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A Comparison of Techniques for the
Metallographic Preparation of
Thermal Sprayed Samples

M.F. Smith, D.T. McGuffin, J.A. Henfling, and W.J. Lenling

Metallographic preparation of thermal spray coated samples is often difficult because hard and soft ma-
terials, which normally require different polishing techniques, are commonly present in a single spray-
coated sample. In addition, the microstructures of many spray-deposited materials make them prone to
pull-out damage during cutting, grinding, and polishing operations. This study compares alternative
metallographic techniques to prepare three common types of thermal sprayed coatings: (1) a plasma
sprayed alumina-titania wear coating, (2) a plasma sprayed zirconia thermal barrier coating, and (3) a
high-velocity oxy-fuel (HVOF) sprayed tungsten-carbide/cobalt (WC/Co) hard coating. Each coating
was deposited onto a steel substrate and was prepared with metallographic protocols based on silicon
carbide (SiC) papers, bonded diamond platens, and diamond slurries. Polishing with SiC papers gener-
ally produced edge rounding and significant pull-out, which increased the apparent porosity of the coat-
ings. Polishing with bonded diamond platens produced less edge rounding, but some pull-out was
still observed. Preparation by diamond slurry lapping consistently produced the best overall results. Po-
rosity artifacts produced by polishing with SiC papers and bonded diamond platens also resulted in spu-
riously low hardness values for the WC/Co samples; however, hardness results for the two ceramic coat-

ings were not affected by the polishing method.

1. Introduction

METALLOGRAPHIC examination is a key analytical tool for
research, developmental, and production thermal sprayed mate-
rials. Qualitative and quantitative metallographic techniques are
widely used to investigate various phenomena such as possible
cracking in the coating, the amount and distribution of phases
(e.g., oxides), the degree of melting of individual particles, the
porosity content, and the integrity of coating/substrate or splat
boundary interfaces.[!"*] To achieve an accurate analysis, the
true microstructure of the coating must be preserved during met-
allographic sample preparation. Unfortunately, a typical coated
sample often contains two or more materials with drastically dif-
ferent properties that would normally require very different
grinding/polishing protocols. As aresult, developing proper cut-
ting and polishing techniques for specific thermal spray coatings
can pose challenging problems. For example, pull-out is a com-
mon problem that can substantially increase the apparent poros-
ity in polished coating samples, especially with brittle coating
materials such as ceramics and tungsten-carbide/cobalt
(WC/Co) cermets. Conversely, for coatings that contain soft,
ductile phases, smearing of these ductile materials can produce
artificially low apparent porosity values. In some cases, other
measured properties, such as microhardness, can also be influ-
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enced by the procedures used to prepare a metallographic sam-
ple.

In the present work, various procedures have been grouped
according to the dominant type of grinding/polishing media.
Three common types of grinding/polishing media are silicon
carbide (SiC) papers, bonded diamond platens, and diamond
suspension slurries. The results for three different thermal spray
coatings were compared, each prepared with three different met-
allographic protocols based on the major types of media de-
scribed above. The coating materials were selected because they
are difficult to polish and because they are of interest for poten-
tial project applications unrelated to this metallographic study.
The coatings for this study include two ceramics—alumina-ti-
tania and partially stabilized zirconia (PSZ). Each ceramic was
plasma sprayed onto a mild steel substrate with a nickel-base
bond coat. Samples of WC/Co deposited onto mild steel sub-
strates were also prepared using a HVOF spray system.

For each material, apparent microstructures resulting from
the three different grinding/polishing methods were compared
on the basis of photomicrographs, quantitative image analysis of
porosity (% area), and microhardness measurements. Consis-
tent trends in the amounts of artifact produced by each grinding
medium were observed, although the polishing procedure for
each type of media and each coating material was optimized.
Grinding with SiC papers always resulted in edge rounding and
substantial pull-out, with a higher apparent porosity. It is note-
worthy that edge-retaining plates or other special measures were
not used to mitigate edge rounding. The diamond platens pro-
duced much less rounding and reduced pull-out. The best results
were consistently achieved with the diamond slurries, which
provided good overall performance and, in some cases, brought
out fine details in the microstructure that were not easily ob-
served in samples prepared with the other polishing media.
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2. Experimental Procedure

The following procedures were used to produce, prepare, and
analyze the samples in this study. Although some consistent
trends were observed in the results of this limited investigation,
the results reported here may not be valid for conditions other
than those described in this section.

2.1 Coating Deposition

The chemical compositions and size ranges of the spray pow-
ders for this study are shown in Table 1. The nickel-base bond
coating and the two ceramic coatings were plasma sprayed onto
mild steel substrates prepared by acetone/alcohol degreasing
and grit blasting with coarse (~36 mesh) aluminum oxide. These
coatings were sprayed with a Miller Thermal Technologies
model SG-100 gun equipped with a 40 kW, subsonic electrode
set. Argon was used as the primary arc gas and powder carrier
gas, and the auxiliary gas was helium. The gun-to-substrate dis-
tance was approximately 9 cm in all cases. The powder feed
rates and power levels used to spray the various materials were
as follows: 3.1 kg/h bond coat at 27 kW; 2.0 kg/h alumina-titania
at 30 kW; and 2.2 kg/h PSZ at 33 kW.

Miller Thermal Technologies provided the HVOF sprayed
WC/Co samples for this study. These samples were sprayed with
a Miller Top Gun™ HVOF system operated at 307 L/min (650
SCFH) oxygen and 64 L/min (135 SCFH) propylene, with 17
L/min (35 SCFH) of argon as the powder carrier gas. The
WC/Co powder was fed at a rate of 1.5 kg/h with a gun-to-sub-
strate distance of 19 cm.

2.2 Metallographic Preparation*

For each material, samples for the three different metal-
lographic procedures were cut from a single piece of spray-
coated steel. This was done to avoid possible sample-to-sample
variations in coating microstructure. All samples were sectioned
with an Isomet™ low-speed diamond saw. Although sample
cutting techniques were not specifically investigated in this
study, the authors’ past experience has shown that a conven-
tional high-speed abrasive cut-off saw can cause extensive dam-
age to coated samples. This damaged material often is not
entirely removed by subsequent grinding operations. Although
it requires more time to cut a sample with a low-speed diamond
saw, this procedure causes much less damage and therefore re-
duces the likelihood that artifacts caused by the cutting opera-
tion will be carried forward into the final polished surface.

The procedure used for sample mounting is also critically im-
portant for some materials. The pressure applied to the sample in
a normal mold press can sometimes crack or otherwise damage
the coating, significantly altering the apparent microstructure of
the sample. This is especially true if there are any small burrs
along the edge of the sample that prevent it from resting per-
fectly flat in the mounting press. Also, porous brittle materials,

*Except as specifically noted in the following descriptions, all of the met-
allographic equipment and consumables used in this study were purchased
from Buehler Ltd. of Lake Bluff, Illinois. Hence, the tradenames used to
describe various equipment or materials refer to Buehler products unless
otherwise noted.
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such as a typical PSZ thermal barrier coating, are easily dam-
aged in a conventional mounting press. The best results were
found by mounting with Shell EPON 828 epoxy and Diethano-
lamine (DEA) mixed in a ratio of 100 parts by weight (pbw) ep-
oxy to 12 pbw DEA. This liquid mixture has excellent flow
properties, and it will infiltrate porous coatings with surface-
connected porosity. It also has sufficient hardness to provide
good edge retention in most cases. The samples cut for this study
were mounted in 2.5 cm (1 in.) mold rings that had been coated
with Miller-Stephens spray-on fluorocarbon mold release agent
to prevent adhesion of the epoxy to the mold ring. Prior to mix-
ing and pouring, the samples, mold rings, and epoxy were all
preheated to 85 °C to maximize the flow characteristics during
the pour. The epoxy/DEA was mixed and then immediately
evacuated in a bell jar at 130 to 400 Pa (1 to 3 torr) for I minto
remove trapped air before pouring. After pouring in an ambient
air environment, the mounts were again evacuated for 1 min in
the bell jar to remove trapped air and then vented back to atmos-
pheric pressure. This procedure has the added advantage that at-
mospheric pressure forces the epoxy into evacuated,
surface-connected pores in the samples as the molds are vented
back to the ambient atmosphere. The molds were then cured in
an air furnace at 85 °C for 8 h.

All samples were prepared on an Ecomet™ IV grinder/
polisher equipped with a Euromet™ I power head. The diamond
slurries were automatically applied with a Metlap™ I program-
mable dispenser system. Semiautomatic equipment such as this
provides good sample-to-sample uniformity and day-to-day re-
producibility. The specific protocols for each coating material
were empirically optimized on the basis of several trials, and the
procedures that produced the best results are summarized in Ta-
ble 2. The parameters in Table 2 are largely a product of accumu-
lated experience, and it is difficult to provide a detailed
explanation for each of the parameters listed. However, a few
general comments may provide guidance for optimizing pa-
rameters on other materials or equipment.[>6 In the initial
stages of grinding, the objective is to remove any damage from
the cutting operation and to get the sample flat. Hence, relatively
coarse abrasives, high platen steels, and counter rotation (i.c.,
the sample holder rotates in the opposite direction relative to the
rotational direction of the grinding platen) are used to rapidly re-
move material from the sample. As the process proceeds, the ob-
jective is to remove the scratches and damage from the previous
grinding or polishing step, while minimizing new damage to the
surface so that there is a gradual progression to finer abrasives
with slower rotation speeds and a transition from counter rota-
tion to concurrent rotation of the sample holder and polishing
wheel. The specific number of steps, speeds, etc., varies greatly
from one material to the next and must be determined by experi-
mentation, drawing on personal experience or recommended
procedures for similar materials.

Table1 Spray powder compositions and particle sizes

Powder type Composition, wt % Particle size, um
Metal bond coat .....................  88Ni-6Al-6Mo -106, +44
Alumina-titania.... 97A1203-3TiO2 -44,+15
PSZ (fused)......cccconevvrcvccnnne 92Zr02-8Y203 ~75,+44
Tungsten carbide/cobalt .......... 83WC-17Co -44, +15
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Two items in Table 2 that merit a brief explanation are the use
of a SiC paper in the bonded platen procedure and the final pol-
ishing step for the WC/Co samples. The SiC paper was used in-
stead of a fine diamond plate because the authors’ experience
has shown that samples such as those studied here rapidly de-
stroy the surface of a 15-um diamond platen. Such platens work
well on a monolithic hard material, such as a piece of ceramic,
but the presence of a softer material, in this case the mild steel
substrate, results in severe damage to the platen surface. The
mechanism responsible for this damage was not studied, but it
quite probably is due to hard particles that become embedded in
the soft sample material. Therefore, to avoid destroying an ex-
pensive platen, the SiC paper was used for this step. With regard

to the final lapping step for the WC/Co samples, the hardness of -

the Metlap™ 2 platen had no bearing on the lapping action. This
particular platen was chosen primarily because it had never been
used, and it was therefore exceptionally flat from edge to edge.
Almost any platen could be used for this step, provided that it is
flat, because flatness is critical for the fine lapping operation.
The Texmet™ perforated cloth used for this step is a chemotex-
tile material that is useful for hard materials, such as cemented
carbides, ceramics, and petrographic samples. In the authors’
experience, a perforated cloth results in less pull-out in this type
of fine lapping operation.

Final polishing of all samples was performed on a Vi-
bromet™ vibratory polisher. The primary purpose of vibratory
polishing is to remove fine scratches (see Fig. 1) from the pre-
vious polishing step. Vibratory polishing may also help to miti-
gate the effects of smearing in some instances, because it is
nondirectional and tends to remove thin smeared layers. During

Table2 Summary of metallographic procedures

————

vibratory polishing, each sample was weighted with 400 g, and
the polisher was adjusted so that the samples made approxi-
mately six revolutions per minute (rev/min) around the polish-
ing basin. The ceramic samples were vibratory polished with
nylon cloth and a colloidal silica solution for 2 to 4 h. However,
attempts to use a similar procedure for the WC/Co samples re-
sulted in severe chemical attack of the cobalt phase, even for
relatively short polishing times. For the WC/Co samples, much
better results were achieved with a Texmet™ napless cloth using
a Masterpolish™ solution for only 15 to 30 min.

Fig. 1 Photomicrograph of WC/Co sample showing fine scratches
before vibratory polishing. Compare with the final vibratory polished
surface in Fig. 3.

Size, Time, Speed, Relative Dispensing
Media Abrasive Hm min pm rotation sequence
Grinding/polishing schedule for silicon carbide paper (used for all samples)
Carbimet™ paper .........coccveerereneenn SiC 60 1.5(a) 400 Counter rotation Steady H2O
SiC 44 1.5(a) 400 Counter rotation Steady H20
SiC 38 1.5(a) 200 Counter rotation Steady H20
SiC 20 1.5() 200 Counter rotation Steady H20
Texmet™cloth .......coo.eereerecnnenne Diamond 6 2 150 Counter rotation None
Nyloncloth ... Diamond 1 1 150 Concurrent rotation None
Grinding/polishing schedule for bonded diamond platens (used for all samples)
Bonded platen..........ccouvveemeerennene Diamond 45 Until plane 175 Counter rotation Steady H20
Diamond 30 4 175 Counter rotation Steady H2O
Carbimet™ paper ........ccoceeecrrevnnnne SiC 20 1.5 150 Counter rotation Steady H20
Texmet™ cloth .. Diamond 6 2 150 Counter rotation None
Nyloncloth .....ccoceeceeivcireierennce Diamond 1 1 150 Concurrent rotation None
Grinding/polishing schedule for diamond suspension lapping (used for the ceramic samples)
Bonded platen .........c..eoeeeeicceiennnes Diamond 45 Until plane 250 Counter rotation Steady H20
Metlap™ 8 platen . Diamond 30 6 200 Counter rotation 1son, 10s off
Metlap™4 platen .........conveeeenennene Diamond 6 10 120 Concurrent rotation 1son,20s off
Grinding/polishing schedule for diamond suspension lapping (used for WC/Co samples)
Bondedplaten ...........cooccoveeceereenncns Diamond 45 Until plane 250 Counter rotation Steady H20
Metlap™ 8 platen ........occovevcvcecnene Diamond 30 6 75 Concurrent rotation 1son, 10s off
Metlap™ 2 platen + perforated
Texmet™ cloth..........ccocee v Diamond 6 2 50 Concurrent rotation 1 son, 10s off

Note: For all grinding/polishing operations, the applied force was 2.3 kg per sample. (a) Each SiC paper was used only 1.5 min. Some steps required more than one

paper.
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Fig. 2 Comparison of alumina-titania and yttria-stabilized zirconia coatings prepared with three different grinding/polishing media. All micrographs

are at the same magnification.

2.3 Photographs and Image Analysis

Photomicrographs of each sample were prepared on a Leco
model 300 metallograph. Quantitative image analysis of the pol-
ished sections for porosity (% area) was performed with a Uni-
tron Versamet I metallographic microscope coupled to a
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Dapple image analysis system running on an Apple MaclIntosh
X computer. The resolution for the image analysis was 1.6 pix-
els/um? based on system calibration with a known standard. The
average porosity and standard deviation of the measurements
for each sample were computed on the basis of measurements
for 20 fields of view randomly distributed across the sample.
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Fig.3 Comparison of WC/Co coatings prepared with three different grinding/polishing media.

2.4 Microhardness Measurements

Microhardness measurements on all of the coatings were
made with a Micromet™ digital microhardness tester. Measure-
ments were made with a Knoop indentor using a 200-g load ap-
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plied for 10 s. Eight measurements were made in random loca-
tions on each sample. The purpose of these measurements wasto
investigate possible variations in apparent microhardness due to
differences in the metallographic sample preparation proce-
dures and the consequent variations in artifacts.
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Fig. 4 The type of grinding/polishing media profoundly influences
the apparent porosity determined by quantitative image analysis. The
error bars represent one standard deviation for 20 measurements.

3. Results and Discussion

For a given sample material, significant differences in the ap-
parent porosity and microhardness of polished samples were ob-
served for different polishing procedures, and some consistent
trends are evident in the results for the three materials investi-
gated. The photographic and image analysis results will be pre-
sented first, followed by a discussion of the microhardness
results.

3.1 Photographic and Image Analysis Results

3.1.1 Samples Prepared with SiC Papers

Visual examination of the photomicrographs (Fig. 2 and 3)
shows that samples prepared with SiC papers have significantly
higher apparent porosity than comparable samples prepared
with either of the diamond procedures. The porosity measure-
ments in Fig. 4 confirm that the SiC polished samples are indeed
substantially more porous. Because silicon carbide does not
have the extreme hardness of diamond, it does not cut as cleanly
as diamond when grinding or polishing hard materials, such as
the ceramic and WC/Co coatings of this study. As shown in Fig.
5, the sharp cutting edges of the SiC particles are rapidly dam-
aged, with noticeable degradation after only 1.5 min of polish-
ing. The reason for the increased pullout with the SiC paper is
not clear, but the inferior cutting action of the SiC may contrib-
ute to this problem. Some edge rounding was also clearly evi-
dent in microscopic examination of samples prepared with SiC
papers. This can probably be attributed to the fact that the paper
backing of the SiC abrasive sheets is not perfectly rigid, and a
slight flexure of the abrasive surface can occur during grind-
ing/polishing operations. The results indicate that SiC paper is
not a desirable method for metallographic preparation under the
conditions of this study.
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Fig. 5 Comparison of new and used SiC papers showing wear of the
SiC particles after 1.5 min of polishing.

3.1.2 Samples Prepared with Bonded Diamond Platens

As shown in Fig. 2 to 4, the degree of porosity produced by
preparation is consistently much lower in the bonded diamond
platen samples than in comparable SiC samples, but itis still sig-
nificantly higher than the porosity in the diamond slurry sam-
ples. Also, the edge rounding observed with the SiC preparation
procedure was not observed with the diamond platens. This is
not unexpected, because the abrasive surface of the platens is
more rigid and cannot flex like the carbide papers. Although the
diamond platens represent an improvement over the SiC papers,
the fact that the apparent porosity was still higher than that of the
diamond-lapped samples indicates that some pull-out still oc-
curred with the diamond platens. Pull-out of individual WC par-
ticles is supported by microscopic examination at higher
magnification. At higher magnification, individual carbide par-
ticles within a cemented carbide region bear some resemblance
to highly angular pieces of a tiny “mosaic,” and there are clear
examples where one or multiple pieces of the mosaic have ap-
parently been removed, leaving characteristic angular cavities
or pores in the cemented carbide material.

Based on accumulated laboratory experience, the authors
also noted that wear rates for bonded diamond platens can be
quite high when polishing extremely hard materials. Wear of

Journal of Thermal Spray Technology
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Fig.6 Comparison of Knoop microhardness results for WC/Co sam-
ples. The hardness results for the samples prepared by diamond lapping
are significantly higher than the measured results for samples prepared
with SiC papers or bonded diamond platens.

these platens appears in the form of scratches, gouges, and/or
discoloration (i.e., bluing from local heating), and there are sig-
nificant increases in polishing time as a platen becomes worn.
The useful lifetime of such platens can be as little as 30 samples
in extreme cases. Because these platens cost about $400 to $500
each (1992 U.S. dollars) and because several platens are needed
for a typical grinding/polishing procedure, bonded diamond
platens may not be the most cost-effective method for metal-
lographic preparation of the materials in this study.

3.1.3 Samples Prepared with Diamond Slurry Lapping

Once again referring to the results presented in Fig. 2 to 4, it
is apparent that lapping with diamond slurries produced the best
results for all of the sample materials in this study. The PSZ ther-
mal barrier coating in this study was deliberately deposited with
a high level of porosity to decrease the thermal conductivity of
the coating. It is probable that the higher true porosity of this ce-
ramic coating makes it more susceptible to damage by the ag-
gressive grinding action of the bonded diamond abrasive.
Microcracking of the PSZ coating, which is clearly evident in
the lapped sample in Fig. 2, can only be seen with very careful
microscopic examination of the bonded platen and SiC-polished
PSZ samples. Hence, the diamond slurry lapping procedure pro-
vided better definition of small details in the PSZ microstruc-
ture. The higher magnification photos of the lapped WC/Co
sample in Fig. 3 also illustrate the striking definition produced
with diamond lapping. It is clear from a comparison of the pho-
tos in Fig. 3 that the lapping procedure resulted in substantially
less pull-out of carbide particles than either the SiC paper or
bonded platen methods. The lower porosity values for the
lapped ceramic coatings in Fig. 4 are also presumed to be more
reflective of the true porosity in the coatings, because pull-out
has been reduced, and these hard, relatively brittle ceramics are
not prone to smearing.
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For the hard materials of interest in this study, lapping with
diamond slurries also appears to be cost effective. Although the
initial cost for the diamond lapping system is high, the sub-
sequent cost per sample is relatively low. Like the bonded plat-
ens, the diamond lapping platens cost about $400 to $500 each.
However, unlike the bonded platens, when the lapping platens
become worn, they can be dressed with a special accessory kitto
restore flatness. With proper care and maintenance, their useful
lifetime can thus be extended for many years of service. The cost
of the diamond suspension slurries is about $50 to $100 per pint
depending on the size of the diamond particles. However, only
very small amounts of the slurry are used for a given grind-
ing/polishing operation. Based on the authors’ experience, it is
reasonable to expect a pint of slurry to last for several hundred
samples in typical polishing operations. The automatic slurry
dispensing system is very convenient, but it is not an essential
component of the lapping system. Excellent results can be
achieved by periodic manual application of the diamond slurries
from spray dispensers; however, this method does require regu-
lar monitoring during the lapping operations.

3.2 Microhardness Results

The microhardness results for the WC/Co samples are shown
inFig. 6. Astatistical “s” test comparison of the average hardness
results at a 95% confidence level shows that the samples pre-
pared with diamond lapping have a significantly higher average
hardness than samples prepared with either SiC papers or
bonded diamond platens. The difference between the average
hardness results for the SiC papers versus the bonded diamond
platens was much smaller and was not statistically significant at
the 95% confidence level. Nevertheless, it is interesting that the
low, medium, and high average hardness results in Fig. 6 uni-
formly correspond to the high, medium, and low porosity results
in Fig. 4. Hence, the lower average hardness of samples pre-
pared with SiC papers and bonded diamond platens can prob-
ably be attributed to the loss of the hard carbide phase and the
attendant increase in porosity, which results fromincreased pull-
out with these two polishing methods.

Differences in the microhardness results for the alumina-ti-
tania samples and the PSZ samples were all small in comparison
to the measurement uncertainty, with no consistent relationship
between the preparation method and microhardness. The obser-
vation that these results do not show the same apparent relation-
ship to porosity as the WC/Co results may be related to the fact
that these ceramic coatings are inherently more brittle than the
metal-matrix WC/Co samples. Therefore, it is probable that the
failure mechanisms under the highly localized point load of a
Knoop indentor are somewhat different in these materials.

4. Summary

Metallographic preparation methods based on SiC papers,
bonded diamond platens, and diamond slurries for grinding and
polishing of alumina-titania, partially stabilized zirconia, and
WC/Co thermal sprayed coatings have been compared. The SiC
procedure caused extensive pull-out in all of the sample materi-
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als, produced some edge rounding, and resulted in a compara-
tively lower apparent microhardness for the WC/Co samples.
The bonded diamond platens produced slightly better results
than the SiC papers, but these samples were still inferior to the
diamond slurry lapping method. For the hard ceramic and ce-
mented carbide materials of this study, rapid wear of bonded dia-
mond platens can also result in a very high cost per sample. The
diamond slurry lapping method consistently produced the best
results for all three coating materials. The lapping procedure
minimizes pull-out, provides excellent definition of subtle mi-
crostructural details, and can be performed at a very reasonable
cost per sample. The measured microhardness of the WC/Co
coating prepared by diamond lapping was also higher than the
hardness measured for the samples prepared with either the SiC
papers or the bonded diamond platens. This difference in appar-
ent microhardness may be related to the significantly reduced
level of carbide pull-out with the lapping method.

For the coating materials and metallographic procedures in-
vestigated here, diamond slurry lapping appears to offer sub-
stantial advantages for minimizing damage during grinding and
polishing operations, resulting in a more accurate representation
of the true coating microstructure and properties. Diamond
slurry lapping may be beneficial for other thermal sprayed mate-
rials as well, but further work is needed to verify and extend the
applicability of these results to other materials and conditions. It
should also be noted that the rudimentary cost comparison pre-
sented here is based solely on the experience of the Process De-
velopment Metallographic Laboratory at Sandia National
Laboratories. Actual relative costs will obviously vary some-
what from one laboratory to the next, depending on the type and
volume of materials polished, differences in equipment and con-
sumables costs, local labor costs, etc.
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