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The deposition parameters of WC-17 % Co coatings produced using the JP-5000 liquid-fuel HP/HVOF 
system (Eutectic TAFA) were investigated with the initial purpose of parameter improvement and opti- 
mization. The coating microstructures, porosities, phase compositions, and abrasion resistance were 
characterized. Preliminary work using the Taguchi statistical experimental design method aimed at op- 
timizing the spray parameters in terms of the microstructure and phase composition was unsuccessful. 
The variations in the measured properties were too small to be correlated with the spray parameters. 
Subsequent experiments showed this was primarily due to the fact that the properties, particularly the 
abrasion resistance, of the WC-Co coatings were not primarily influenced by variations in the spray pa- 
rameters, but  were more dependent on the powder composition, particle size range, and manufacturing 
route. Hence, the application of Taguchi techniques would have been more effective over a much wider 
parameter space than was originally used. This result is valuable because it suggests that  this process is 
robust and can be used for WC-Co coatings without large investments in spray parameter optimization 
and control once the coating and powder type have been fixed. 
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WC-Co coatings I 
1. Introduction 

For most thermal spray processes, the optimization of the 
spray parameters is not a trivial task. This is due primarily to the 
large number of processing parameters or factors involved. 
Plasma and gas-fuel high velocity oxygen fuel (HVOF) spray 
parameters have been successfully optimized using statistical 
design of experiment (DOE) techniques (Ref 1, 2), particularly 
the Taguchi method (Ref 3-6), but no results have been publish- 
ed for liquid fuel HVOF processes. The original purpose of this 
study was to determine whether the Taguchi method could be 
used for the optimization of  the liquid fuel high perform- 
ance/high velocity oxygen fuel (HP/HVOF) process. The 
Taguchi method is briefly introduced. 

The Taguchi method, first used in the 1940s by Dr. G. 
Taguchi, and based on the DOE methods of  Sir Ronald Fisher, 
makes use of orthogonal arrays to design an experimental matrix 
which enables the use of  statistical methods to evaluate the ef- 
fects of different experimental variables simultaneously. This 
drastically reduces the number of experiments which would oth- 
erwise be required to optimize a process. The method involves 
the following steps. 

1.1 Brainstorming 

Some experience of the process is required for the Taguchi 
method to be successful. Using this experience base, the most 
important process variables, or factors, are identified by a team 
of people. Two or more levels at which each factor will be set for 
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the purpose of the experiment are determined. At this stage the 
process output variables, or responses, which one is trying to op- 
timize (for example coating porosity), are defined. 

1.2 Experiments 

A specialist, familiar with the Taguchi approach, uses the 
chosen factor levels and draws up an experimental matrix dictat- 
ing the combinations of the levels at which the factors should be 
set for each experiment that is to be conducted. The experiments 
are conducted randomly to minimize the effect of  systematic er- 
rors. Each experiment is preferably repeated one or more times. 

1.3 Analysis 

The Taguchi specialist conducts statistical analysis on the re- 
sults, that is an effects analysis and analysis of  variance 
(ANOVA), to determine the relative contributions of the various 
main factors and interactions among them. A prediction is then 
able to be made as to the process settings which will produce an 
optimum result, and this can be tested in subsequent confirma- 
tion runs. 

In the work described here, the Taguchi method was applied 
to the liquid fuel HP/HVOF process for the spraying of WC- 
17%Co coatings. Based on the results obtained, further work 
was performed to verify certain points. 

2. Experimental Techniques 

2.1 Spray Parameter Selection f o r  the Taguchi 
Analysis 

The parameters used for the Taguchi experimental design 
are shown in Tables 1 (a and b), and the powders are detailed 
in Table 2. An L16 orthogonal array was used in the design of 
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the  e x p e r i m e n t s .  S ince  the a im  o f  the  s tudy  w a s  to see  w h e t h e r  
the  Taguchi  a p p r o a c h  cou ld  be po ten t i a l ly  usefu l  for  this p roc -  

ess ,  no  rep l ica t ions  were  done .  T h e  use  o f  an L 16 array wi th  n ine  
fac tors  d o e s  no t  a l low for  R e s o l u t i o n  IV des ign .  In  the  d e s i g n  the  
ma in  fac tors  were  a s s i g n ed  to c o l u m n s  1, 2, 4, 7, 8, 11, 13, 14, 

and  15 o f  the L 16 o r thogona l  array, w i th  var ious  in te rac t ions  as-  
s igned  to the r e m a i n i n g  c o l u m n s .  C o l u m n  7 w a s  o r ig ina l ly  as- 

s igned  to the  var iable  " g u n  bar re l  l eng th . "  H o w e v e r ,  the  8 in. 
barre l  cons i s t en t ly  c l o g g e d  wi th  p o w d e r  du r ing  spray ing .  T h i s  
c o l u m n  w a s  r e a s s i g n e d  to an in te rac t ion ,  and  the  var iab le  " b a r -  

Table l(a) Main experimental factors and their levels used for the Taguchi experinlental design 

Parameter Baseline used Low level (1) High level (2) 
Spray system JP-5000 system, 4 in. spray barrel . . . . . . .  

Miller Rotofeed i 270 powder feeder 
Combustion pressure, kPa (psi) 711 to 773 (103 to 112) . . . . . .  
Oxygen supply pressure, kPa (psi) 1450 (210) . . . . . .  
Cooling water flow rate, L/rain (gph) 0.38 (6) 

0.328 0.365 Kerosene flow rate, Lhnin (fuel) (gph) 0.347 (5.5) (5.8) 
O2/fuel ratio, sc fWgph (resulting scth O2) ... 328 (1705, 1900) 385 (1925, 2235) 
Spray distance, mm 380 370 390 
Spray angle to surface 90 ° 60 ° 90 ° 
Preheat pass None None One 
Powder source N/A Amperit 526.074 TAFA 1343V 
Powder feed, g/rain (approx. feeder wheel speed, rpm) 150 (10) 120 (8) 170 (11.5) 
Powder carrier gas, lJmin 26 23 29 
Traverse speed, step size 375 mm/s, 5 mm . . . . . .  

T a b l e  l ( b )  Experimental matrix used for the Taguchi experimental design 
1 indicates factor set at low level ;  2 indicates factor set at high level 

Run No.:--> 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Factor:,[ 

Kerosene flow 1 2 1 2 1 2 1 2 1 2 l 2 1 2 l 2 

O2/fuel flow ratio, scfh/gph 1 1 1 1 ! 1 1 1 2 2 2 2 2 2 2 2 

Spray distance 1 2 2 1 1 2 2 I 2 1 1 2 2 1 l 2 

Spray angle I 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 

Preheat pass 2 l 1 2 1 2 2 1 1 2 2 1 2 l 1 2 

Powder type 1 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2 

Powder feed 1 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 

Carrier gas 1 1 2 2 1 1 2 2 1 1 2 2 I 1 2 2 

Table 2 Powders used for the Taguchi experimental design 

Agglomerated (Type 1) Agglomerated (Type 2) Sintered crushed (Type 3) 

Nominal composition WC 17%Co WC 17%Co WC 17%Co 
Trade name Amperit 526.074 TAFA 1343V WC-516 
Carbontotal/Carbonf0JC o 5.13 %/0.03 %/16.66 % 5.16%/0.04%/16.74% 4.88 %/nd/17.32% 
Average WC size =1.7 lam ~2.6 lam ~1.0 I~m 

nd indicates not determined. 

Table 3 Coating polishing procedure 

Paper or cloth Medium Lubricant Procedure 
SiC No. 220 paper ... Water 
Struers DP-Plan (nylon) 9 I.tm diamond Blue 
Struers DP-Dur (silk) 3 pin diamond Blue 
Struers OP-Chem OP-U ... 

Rotation mode, --> is same direction. ~ is counter direction. 

10 min, 300 rpm, ---> rotation mode, 120 N force (6 specimens) 
5 min, 150 rpm, --> rotation mode, 150 N force (6 specimens) 
5 min, 150 rpm, ---> rotation mode, 150 N force (6 specimens) 
2 rain, 150 rpm, ~-~ rotation mode, 100 N force (6 specimens) 
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rel length" was abandoned. Nevertheless for all of these col- 
umns except column 14 (which was assigned to the factor 
"spray angle"), no confounding of the main factors with two- 
way interactions of other factors will occur; although there 
may be confounding interactions of  two-way interactions. 
The effect was expected to be small and therefore to allow the 
influence of  the main factors to be determined without too 
much interference from interactions. 

The experimental runs of  a given design were performed 
in random order to reduce the influence of potential system- 
atic errors. Due to cost and time constraints, no replications 
of any given trial were done, except for those discussed in 
section 4, but a conservative estimate of the error variance 
could be obtained by pooling the sum of squares of  the factors 
that were found to have a small (<2%) contribution or small 
F-ratio from the ANOVA. Pooling was done until the degrees 
of freedom of the error term were approximately half that of  
the total number of  degrees of  freedom. The Qualitek 4 com- 
mercial software package for Taguchi design of  experiments 
(Nutek Inc., Birmingham, MI) was used to facilitate analysis 
of the results. 

2.2 Powder and Coating Evaluation 

The powder morphology was examined using the scanning 
electron microscope (SEM). The average WC size in the powder 
particles was estimated using a graphical method, taking into ac- 
count about one hundred WC particles in a mounted and pol- 
ished powder cross section (Ref 7). The particle size 
distributions were compared using the laser-light scattering 
method (Malvern"Mastersizer" system). 

X-ray diffraction (XRD) from 20 to 100 ° 20 using Cuc~radia- 
tion, a step size of  0.02 °, and a fixed time of  2 s per step was con- 
ducted on the powders as well as the coatings. The amount of 
amorphous content in each coating was evaluated qualitatively 
by ranking the coatings in terms of  the size of  the amorphous 
"hump" seen on the XRD spectrum. 

The coatings produced were sectioned using a Struers Uni- 
tom cutting machine with a low cutting feed rate, mounted in 
hot-setting clear resin, ground, and polished on a semiautomatic 
polishing machine (Struers Rotopol/Pedemat; Struers) using the 
procedure shown in Table 3. The porosity and coating thickness 
were both determined using a KONTRON IBAS image analyzer 
system(KONTRON). The microstructures were evaluated using 
optical microscopy; that is, the distribution of the WC, the de- 
gree of visible retention in the cobalt matrix of the carbide 
phases, and the apparent porosity were noted. A low porosity, 
the presence of well-distributed retained WC particles, and the 
absence of cobalt" pools" were treated as the most important at- 
tributes, and the microstructures were ranked on a scale from 1 
(good) to 5 (bad) for the purposes of  analysis. 

The deposition efficiencies (DE) of the parameters were 
compared by measuring the thickness of  the material deposited 
per pass and converting this figure using the following formula 
to compensate for the use of  two different powder feed rates: 

DE = passes per minute x/am per pass + g per minute x 1 O0 

(Eql) 

Ignoring the first term, which is the same for all of the coat- 
ings produced in this study, and assuming the same density for 
all the coatings, a number is obtained that is merely an indication 
of  the thickness deposited per gram of powder fed. 

After the Taguchi analysis was completed, subsequent 
samples were produced (see sections 4 and 5) and evaluated 
microstructurally and in three-body abrasion wear tests. The 
dry sand rubber wheel (DSRW) three-body abrasion tests were 
conducted using the apparatus described in ASTM specification 
G 65-94. 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 method used corresponds to 
ASTM G 65-94, except that a lower load (50 N) was applied to 
the specimen/wheel interface, and angular Delmas silica of size 
5 to 350 t~m, instead of rounded Ottawa silica of  size 210 to 300 
ktm, was used. Samples were weighed at 5 min intervals and the 
total testing time was 25 min. The wheel rpm was 200 and the di- 
ameter 227.5 mm. As is usual for this test, the wear rates were in- 
itially high and became reasonably stable after 5 to 10 min. Each 
result given is the average of tests on two samples. 

3. Experimental Results and Discussion 
of Taguchi Analysis 

3.1 Powders 

All three powders (Table 2) are nominally 16 to 45 ~tm in size 
and are sold for HVOF spraying. Powders 1 and 2 are produced 
by agglomerating fine WC and Co particles to form a spheroid- 
ally shaped powder, followed by size classification and sinter- 
ing/plasma densification. Powder 3 is produced by sintering fine 
WC and Co particles to form a porous block of material, fol- 
lowed by crushing and size classification. The powder particle 
size distributions are shown in Fig. 1. When comparing the size 
distributions in Fig. 1 to the nominal size, it should be remem- 
bered that the results of laser light scattering methods cannot be 
compared to the results of sieve analysis, for example, since the 
measurement principles are very different. Laser light scattering 
is well suited to the accurate comparison of  similar powder lots, 
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Fig. 1 Malvern particle size analysis results for the powders used 
(cumulative distribution) 
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but tends to overestimate the percentage of  coarser particles in a 
powder (Ref 8). In this case, the results show that the agglomer- 
ated powders are very similar in size, with powder 1 only 
slightly finer. The crushed powder is finer than both of the ag- 
glomerated powders. The WC size range in the powders when 
examined in cross section was approximately 1 to 10 ~tm for all 
of the powders, but the average WC size varied as shown in Ta- 
ble 2. The agglomerated powders contained large pores and 
tended to be partially hollow, while the blocky-shaped crushed 
powder contained much less porosity. The two agglomerated 
powders can be considered to be almost identical except for av- 
erage WC size. 

3.2 Coating and Powder Phase Composition 
Results of the XRD analysis of the coatings and powders are 

summarized in Table 4. The coatings all contained WC as the 

major phase, with trace amounts of W2C and W. No ternary W- 
C-Co phases were detected. The W2C:WC peak height ratio var- 
ied between 1.4% and 3.5%, which is not a significant variation. 
This can be compared with a range of  1 to 16% observed in coat- 
ings produced by Ar/H2-plasma spraying. The W:WC peak ratio 
varied between only 1.8% and 3.8% (1.3% and 5% for APS). 
The degree of  measurable WC decomposition is therefore lower 
for HVOF than for ArH2-APS coatings, as has been shown by 
previous studies in this field (Ref 9-15). The amorphous content 
of the HVOF coatings is, however, significantly large, even 
when compared to APS coatings. The amorphous matrix usually 
contains W-Co-C phases, such as Co3W3C, Co6W6C, 
Co3W9C4, Co2W4C, and Co2W4C 4. These phases are not detect- 
able by XRD due to their nanocrystalline state (Ref 6, 16-21). 
Evidence of partial recrystallization of the amorphous binder 
phase by means of nucleation of CoxWyCz crystallites at the 
WC/Co interface has been documented (Ref 16, 17). The amor- 

(a) 140 lttm (b) 28 lttm 

(c) 70 lam (d) 20 lttm 
Fig. 2 Microstructures for HVOF test runs: (a) and (b) Run 10 (L) (one of the best), (c) and (d) Run 7 (F) (one of the worst) 
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phous  Co-W-C binder  alloy has  also been  observed  to recrystal-  
lize dur ing heat  t rea tment  o f  the coating at about  900 K or be 
t ransformed into crystal l ine COxWyCz phases  detectable  by 
X R D  dur ing vacuum or  air heat  t rea tment  above  approximately  
1100 K (Ref  15, 18-19). Therefore,  due to the presence o f  the 
amorphous  matrix,  it can not  be  conc luded  f rom this work that  
there is very little W C  decompos i t ion  in the H V O F  coatings.  

Whe the r  the format ion of  n o n - W C  carbide phases  is benefi-  
cial  or  det r imental  for wear  res is tance  depends  on  the detai ls  of  
the t r ibosystem under  considerat ion,  and  possibly on the de-  

Table  4 X - r a y  di f fract ion resu l t s  s u m m a r y  for  H V O F  
sprayed  coat ings  

Cobalt Amorphous content 
Test No. W~C W hcp ranking(a) 

Powder 1 . . . . . .  4.2 0 
Powder 2 ... 4.3 0 
I(A) i18 2.9 ... 6 
2(I-1) 3.5 2.8 ... 8 

t 8  2 8  . . .  2 

4(N) 3.3 2.4 ... 6 
5(0) 2.3 2.9 ... 5 
6 (K) 2.2 2.7 ,.. 4 
7 (F) 3 2.2 ... 7 
8(C) 1.8 2.8 ... 6 
9(0) t . 7  2.2 . . .  3 
10(L) 1.8 1.8 .., 2 
i I (G) 1.9 2.2 ... 6 
12 (B) 1.7 2,6 ... 3 
13 (D) 1.4 2.4 ... 4 
14 (E) 3.4 3.8 ... 7 
15 (I)  1.7 2.6 ... 3 
16 (M) 2 1.9 ... 1 

Numbers indicate the ratio of each phase peak height to the d = 2.518 A WC 
peak height, limes 100. This does not  represent a percentage. The d-values of 
the peaks used are as follows: for W2C, d = 2.28; for Co3W3C, d = 2.13; for 
Co3W9C 4, d = 2.17; for W, d = 2.24; for Co(? x, d = 2.08; for hcp Co, d = 2.03. 
WC was always the major phase. Phases not listed in this table were not de- 
tected. (a) Where 0 is none, and 8 is highest amorphous content observed. 

Table  5 S u m m a r i z e d  resul t s  o f  H V O F  test  r u n s  us ing  L 1 6  
m a t r i x  

Porosity, gm DE 
Test No. % XRD(a) Microstructure(b) per pass factor 

1 (A) 1.84 6 4 50 42 
2 (H) <0.02 8 1 43 36 
3 (J) <0.01 2 t 41 34 
4(N) 0.1 6 5 31 26 
5 (P) 0.16 5 3 46 27 
6 (K) <0.01 4 2 36 21 
7 (F) 0.10 7 5 59 35 
8(C) 0.18 6 5 51 30 
9 (O) 0.07 3 t 28.5 24 
10 (L) <0.05 2 1 36 30 
i I (G) <0.01 6 5 31 26 
12 (B) 0.89 3 4 (tendency to clog barrel) 33 28 
13 (D) 0.39 4 4 65 38 
14 (E) 022 7 5 (barrel clogged at end) 75 44 
15 (I) <0.02 3 1 52 31 
16(M) <0.05 1 i (barrel clogged at end) 52 31 

(a) See Table 4 for XRD details. (b) Microstructures are ranked I to 5.1 to 4 are 
acceptable. 

ta i led coat ing composi t ion  and  microstructure,  s ince  there are 
confl ic t ing reports  in the l i terature (Ref  21). Genera l ly  however ,  
it is considered detr imental  (Ref  12, 14, 22-27) a l though it ap- 
pears that in some cases the integri ty of  the micros t ructure  can 
affect the wear  rates more  than the degree  o f  loss o f  W C  (Ref  
17). Some H V O F  coat ings  have  been  observed  to per form bet ter  
than s intered hard metals  of  comparab le  composi t ion  in mi ld  hy- 
droabras ive  wear  as well  as three-body abras ion (dry sand rub- 
ber  wheel)  tests, and  this  has  been tentat ively ascr ibed to the 
presence of  the nanocrys ta l l ine  matrix,  which  is s t ronger  than 
pure cobal t  (Ref  9, 28). Other  workers  have  found  coat ings  to 
wear  at a h igher  rate than their  s intered counterpar t s  (Ref  29). 

3.3 Results of Taguchi Analysis 

Exper imenta l  results  for  the coat ings  are summar ized  in Ta- 
ble 5. Typical microst ructures  are s h o w n  in Fig. 2, and typical 
X R D  curves  are shown in Fig. 3. 

The  microstructures  of  mos t  o f  the coat ings  were good with a 
low porosi ty  and similar  propor t ions  of  visible carbide part icles  
in  the cross sections.  A n  opt imized  set o f  spray parameters  
would preferably maximize  the deposi t ion rate, whi le  ob ta in ing  
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Fig, 3 XRD spectra for (a) the highest amorphous content (run 2) and 
(b) the lowest amorphous content (run 16). The unlabeled peaks repre- 
sent WC. 
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a good WC distribution and low porosity in the microstructure, 
and minimizing the degree of amorphous phase formation as 
evidenced by the amorphous "hump" in the XRD spectrum. 
Statistical analysis of the results shown in Table 5 was aimed at 
identifying the optimum parameters that would achieve this. 
Upon analyzing the effect of the various spray parameter fac- 
tors, such as spray distance and powder feed rate, on the indi- 
vidual coating properties shown in Table 5, it was found that 
various interactions among the factors appeared to have more 
influence than any single factor. Furthermore, there was a 
large degree of  error. The corresponding predicted optimum 
spray parameters were nevertheless determined and are 
shown in Table 6. 

The large influence of  interactions and error on all of  the 
variables investigated was a matter of concern. This type of 
effect can be real, or it can be caused by one or more of  the 
following. 

3.3.1 The Process Itself Might Not be Repeatable 

Significantly different results might be obtained even at the 
same process settings. If the set level of any factor can not be 
held constant from run to run, then the effect of its (arbitrary) 
variation would appear in the analysis. This variation arises 
from the effect of the change in levels of  other factors on this fac- 
tor; that is, it would appear that the interactions between this fac- 
tor and others are important, even if they are not. In the 
first-generation system used here, the kerosene and oxygen flow 
settings and other variables (for example, kerosene quality) are 
not as precisely controllable as those in plasma or gas-fuel 
HVOF systems. For example, the kerosene flowmeter used was 
marked in graduations of approximately 5 mm (which corre- 
sponded to 0.5 gph) with a floating ball approximately 5 mm in 
diameter. The oxygen flowmeter was marked in graduations of 
50 scfh. But the required settings for the experiments (and even 
for some of the recommended spray parameters from the system 
manufacturer) were of  finer resolution than these meter read- 
ings. This could cause a lack of reproducibility, bearing in mind 
that the spraying was performed by robot and all external vari- 
ables, such as grit blasting, surface roughness, substrate type, 
were very closely controlled. Repeat runs of  three of the ex- 
periments were conducted as described in section 4 and showed 
that the microstructural and XRD measurements were not repro- 
ducible. 

Table 6 Predicted optimum spray parameters 

Best Lowest Highest 
mierostrueture amorphous content DE 

Parameter (set E in Table 7) (set F in Table 7) (set G in Table 7) 
Kerosene, gph 5.2 5.8 5.2 
O2/fuel ratio, 385 385 385 

scflVgph 
Spray distance, mm 390 390 370 
Spray angle 90 ° 90 ° 90 ° 
Preheat No Yes No 
Powder Type 1 Type l Type 1 
Powder feed, g/min 120 120 170 
Powder carrier gas, 23 29 23 

IJmin 

3.3.2 The Chosen Parameter Space Might be too Small 

This lack of space would lead to the variations observed in 
the coating properties being (a) possibly due more to process 
variability than to the chosen parameters and (b) possibly too 
small to be of significance. To test this, the follow-up work de- 
scribed in section 5 used as wide a range of spray parameters as 
possible, and the results confirm this hypothesis. 

3.3.3 The Observed Variations in Coating Characteristics 
Might Not be Large Enough to be Significant 

For example, from a practical viewpoint (e.g. wear rate) the 
fact that the porosity varies between 0.01 and 1.84% was treated 
as significant in the Taguchi study, but may in fact be insignifi- 
cant. Hence, it was decided to conduct wear tests, and not only 
microstructural studies, in the follow-up work described in sec- 
tions 4 and 5. 

3.3.4 The Error in the Measurement of  Some of the 
Properties, Particularly Porosity, can be too 
Large Relative to the Actual Magnitude of the 
Property 

This was checked by repeating the porosity measure- 
ments, as described in section 4. The effect of  metallographic 
preparation was also investigated. Results show that al- 
though the measured percentage porosity varies between 
0.01 and 0.89, each measurement is only accurate to within 
0.4. The XRD and DE results are, however, believed to be ac- 
curate and were not repeated. 

4. Results of Initial Confirmation Runs 
and Replications 

4.1 Samples Sprayed 
Based on the above observations, runs 1, 6, and 10 in Table 5 

were repeated to check on reproducibility. Simultaneously the 
predicted optimum runs shown in Table 6 were also sprayed. Ta- 
ble 7 summarizes the parameters used for these coatings, with 
parameter sets A, B, and C being the repeats, and set D being the 
original starting or baseline parameter. In addition to using the 
agglomerated powder, these confirmation runs were conducted 
using a sintered and crushed powder to obtain an indication of 
the effect of using a different powder. 

The samples obtained were evaluated in the same manner as 
the previous samples but were also subjected to the abrasion test 
described in section 2.1. 

4.2 Accuracy of Porosity Measurements 
The porosity was measured as an average of ten measure- 

ments for each sample. To determine the reproducibility of the 
porosity measurements, each series of  measurements was first 
repeated without repolishing the samples. The results indicated 
an accuracy of only approximately 0.4; that is, a measurement of 
1.3% porosity should be read as 1.3 + 0.4. 

Subsequent to this, to identify possible effects of metal- 
lographic preparation, the porosity was first measured. Samples 
were ground back an additional 1.5 mm, and then the porosity 
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was remeasured,  after  which  they were ground down  an addi- 
t ional 1.5 m m  and remeasured.  It was  found that  the porosi ty is 
init ially h igh and then stabil izes at a more  or  less constant  value. 
It  is necessa ry  to g r ind  samples  d o w n  by at leas t  2 to 3 m m  in 
order  to ensure  tha t  any  d a m a g e  i n d u c e d  by sec t ion ing  is re- 
m o v e d  and  the  true mic ros t ruc tu r e  is revea led .  Based  on  this  
result ,  the poros i t i e s  o f  runs  1, 6, and  10 o f  the in i t ia l  exper i -  
men ta l  coa t ings  (Table 5) were  aga in  m e a s u r e d  af ter  re- 
po l i sh ing ,  bu t  the resul t s  (all  of  t h e m  were  0 .2%) still showed  
no  cor re la t ion  wi th  those  s h o w n  in Table  8. In Tables  8 and  9, 
the  dec rease  in po ros i t y /pu l lou t  af ter  r epo l i sh ing  is c lear ly  
demons t r a t ed .  

sons  ment ioned  in sect ion 3.3.1 to 3.3.4. As  shown  in Fig. 4, 
there is a correla t ion be tween  the microstructure  rank ing  as 
qual i tat ively evaluated in cross  sect ion and the amorphous  con-  
tent  ranking based on the X R D  spectrum. As  the amorphous  
conten t  (the W C  decompos i t ion)  in the coat ing increases,  the 
microstructure  tends to get worse.  The  same tendency  is ob- 
served for the sintered and crushed powder  coat ings,  but  their  
microstructures  tend to be worse.  Fur thermore ,  their  X R D  re- 
sults are bet ter  than for the other  coatings.  

4 .4  Abrasion Rate 

4 .3  Other Coating Properties 

Most  of  the results for the repeat  runs (Tables 8-11) differ  
f rom the original  runs. This  could be due to any or all of  the rea- 

The  average steady-state wear  rate is about  40% higher  for 
coat ings  produced f rom the agglomera ted  powders  than for 
those produced f rom the s intered and crushed powders ,  while 
total wear  mass  loss is approximate ly  17% higher.  Hence,  pow- 
der  type and/or  size could be a major  cont r ibut ing  factor  to the 

Table 7 Spray parameters used in confirmation runs and subsequent experiments 

Set Kerosene flow rate, 02 flow rate, Spray distance, Spray Preheat Powder feed, Carrier gas flow, 
No. gph scfla mm angle pass g/rain Lflnin 
A (1) 5.2 1705 370 60 ° One 120 23 
B (6) 5.8 1900 390 60 ° One 170 23 
C (10) 5.8 2230 370 90 ° One 120 23 
D 5.5 1960 380 90 ° None 150 26 
E 5.2 2000 390 90 ° None 120 23 
F 5.8 2230 390 90 ° One t20 29 
G 5.2 2000 370 90 ° None 170 23 

Table 8 Summarized results of  repeat and conf'wmation runs (Tables 6 and 7) using the agglomerated and sintered powder 
Porosity results obtained before repolishing are shown in parentheses. Other results from previous runs sprayed using the 
same parameters are shown in square brackets. 

Test Porosity, ttm DE, Wear mass loss, Wear rate, 
No. % XRD(a) Microstructure(b) per pass % mg mg in 5 min 
A 1: Repeat 1 (A) 0.80 (2.40) 2 [7l 4 [4l 35 29 [42] nd nd 
B 1: Repeat 6 (K) 0.90 (1.30) 4 [4] 3 [2] 32 19121 ] nd nd 
CI: Repeat 10(L) 0.35 (0.39) 4 [2] 3 [1] 27 23 [30] nd nd 
D 1: Starting parameter 0.12 (0.54) 3 3 42 28 105 18 
E 1: Best microstructure 0.52 ( 1.15 ) 2 2 36 30 125 24 
FI: Best XRD 1.08 (0.95) 2 3 21 17 85 16 
Gl:Best DE 0.71 (1.58) 3 4 40 24 110 16 
Average runs DI-G1 0.64 ( 1.0) 2.5 3 35 25 106 18.5 

nd indicates not determined. (a) See Table 6 for XRD details. (b) Microstructures are ranked 1 to 5.1 to 4 are acceptable. 

Table 9 Summary of  the results obtained with the sintered and crushed powder, using the parameters listed in Tables 6 and 7 
Porosity results obtained before repolishing are shown in parentheses. 

Test Porosity, pm DE, Wear mass loss, Wear rate, 
No. % XRD(a) Microstructure(b) per pass % mg mg in 5 rain 
A2 1.98 (1.03) 2 5 52 43 nd ... 
B2 0.59 (!.62) 2 4-5 79 46 nd ... 
C2 0.13 (1.94) 1 4 55 46 nd ... 
D2 1.70 (2.87) 1 4-5 72 48 86 10 
E2 0.26 (2.49) 1 4-5 62 52 87 13 
F2 1.58 (2.58) 1 4-5 52 47 87 13 
G2 0.21 (2.31) 1 4-5 71 42 100 16 
Average of D2-G2 0.9 (2.6) 1 4.5 64 47 90 13 

nd indicates not determined. (a) See Table 11. (b) Microstructures are ranked from 1 to 5. I to 4 are acceptable. 

Journal of  Thermal Spray Technology Volume 7(1 ) March 1998----103 



properties of  these coatings. The differences in the DE, micro- 
structure, and X R D  curves of  the coatings (within each powder  
type set) do not appear to correlate with the wear resistance. This 
is an important result in that it supports the hypothesis  in section 
3.3.3. 

Further work as described in section 5, was performed to de- 
termine whether  these variations in wear rate could be influ- 
enced by using a larger range of  spray parameters or whether  

they are due mainly to the powder  type and size. 

manufacturer for low-melt ing point metals  to those recom- 
mended for high-melt ing point alloys. The parameters were cho- 
sen to obtain as wide as possible a range of  oxygen to kerosene 
flow ratios, without moving  out o f  the parameter space typically 
recommended  by the manufacturer  o f  the equipment.  Four pow-  
ders were used. Tables 12 and 13 summarize the parameters  
used for these coatings, as well as the results obtained. The four 
parameters are listed in order of  increasing oxygen to kerosene 

flow ratios. 

5. Results of Further Work 

5.1 Samples Sprayed 
A series of  coatings was  produced using four sets o f  spray pa- 

rameters, varying f rom those usually recommended  by the gun 

5.2 Abrasion Tests 

The samples were evaluated only in an abrasion test as de- 
scribed in section 2.1, since the primary aim was to see whether  

the powder  type and the spray parameters have a large effect  on 
the abrasion resistance. Each coating was deposited on two sam- 

Table 10 XRD results: repeat and confirmation runs using 
powder 1 

Amorphous 
Test CoCx or content 
No. W2C W WCI_ x ranking(a) 

Repeat I 2.1 2.9 .., 2 (7) 
Repeat 6 2.2 2.0 ... 4 (4) 
Repeat 10 2.2 2.2 . . .  4 (2) 
Starting parameter <2 <2 <2 2 

4.5  4 ... 3 

Best microstructure <2 <2 2 
s .9  s.J 218 2 

Best XRD ~ 1.0 2.8 ... 5 
Best DE =1.2 1.3 2.4 3 

2.9 2.3 =5 2 

The same method as described for Table 4 was used. WC was always the major 
phase. Previous results for the same parameters are shown in parentheses. Re- 
sults from the wear test samples that were sprayed with the same parameters are 
shown below the others in italics where applicable. (a) Where 0 is none and 8 is 
the highest amorphous content observed. 

Table 11 XRD results using the sintered and crushed 
powder 

Amorphous 
Test CoCx or content 
No. WzC W WCl_ x ranking(a) 

I 1.6 <l 2 
6 7.4 <1.5 315 2 
10 1.7 . . . . . .  l 
Starting parameter 1.8 . . . . . .  1 

5 ... 5 I 
Best microstructure <l ... 1 

6 3  ... 1 
Best XRD 1.4 . . . . . .  1 

5 .., 3 .7  1 

BesIDE <1 . . . . . .  I 
8.3 ... <4 ! 

The same method as described for Table 4 was used. WC was always the major 
phase. Results from wear test samples sprayed with the same parameters are 
shown below the others in italics, where applicable. (a) Where 0 is none and 8 
is the highest amorphous content observed. 

Table 12 Wear test results from further work: WC-17%Co coatings 

Run Spray distance, Kerosene flow, O2 flow, Total mass loss, Steady-state wear rate, 
No. Powder mm gph scfh mg mgJ5 rain 

Agl7/1 Agglomerated 360 7.0 1700 80.0 14.4 
17%Co TAFA 1343V 

Ag 17/2 Agglomerated 380 6.2 2050 78.7 14.0 
17%Co TAFA 1343V 

Agl 7/3 Agglomerated 380 5.8 1950 101.3 16.7 
17%Co TAFA 1343V 

Ag17/4 Agglomerated 360 5.0 1950 96.2 17.3 
17%CoTAFA 1343V 

Average for this g r o u p :  . . . . . . . . . . . .  89.1 15.6 

SC 17/1 S intered crushed 360 7.0 1700 78.5 12.9 
17%Co WC-516 

SC17/2 Sintered crushed 380 6.2 2050 72.8 12.4 
17%Co WC-516 

SC17/3 Sintered crushed 380 5.8 1950 72.6 12.3 
17%Co WC-516 

SC17/4 Sintered crushed 360 5.0 1950 76.4 12.8 
17%Co WC-516 

Average for this g r o u p :  . . . . . . . . . . . .  75.1 12.8 
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pies, and both were tested. The difference between the mass 
losses measured for the two samples in each case was <6% of 
their average mass loss, except for samples Ag12/2, Ag12/3, 
SC 12/1, and Ag 17/3, where the difference was between 8 and 
13%. Hence, in the following discussions, any difference in 
mass loss of above 15% has been taken as significant when 
evaluating the results, while a difference of less than approxi- 
mately 8% is seen as insignificant. 

5.3 Abrasion Rate of 12%Co Coatings 

With the exception of sample Ag 1 2/1, the average mass loss 
for the WC 12%Co coatings was essentially identical for both 
powder types and for all parameters used. The steady-state wear 
rate, it appears that less oxidizing gas mixtures (lower oxygen to 
kerosene flow ratios) offer a slight wear rate advantage, but 
spray distance may also play a role. It appears that the spray pa- 
rameters have a larger effect on the wear rate of the coatings pro- 
duced using the agglomerated powder. 

5.4 Abrasion Rate of 17%Co Coatings 

The average mass loss for the agglomerated powders is sig- 
nificantly higher than that of the sintered and crushed powders, 
as is the variation from parameter to parameter. This confirms 
the previous results (section 4, a different batch of sand was used 
for the tests done in sections 4 and 5, which is why the results are 
not numerically identical). It appears that spray parameters have 
more of an effect on the coatings produced using agglomerated 
powder than on those produced from sintered and crushed pow- 
der. Therefore, for the two powders evaluated, the sintered pow- 
der provides both a lower wear rate and a more consistent 
property. This is probably due to morphology as well as size 
range differences. The effect of powder type and size is more- 
over more important than the effect of the spray parameter vari- 
ations, which supports hypotheses in sections 3.3.3 and 3.3.4. 

6. Conclusions 

A Taguchi experimental design analysis was carded out to 
ascertain its suitability as a spray parameter optimization 
method for the spraying of WC 17%Co with a liquid fuel 
HP/HVOF system. The method could not be successfully ap- 
plied to the liquid fuel HVOF process, and there was a large error 
term in the results of the statistical analyses. Several possible 
reasons for this were identified and tested by means of sub- 
sequent work. The following conclusions can be drawn from 
this work. 

The microstructure, porosity, and phase composition of WC- 
17%Co HP/HVOF coatings produced using the JP-5000 system 
vary only slightly when the spray parameters are varied in the 
range shown in Table 1. These small variations cannot be corre- 
lated with the spray parameters used nor with the three-body 
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Correlation between the x-ray diffraction (XRD) and the mi- 
crostructure results for coatings from agglomerated powders (ll) and 
sintered powders ('1% The two points (~) are also from the agglomer- 
ated powders but were disregarded when plotting the trend line. 

Table  13 W e a r  test  results  f rom fur ther  w o r k :  W C - 1 2  % Co coat ings  

Run Spray distance, Kerosene flow, O2 flow, Total mass loss, Steady-state wear rate, 
No. Powder mm gph scfh mg rag/5 rain 

Ag 12/1 Agglomerated 360 7.0 1700 41.4 6.3 
12%COWC-616 

Ag 12/2 Agglomerated 380 6.2 2050 49.9 7.1 
12%Co WC-616 

Ag12/3 Agglomerated 380 5.8 1950 52.1 7.2 
12%Co WC-616 

Ag12/4 Agglomerated 360 5.0 1950 51.8 7.6 
12%Co WC-616 

Average for this group:  . . . . . . . . . . . .  48.8 7.1 

SC 12/1 S intered crushed 360 7.0 1700 49.1 6.5 
i 2%Co WC-489-1 

SC12/2 Sintered crushed 380 6.2 2050 48.5 6.7 
12%Co WC-489-1 

SC12/3 Sintered crushed 380 5.8 1950 48.0 7.0 
12%Co WC-489-1 

SC12/4 Sintered crushed 360 5.0 1950 49.6 7.7 
12%Co WC-489-1 

Average for this group:  . . . . . . . . . . . .  48.8 7.0 

Journal of Thermal Spray Technology Volume 7(l) March 1998---105 



abrasion resistance of the coatings. These variations are prob- 
ably insignificant. 

The JP-5000 HP/HVOF process is very robust for spraying 
WC-Co coatings, because when the spray parameters are 
changed within a large parameter space while keeping the pow- 
der type constant, the three-body abrasion resistance of coatings 
does not vary by more than approximately 20% in the worst case 
observed, and usually by not more than approximately 8%. The 
powder type and size appear to have a more significant influence 
on wear  rate than the spray parameters  themselves.  Thus,  the in- 
itial approach used for  the Taguchi  method,  which  as sumed  that  
small  parameter  var iat ions would  have  a s ignif icant  effect, did 
not  work. It  also implies that  costly at tempts  at parameter  opti- 
mizat ion are not necessary for  this  spray sys tem w h e n  spraying 
W C - C o  coatings.  

The  average  abrasion rate of  the two W C - 1 2 % C o  coating 
types tested is approximately  two-thirds  tha t  of  the best  WC-  
17%Co coating type tested. 

In the case of  the 17%Co coatings,  the  sintered and crushed 
powder  del ivered a more  consis tent  and a lower  wear  rate than 
the agglomerated  and densif ied powder  type, bu t  this effect was 
possibly related more to the powder  size than to its manufactur-  
ing route. 

A correlat ion was found be tween  the microstructure and the 
amorphous  content  for  the 17%Co coat ings  produced.  As  the 
amorphous  phase  content  in the coat ings increased, the quali ty 
of  the microstructure tended to deteriorate.  The  microstructures  
f rom the sintered and  crushed powders  were general ly  inferior, 
but their  X R D  and wear  results  were bet ter  than those of  the 
other  coatings.  
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