases the integrity of the
microstructure and the intersplat cohesion can affect the
wear rate more than the degree of loss of WC.*

The WC-Co thermal spray coating properties are
affected by a large number of deposition variables, of which
one of the most important is usually the powder type, and
hence it was expected that this would also be the case for
the HPHVOQOF process. Fourteen HVOF grade WC-Co
spray powders were evaluated in the first part of this work.
Based on the results, four powders were selected for
producing coatings for wear testing,

EXPERIMENTAL PROCEDURE

Powder selection

Fifteen powders were originally selected from commercially
available WC-12Co thermal spray powders. The selection
was partly based on the authors’ industrial job shop
cxperience with the JP 5000 HPHVOF system. One powder
was not avatlable for testing, as indicated in Table 1. Note
that the nominal sizes given in all of the tables in the
present papcr are not necessarily those under which the
powder is marketed, but have been defined by the authors
using uniform criteria, so that meaningful comparisons
between powders are possible.

Particle size distribution

Although an abbreviated particle size distribution analysis
is usually supplied along with the powders, a meaningful
comparison can only be made il the size distribution
analysis has been carried out using the same method for
all of the powders. The Malvern Mastersizer laser light
scattering method was used to compare the powders. The
principle of this method is that a small (~5g) powder
sample is dispersed in water and circulated through a
measuring ccll where it is intercepted by a beam of laser
light. The powder particles scatter the light in a way that
is dependent on the particle size and the instrument can be
calibrated accordingly. From the intensity of the various
diffraction rings, the particle size distribution can then be
determined. Although the absolute value of the results is
often not reliable, since the method tends to be affected by
particle shape and will often overestimate the percentage
of coarse particles in a powder (cf. Table 3), it is extremely
accurate for the detection of differences between powder
samples, particularly when the powders have a similar
particle shape.

Particle morphology

The surface and cross-sectional morphology of the powders
was cvaluated using scanning electron microscopy (SEM).
Wherever possible, thc average size of the WC grains
within the powder particles was estimated in cross-section,
using a semiquantitative graphical line drawing method as
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described by Exner et al'® This could not be done for
scme of the powders owing to the poor separation bet-
w:en the WC grains in the cross-sectional image. Where
appropriate, the backscattered electron mode was used in
SEM in order to highlight the WC grains. When using
backscattered electrons in the SEM, the WC appears
brighter than the cobalt matrix, owing to the higher atomic
weight of W. The method used does not distinguish between
WC and other carbides, such as W,C. For all of the
powders, except some of the cast and crushed ones, almost
all of the carbide grains visible in the powders were WC,
as will be seen from the phase composition.

Essentially, the method consists of drawing a grid of
straight gauge lines of different lengths I; across an enlarged
micrograph of a powder particle, and determining the
number of WC grains N intersected by the total length of
the lines X1y =Ly, as well as the total portion of this
leagth X lywe = Lye which falls within the WC grains. [If
one includes enough grains in the measurcment, the mean
hinear WC grain size Ly, is equal to Ly/N, Le. the total
leagth of the line portion which finds itself in the carbide
phase, divided by the number of grains making up that
leagth of line, equals the average carbide size.

Since the average WC size varies dramatically between
the different powder types, it was decided to keep N more
ot less constant (typically between 90 and 110), in order to
try and kecp the error more or less constant for cach
powder type. The accuracy of the final results was influenced
mainly by the following factors:

(1) the choice of powder particles for the measurement
was not random, since many particles were unsuit-
able for the conducting of measurements. Therefore,
the danger exists that the powder particles choscn
were not entircly representative

(i1) in the sintered and crushed and in the agglomerated
and densified powders, it was usually very difficult
to distinguish the boundaries between carbide grains
which were in close contact with each other. It was
however necessary to attempt to do so. based on

Tuble 1  'WC-12Co powders selected for study (trade names
are used for easier identification)

Original Manufacturing Nominal

Trade name ot no. method size, um

D amalloy 2003 Jo004 Cast and crushed 5-30

W(C-432 1 Cast and crushed 16--45

Al 1101 PP 351 %6 Cast and crushed 16-45

D amalloy 2004 9600 465B Sintered and 16-38
crushed

WC--489-1 32 Sintered and 16-45
crushed

Al 1172 PP-220-96 Sintered and 1645
crushed

1342V 770 004 Sintered and 16-45
crushed

wC-114 71 Sintered and 11 45
crushed

72F NS 9600 00SB Sintered and 11-45
crushed

Amperit 516.3 16144 Sintered and 11-45
crushed

AMDRY 1927 Not available Agglomerated and 2 16-45
densified

WC 616 1 Agglomerated and 2245
densified

1341P 750 029 Agglomerated and 16-53
densified

Araperit 518.074 11151 Agglomerated and 16-53
densified

JK 7112 (JK 112} 265809 Agglomerated and 1645
densified

the assumption that during thermal spraying thesc
carbides will be separated and behave as separate
grains .
(1ii) the magnification used as well as the spacing
between lines and the total average length of the
lines, incvitably varies depending on the pOWdCl'
being examined, owing to geometrical and micro-
structural constraints
(iv) in cross-section, it is not usual to see the true
“diameter’ or dimension of a grain.
The results are, to a large cxtent, dependent on the best
judgement of the measurer and therefore, there may be
some degree of systematic error involved. Also, they are
not accurate in the absolute sense, although they may be
in a comparative sense (see (iii) above). The results should
thercfore be seen only as a comparative cstimate of the
average carbide grain size.

Phase composition

Crystallographic phases present in powder

X-ray diffraction (XRDD) was used to determine the phases
present in the powders. Copper K, radiation was used apd
the samples were run from 20 to 100° (26), with a step siz¢
of 0-02° (26) and a fixed time of 2 s per step.

Carbide phase volume fraction .
Initial attempts to estimate the volume fraction of carbide
phase Vy(WC), using the same graphical method as
described above,'® were only partially successful. The
volume fraction can be expressed as

LycN
LV

Vi (WC) =

This estimation is subject to the same errors elaborated
above and the method can not be used accurately for
powders where there is significant porosity in the particles.

Subsequently, attempts were made to determine the
volume fraction of carbide or binder phases using com-
puterised image analysis. These were, however, unsuccessful
owing to the porosity within the powder particles, W_thh
made it impossible to separate the binder and the carbides,
except by tedious manual methods. )

Finally, theoretical binder and carbide volume fractions
were calculated from the chemical analysis results as
supplied by the manufacturer. Under the assumption t‘hal
the non-WC carbides are insignificant in the calculation,
and ignoring all elements present in quantities smaller than
1%, the WC volume fraction was estimated as

(W-%[W + Cl/pwc)
(WE-%C0/peg) + (W-%Cr/pcr)
+(Wt-%[ W + Cl/pwe) + 2 (Wt-%[M;1/pw;)

where p represents the density, and M; represents other
metals, such as Fe. The following values were used for

Table 2 Spray parameters used to deposit coatings

Barrel type Short (4 in) barrel

Combustion pressure 711-773 kPa
Oxygen supply pressure 1450 kPa

Cooling water flowrate 038 L min™!
Kerosene (fuel) flowrate 0-35 L min~"

0, flow 47 x 10" *m? min ™!
Spray distance and angle 380 mm, 90°

Miller Rotofeed 1270

Powder feeder R
88 g min " !, 55 rev min

Powder feedrate and approx. wheel
speed

Powder carrier gas 26 L min ™"
Gun traverse speed 375mms™*
Pass step size S mm

Powder Metallurgy 1998 Vol. 41 No. 4
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Table 3 Particle size analysis results for all three powder types

% passing Nominal 5% smaller 10% smaller 50% smaller 90% smaller
Powder 45 pm sieve size than, um than, um than, pm than, ym
Cast and crushed
Diamatloy 2003 100 5-30 55 74 162 305
WC-432 99 16-43 150 173 311 553
AL 1101 99 16-45 138 179 327 531
Sintered and crushed
Diamalloy 2004 88 16-38 12-5 16:1 27-4 447
WC—489-1 98 16-45 16:5 197 338 554
Al1172 99 16-45 116 16-5 335 570
1342V 95 1645 16:6 202 342 572
WC 114 99 It -45 -4 14-6 289 502
T2F NS 96 11-45 12 144 31-3 54-8
Ampent 5163 99 11--45 112 157 313 514
Agglomerated and densified
WC- 616 98 22--45 205 236 356 535
1341P 92 16-53 152 188 358 60-7
Amperit 518.074 98 16-53 182 213 360 61-5
JK 7112 (JK 112) 95 16--45 155 19-4 352 559

the densities: pe, =89 gem %, po,=72gem ™3 pye =

157gem ™, ppe =79 gem ™3,

The calculation 1s based on the assumption that all of
the carbon is prescnt in the form of WC, which is not
strictly correct but is essentially unavoidable unless the free
carbon content is known. The effect of other carbides
should be negligible since their densities are not radically
different from that of WC (py,c~ 171 gcm™2), and they
are present in smail quantities, as will be seen below.

Since the carbide fraction is not considered of primary
importance, bearing in mind that all of the powders are of
similar composition, no further attempts were made o
mcasure the carbide fraction.

Coating deposition

Four  powders, namely Praxair WC-432, Praxair
WC-489-1, Metco 72F NS, and Praxair WC-616 were
selected on the basis of the results of the powder evaluation.
lUsing thesc powders, coatings were produced using the
spray parameters listed in Table 2.

Microstructural characterisation and
microhardness testing

The coatings produced were sectioned using a Struers
Unitom cutting machine with a low cutting fecdrate,
mounted in cold setting resin, and ground and polished
using a semiautomatic polishing machine (Struers
Rotopol/Pedemat). The coating microstructures were evalu-
ated in cross-section using optical microscopy. Low porosity
and carbide pullout after preparation (the latter indicating
insufficient bonding of the carbides in the matrix), the
prescnce of well distributed retained carbide particles, and
the absence of large binder ‘pools’ were regarded as the
most important attributes when comparing the coatings.
Microhardness testing was done using a Leitz tester with 1
load of 0-3 kg. The average of 10 indentations was taken.
Care was taken not to situatc the indentations near the
coating edge, near pores, or near cach other. to within
cight indentation diameter lengths.

Abrasion resistance

The coatings produced were tested in dry sand rubber
wheel three body abrasion tests. In this test, a flat specimen
is pressed against a rotating rubber wheel while sand is fed
into the interface between the specimen and the wheel. The
apparatus and method used correspond to ASTM G65-94,
cxoept that a lower load (50N) was applied to the
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specimen/wheel interface, and rounded Delmas silica of
size 5-350 um instead of angular Ottawa silica of size
210-300 pm was utilised. Specimens were weighed at 5 min
intervals and the total testing time was 25 min. The wheel
speed was 200 rev min~! and the diameter 227-5 mm. As is
usual for this test, the wear rates were initially high and
became reasonably stable after 5-10 min. Each result is an
average of two specimens tested.

EXPERIMENTAL RESULTS

Particle size distribution

The Malvern particle size analysis results are shown in
Table 3 along with selected sieve analysis results supplied
by the powder manufacturers. Based on the authors’
experience with the HPHVOF system to date, thosc

Table 4 Average size and volume percentage of visible
carbides in powders: nd = not determined

Visible carbide

Size range content,
estimated vol-%
Average from e —
size, micrographs, Chemical Graphical
Powder pm pum analysis  analysis
Cast and crushed
Diamalloy 2003
(fine) 2-16 1-5 nd nd
WC-432 309 2 822 772
Al 110! 3-34 2-1 81-8 555
Sintered and crushed
Diamalloy 2004 nd nd 801 nd
WC-489-1 1-42 0-4 80-4 81-4
Al 1172 1-64 1-6 80-8 743
1342V nd nd 798 nd
WC-114 1-03 0-4 80-1 804
72F NS nd 0-4 806 nd
Amperit 5163 1-:00 0-8 80-3 662
(very
porous)
Agglomerated and densified
WC-616 1-36 0-5 80-6 739
1341P 1-55 0-6 807 873
Amperit
518.074 171 0-6 809 816
JK 7112
(JK 112) 135 0-5 807 not
possible
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Cross-sectional morphology
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a Diamalloy 2003; b Diamalloy 2003; ¢ WC-432; d WC-432 (note large WC size); e Al 1101; f AT 1101
1 Surface morphologies and cross-sections of cast and crushed powders

powders wilh the lowest percentage of particles below
16 pm were 10 be considered first for spraying trials. These
arc the Praxair WC-432 and Al 1101 (cast and crushed
group) and Praxair WC-489-1 or TAFA 1342V (sintered
and crushed group). In the agglomerated and densified
group. all four powders tested were acceptable from a size
range point of view.

Particle morphology
The powder surface and cross-sectional morphologies
are shown in Figs. 1-3, and the results of the WC size
measurements are shown in Table 4. The following obser-
vations may be made.

The average WC size in the cast and crushed powders
varies between 216 and 334 um. Praxair WC-432 and
Al 1101 have the largest WC size and this is clearly seen
in the cross-sections {Fig. ld and f). The particle surface
morphology of these two powders is cleaner and
more regular. Hence, based on both size (cf. above) and
morphology, either WC-432 or Al 1101 would be a good
choice {or coating trials, and the former was chosen based
on availability.

The average WC size in the sintered and crushed powders
varies between 1:00 and 1-64 pm. The morphologies of ali
the powders are similar. Bascd on carbide grain size, either
72F NS or AI 1172 would be selected, since it is believed
that a coarser WC size may lead to less WC decomposition
during the coating process. This is the opposite choice to
that which would be made based only on particle size {cf.
above). Hence, both 72F NS and WC-489-1 were sclected
from this group for coating trials, in order to see if there
was any obvious effect on abrasion resistance or micro-
structure resulting from the differences in the starting
powders.

The average WC size in the agglomerated and densified
powders varics between 1-35 and 1-71 pm. The TAFA 1341P
and Amperit 518.074 powders bad a ‘looser particle
structure than the other two powders, and the former
contained particles with a wide range of shapes and
densities. The JK 7112 powder had a pronounced mixture
of densified and non-densified particles (in agglomerated
and plasma densified powders, some non-densified particles
would be expected, because not all of the particles can
pass through the centre of the induction plasma during
densification). Based on these observations, WC-616 and

Powder Metallurgy 1998 Vol.41 No.4
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Surface morphology

Cross-sectional morphology

Jaky 447

a WC-489-1 (powders 1342V, WC-114, and 72F NS all bad similar morphologies); b WC-489-1 (powders 1342V, WC-114, and
72F NS all had similar morphologies); ¢ A1 1172; d A1 1172; ¢ 72F NS; f 72F NS; g Amperit 516.3; h Amperit 516.3

2 Surface morphologies and cross-sections of sintered and crushed powders

Amperit 518.074 have a morc consistent morphology and
would be favoured for spray trials, but since the latter is
not readily available in South Africa, WC-616 was chosen.

Phase composition

Crystallographic phases present in powder
The phase compositions of the powders are summarised in
"Table 5. The numbers which are given indicate the ratio of

Powder Metallurgy 1998 Vol.41 No.4

the major phase peak height of each phase to the d = 2-518
WC peak height, multiplied by 100. This does not represent
a volume or mass percentage. The positions of the major
peaks are as follows: d =0-228 nm (W,C), d =0213 nm
(Co,W,C), d=0217nm (Co,W,C,), d=0224nm (W),
d = 0208 nm (CoC,), d = 0-2205 nm (Co) (hcp).

The cast and crushed powders have a greater tendency
to contain W,C and ternary W—Co-C phases, as would
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Cross-sectional morphology

@ WC-616; b WC-616; ¢ Amperit 518.074 (surface morphology of 1341V was similar); d Amperit 518.074; e JK 7112; £ JK 7112, dense

particles; g JK 7112, porous particles

3 Surface morphologies and cross-sections of agglomerated and densified powders

be cxpected from  their generally lower total carbon
content. These phases will be carried over into the coat-
ing and are generally regarded as detrimental to wear
resistance.'*! The AL 1101 powder is an exception in this
group, since it contains no W,C. The remaining powders
are all similar in phase composition and mostly contain
only WC and Co, with the exception of 1341P and
JK 7H12.

Carbide phase volume fraction

The carbide volume fraction, as determined by the two
methods described above, is given in Table 4. The calculated
carbide volume percentage is similar for all of the powders
and lics between 79-8 and 82:2%. The graphically measured
percentages vary widely and are affected by many factors,
as already mentioned above. This method, therefore, can
not be used with confidence.

Powder Metallurgy 1998 Vol.41 No.4
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Table 5 Percentage phase compositions of powders
evaluated in present study

Powder wC  W,C Others Co (fce)
Caust and crushed
Diamalloy 2003 100 846  CoyW,C=75
W('-432 100 11-8 Co,W,C =240

Coy W,C, = 37
AL 1101 100 Co,W,C =43
Sintered and crushed
Diamalloy 2004 100 1-4
WC- 489-1 100 22
AT 1172 100 <20
1342V 100 <25
wC-114 100 1-9
T2F NS 100 19
Amperit $16.3 100 CoyW,C = trace
Agglomerated and densified
WC-616 100 35
1341P 100 19 CoC, =39
Amperit 518.074 100 26
JK 7112 100 < b7 CoC, <24

Spray trials and wear tests

The microstructures of the coatings which were produced
are described in Table 6 and an example is shown in Iig. 4.
Except for the cast and crushed powder, all of the powders
produced reasonable coatings, although the degree of WC
pullout during polishing was high and the parameters
could thus be further optimised. Further work is planned
Lo confirm these results using different spraying parameters.

The cast and crushed powder deposited very badly, a
finding which is confirmed by Berget et al2® and Li et al,**
who ascribed the lower deposition efficiencies of powders
with larger carbide grains to the possible rebounding of
the large carbides off the substrate during spraying. 2%
The abrasion rate of the cast and crushed coating was
extremely high, and hence not measurable. The abrasion
mass losses of the other three coatings were all identical,
at 441-449 g lost alter 25 min of testing. When converted
to volume losscs, using 131 gcm 2 as the coating density.
the coating wear rates were 7% that of an EN3 steel
reference sample.

The abrasion rate of the coatings therefore was not
affected by whether the powder was sintered and crushed
or agglomerated and densified and was also not affec-
ted within the sintered and crushed group by whether the
carbides were coarse or fine, nor by small differences in the
powder particle distribution.

DISCUSSION
The cast and crushed powder coating performed very badly

in abrasion tests. It is also the coating for which the

Table 6 Summarised results of microstructural examination

Characterisation of WC—-12Co thermal spray powders and HPHVOF wear resistant coatings

4 Micrograph of coating produced with WC—-489-1 powder

starting powder contained high proportions of W,C and
Co, W, C. A high proportion of W,C in the starting powder
generally leads to a higher degree of non-WC phases®! and
hence lower wear resistance.

The other two powder manufacturing routes did not
differ significantly from one another as regards the abra-
sion resistance of the coatings. This result differs from
that of Khan et al,'* who conducted abrasion tests,
similar to those described here, on WC-17Co coatings.
They found that HVOF coatings produced using agglom-
erated powder contained more amorphous phases and
had lower wear resistance than coatings produced using
sintered and crushed powders. They ascribed this to the
greater degree of chemical reaction of the WC with oxygen
and with the binder, during spraying of the agglom-
erated powder, since the open porosity of that powder
was much higher.

The most likely explanation for these seemingly con-
flicting results is that in the present study, a much
denser agglomerated and sintered powder was used,
and the open porosity did not differ appreciably from
that observed in the sintered and crushed powder (cf.
Figs. 2b and 3b). Hence, in the present study, both pow-
ders can be expected to react in the flame to a similar deg-
rec, hercfore resulting in similar wear resistance of the
coatings.

Furthermore, in the present study a flame with an excess
of oxygen relative to the fuel was used, which means that
the flame was cooler than the reducing flame used by Khan
et al.'® The lower flame temperaturc could also explain the
relatively high degree of WC pullout observed during
sample polishing, owing to lack of complete melting of the
binder phase.

Thickness,

Powder pum Microhardness Remarks

Cast and crushed

WC-432 110 Not determined  Bad coating: high porosity/pullout {estimated at 10%) and large pores, WC size
2-12 um, poor carbide retention (lots of binder phase visible)

Sintered

WC 489 ] 270 1357 HVO3 About 3-4% porosity/pullout, WC size -4 um and good carbide retention, but
small lameliar cobalt ‘islands’ visible (see Fig. 4)

Sintered 72F NS 300 1204 HVO-3 About 3-4% porosity/pullout, WC size 1-4 um and good carbide retention, but
cobalt “islands’ of widely varying size visible; overall structure slightly worse than
that shown in Fig. 4

Aggiomerated

WC-616 300 1367 HVO3 High porosity/pullout (about 5%), WC size 1-4 um, good carbide retention, a few
small cobalt ‘islands’ visible

Powder Metallurgy 1998 Vol 41 No.4
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CONCLUSIONS

Three WC-12Co powder types have been used to produce
HPHVOF coatings. The cast and crushed powder deposited
badly and produced a coating with very weak abrasion
resistance. The other two powder manufacturing roules
produced coatings with very similar abrasion resistances.

These results are in agreement with those of other
workers.!”?' who have shown that the degree of
decomnosition and reaction of the WC during spraying
influences the wear resistance of WC—Co coatings and
that the initial phasc composition of a powder as well as
its surface/volume ratio both play a role in the degrec of
WC decomposition.
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