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Microstructural Index to 6uantify Thermal Spray
Deposit Microstructures Using Image Analysis
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The basic metallographic analysisleads to qualitative interpretation of thestructural charactecisticsof
amicrostructure, for example the presence of phases, and the description of singularities such asinclu-
sions. On the contrary, microstructural characterization which implements image analysisleads to a
quantified analysis of structural characteristics. A method is described to assess thermal spray deposit
microstructures usingimage analysis by meansof a metallographic index. Thisindex isbased on the de-
termination of several stereological and morphological parametershby primary refereeto thesize-shape
distributionsof the features, the fractal dimension of the deposit upper surface, and the Euclidean dis-
tance map of thebodiesof interest. Thiswork employsquantitative metallography ona much wider scale
to provide better quality control of deposit microstructures.

Keywords  Eudidean distancemap, fractal dimension, imege
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1. Introduction

In the materials science field, metallographic analyses are
usually accomplished on crosssections becauseof the opacity of
materials. Such metallographic examination is widely used as
an analytical tool to characterize microstructures and leads to
the qualitative and sometimes semiquantitative knowledge of
physical and structural characteristics, such asthe presence of a
given phase, a typical component, and in the specific case of
thermal spray deposits, the porosity level and thefraction of un-
molten particles. Such information offerslittlespecific quantita-
tive information to fully describe the microstructure. Usualy,
the quality and acceptance for a given application of thermal
spray depositsare assessed using a'* passor fail"* criteria, which
isbased on several microstructural features, such asthe porosity
level and the oxide content, and are observed by inspection
through alight reflected microscope (Ref 1). Sometimes, photo-
graphic standards (Ref 2, 3) are used for visual comparisons
with the observed microstructures.

Theimage processing and image analysis of microstructures
acquired using a charge coupled device (CCD) video camera
can be very helpful in providing quantitative dataon, for exam-
ple, feature measurements. Such data could be used for better
quality control of thermal spray processesand applications. This
paper suggests the use of quantitative metallography on a much
wider scale to improve quality control of deposit microstruc-
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tures and definesa metallographic index which could beapplied
to any type of material deposited using athermal spray process.

2. Experimental Procedure

2.1 Specimens and Metallographic Preparations

Titanium powder (Stark No. 155.090 of +45 -160 um typical
particle size distribution) and copper powder (Amdry No. 3263
of +5-45 um typical particle size distribution) were plasma
sprayed, using either atmospheric plasmaspraying (APS) (for
the titanium powder) or vacuum plasmaspraying( VPS) condi-
tions (for the copper powder), with a Plasma-Technik (Sulzer-
Metco AG, Wohlen, Switzerland) F4 torch. For the titanium
powder, the spray parameters were adjusted to produce very
rugged deposit surfaces. In each case, the substrates were AlSI
316 stainless steel coupons. Prior to spraying, they were
cleaned, alcohol rinsed, and grit-blasted (6 pm arithmetic aver-
age surface roughness). During spraying, APS specimens were
cooled to —-373 K using air jets, while the VPS specimens were
heated to -923 K using asemitransferred arc. Both systemswere
selected as examplesof different microstructures.

After spraying, the sampleswerecrosssectioned using adia-
mond saw in an oil medium and mounted in epoxy rings before
grinding and polishing. To study the spatial distributions of the
bodies of interest (such as pores), nine cross-section angles,
ranging from 90" (normal-to-the-deposit-surface angle) to 10"
(for example, 90°, 80°, 70°, 60°, 50°, 40°, 30°, 20°, and 10")
were considered (Fig. 1). The metallographic preparation was
identical for all depositsand consisted of grinding with P1200,
P2400, and P4000 grade SiC papers, successively, followed by
diamond slurry polishing using, in sequence, 6, 3, and 1 um
sized media with ultrasonic rinsing between each step.

2.2 Image Analysis

M etall ographi c microstructures were observed on cross sec-
tions using an optical microscope, aCCDcamera, and an image
analysis system. Image analysis processing consisted of (a)
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elimination from theoriginal imagedf any artifactsor optica in-
terferences and (b) clear identificationof features of interest (for
example, poresand phases). Figure2 showsthat imageanalysis
can bedivided into four successivesteps. (a) the gray level im-
age acquisition using a CCD camera, (b) the processing of this
image, in view of diminatingall interferencesand clearly iden-
tifying the bodies of intered, (c) the image analysisitsalf, which

consists of extracting numerica parameters relative to these
bodics (Sze, shape, gpatid distribution, etc.), and findly (d) the
satistical analysis of the data by implementation of stereologi-
cd protocols.

Since metdlographic analysesare usualy accomplished on
crosssectionsbecause of theopacity of the microstructures, at-
tention isdrawn tothefact that an observationfollowingacross-

Nomenclature

a ellipsoid minor axis, pm

A surfacearea, pm

Aa surfaceareadf the bodiesof interest per unit
of surfacearea, dimensionless

b elipsoidmgjor axis, um

C() autocovariancefunction, surfacedescriptor

d Euclidean dimension, dimensionlessinteger

D fractal dimension, dimensionlessstrictly

noni nteger

i pixel calibration, pm

k number of size classes,dimensionless
integer

ko(q) the DeHoff shape factor for oblate particles,
dimensionless

L length, um

Ly truelength of theintercepted lines per field
of view, um

m best fittingellipseminor axis, um

M best fittingellipsemagjor axis, pm

n; number of ellipsesper unit areaof plane
sectionin each sizeclass, um2

Ny number of ellipsesper unit areaof plane
section, pm™2

N; number of featuresintercepted per field
of view, dimensionlessinteger

N number of intercepts per unit length of
intercepted|lines, um™!

Ny number of ellipsoidal particles per unit
volumeof aggregate, pm™>

(Nv)i number of ellipsoidal particlesper unit volume
of aggregatein eachsizeclass, pm™3

q ellipseaxiad ratio, dimensionless

R, average surfaceroughness, um

rms root mean squaresurfaceroughness, pm

‘Rsk surfaceroughnessskewness, dimensionless

s number of shapeclasses

Sn surface roughnessmean pesk spacing, um

Vy volumeof bodiesd interest per unit volume
of aggregate, dimensionless

x? ellipsoid eccentricity, dimensionless

y? best fitting ellipseeccentricity,
dimensionless

z the DeHoff intermediatecoefficient, pm™"

Bi,j the Saltykov factor, dimensionless

A increment of sizeclass, dimensionless

€ overlappingcircleradius, pm

measuringelementsize, pm

A mean free path, dimensionless
i averagevalue
Y standard deviation
Acronyms
ACF autocorrelation function (surfacedescriptor)
ANDed addedfollowingthe" A N D Booleanlogic
CCD chargecoupled device
EDM Euclidean distancemap
Ex-ORing adding thecomplementary featurefollowing
the' OR" Booleanlogic
MS Minkowski sausage
PSD power spectral density (surfacedescriptor)
WIP water immersion porosimetry

90 degress
crosssection angle

X degress
Cross-section angle

Fig.1 Schematicof thecross-sectionangles usad to sudy thespatial
digributionsof the bodiesof interest
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Fig. 2 Schematic of the seps implemented to achieve quantitative
metallography
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sectioned plane does not necessarily reflect the entire three-
dimensional microstructure but only the intersection of the
structurewith this specific plane. As illustrated in Fig. 3, acav-
ernousbody sectioned on threedifferent test planesmay exhibit
three different morphologies, and two different bodies cut fol-
lowing asingle test plane might exhibit very similar morpholo-
gies. In such conditions, resultsdeduced from such observations
haveto beanalyzed with respect to an appropriate perception.

Biasand errorscan also beintroducedin the resultsfromim-
age analysis. The ASTM E 1382-91 standard (Ref 4) lists the
major induced interferences. They are relative to the surface
preparation beforeanalysisand to the imageanalysisitself. The
major possiblebiasesare:

test plane #1 test plane #3

(a)

spheres

®)

Fig.3 Schematicof possible misper ceptionsin metallography.

(a) Samebody cut following threedifferent test planesand exhibiting
three different morphologies. (b) Two different bodies cut following
thesametest planeand exhibitingthe samemor phologies
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¢ Animproper polishing technique that leaves scratcheson
the surfaceor producespulloutsand other defects.

e  Etching techniquesthat produce only partid delincation of
the body boundaries.

e Thesclcctionof test areasthat are not representative of the

entire microstructure, especially for oriented (for example,
anisotropic) microstructures.

e Thedetection of artificial featuresgenerated by the image
analysissystem (generally dueto an excessof contrastor to
sceveral gray levelsin the samebodyy or the lack of detec-
tion of real boundaries(generally dueto poor contrastor to
the use of an inappropriateetching technique).

e Thepresenceof dust in the microscope, in the camera sys-
tem, or on theexaminedfield.

¢ A nonuniformilluminationof thesample, whichinfluences
the featuredetection.

Cdlibration of the image analysis system is the first stepin
quantitativeanalysis. Thiscdibration permitscorrelation of the
pixel area with respect to physical dimensions. Practically, the
calibration is accomplished by defining the distance between
two noncontinuous pixels. Thisoperation is performed from a
digital imageof acalibrated scale, digitized following the same
rulesasthosetoacquirethedigital imagesd the microstructures
to beanayzed.

In this work, image analyses were carried out on a Power
Macintosh 7200/90 computer using the publicdomain MH 1.59
program (developed at thelU S National I nstitutesof Healthand
available through Internet by anonymous FTP from zippy.
nimh.nih.gov or on floppy disk from the National Technical In-
formation Service, Springfield, Virginia, part number PB95-
500195GEI).

microstructural

iy «l. descriptors

descriptors

Do e Lty

y 7
// substrate /]
d LLLLL D LAY

\ ¢

thickness
fractal dimension

size and shape distributions
spatia arrangement
selectivedimensions

Fig. 4 Macroscopicand microgtructural descriptorsconstituting the
metallographicindex
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3. Definition of the Metallographic Index

Quantitative metalography is bassd on thefact that for meny
microgtructuresit is possble to determine average vauesand
distributionsof these vaues referring to the magor components
condtituting a depodt; for example, grains, flattened particles,

e 100 UM

®)

()

Fig.§ Schematicof theimage processngimplemented to deter mine
adepositaveragethickness.(a) Gray level imageof acrosssection per-
pendicular tothesurfaceof arugged titaniumdeposit. (b) Binary image
of the deposit profile. (¢) Processed imageresulting from the ANDing
of amask with (b)
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unmolten particles, porosity, and oxides. The suggested metd-
lographicindex is congtituted by macroscopic (such asoverall
sizeand shape) and microstructural (that is, size, shape, and pa-
tid digtribution) descriptors, as schematicaly displayed in Fig.
4. The macroscopicdescriptorsrefer to theglobd andysisd a
deposit cross section, mainly through its average thicknessand
itssurface ruggednessby fracta dimensions. Themicrostructu-
ra descriptors refer to the andysisof the depost components
through their s zeand shapedi stributionshby stereol ogical anay-
sisand through their spatial distributionby Euclideandistances.
In the following, for each descriptor of the metallpgraphic in-
dex, abrief description of the theoretica background isgiven,
followed by anillustrativeexampl ebased on the two considered
thermal goray deposit microstructures.

4. Macroscopic Descriptors

4.1 Deposit Average Thickness

Thethicknessis, among the variouscharacteristicsof ather-
md oray deposit, an important factor in thedepositserviceper-
formanceand isawaysexactly specified. Moreover, thedeposit
thickness derives directly from the gpparent depostion effi-
ciency of the gpplication process. Severd destructive (Ref 5)
and nondestructive(Ref 6) standards provide methods to mees-
ure deposit thicknesses. The ASTM B 487-85 sandard (de-
structive method) requiresthe use of astagegraticuleeyepiece
superimposedon theimage of acrosssection o thedeposit, ob-
served & low magnification(for example, 2x or 3x). Suchanap-
proach i s based on the human operator perceptionof thedeposit
profileand isonly suitable for acceptancetesting. The deposit
average thickness descriptor, determined usingimage andys's,
permitsamoreappropriateand preciseca culation of thedeposit
thickness.

Thefirst stepin image processingisextractingthe contours
of thedeposit from theinitid gray level imageof adeposit cross
section (for example, lower and upper surfaces). Themagnifica-
tion of the microscope has to be adgpted to the thicknessof the
sampleto beanayzed. Thesecond step cons stsin superimpos-
ing on the binary deposit profileamask formed by pardld and
equidistantlines, in such awey that thelinesare perpendicular
to thedeposit/substrate interface. Findly, theimageof the mask
is*“ ANDed,” (thatis, added following the AND Boolean logic),
to theimage of the deposit profile, as illustrated in Fig. 5. The
imageandysisis now smply performed by counting the total
length of the intercepted lines (the resulting image shows only
segmentsaf lineswhich cross the deposit profile)aswdl asthe
number of intercepted lines. The data representetive of the an-
chor effects (for example, cavitiesat thedepositsurface) arede-
leted to adjust the raw data (these v uesare very low compared
to the valuesrepresentative of the bulk deposit)and are not con-
sderedin thecdculation of thethickness, seeFig. 6. Findly, the
average coating thickness is determined by dividing the tota
lengths of the adjusted data by the adjusted number of lines.
Several fieldsof view of thesamedeposithaveto beanalyzed
using this protocol to determinea representativevauedf the
deposit average thickness; a number of five fields of view
seemsreasonable.

Journal of Thermal Spray Technology



Thisprotocol wasapplied to arough titanium deposit where
fivefiddsof view of approximately 500 um width by 300 pm
height were processed. Figure 5(a) illustratesone of the proc-

essed fields. The mask consisted of one pixdl (for example,0.96 -

pum at the112x used magnification) width linesat 1 uminterval;
see Fig. 5(b). The average thickness, measured over -2.5 mm,

was 228 um with astandard deviation of 8 um. Even thoughthe
deposit upper surface was very rugged and the anchor effects
were particularly emphasized, thelow vaue of thestandard de-
viationindicatesahomogeneousdeposit thickness. Thisiscon-
firmed by thehigh value(m = 10.5) of theWeibull modulus(Ref

7) relative to the data representative of the deposit thickness
(Fig. 7) whichreflectsasmall variahilityinthedata. A degreecf

undercut can be determined from the data representativedf the
anchoreffect. Itisdefined astheaverage valueof theaforemen-
tioned data. On the presented example, thedegreeof undercutis
equd to 13.3 pm with a standard deviation of 12.8 um (that is,
o/p = 0.96). Thehigh variabilityin thedatarepresentativeof the
anchor effectisdemonstratedthrough theparticularly low vaue
of thecorrespondingWeibull modulus: 1.2.

4.2 Deposit Fractal Dimension

The chemical and physica properties of therma spray de-
positsdepend partially on surfacecharacteristicssuch astexture
and roughness. For example, the corrosion resistanceof a de-
posit changeswith the surface characteristicssincetherea sur-
face area differsfrom the apparent surface area (Ref 8-10). A
second exampleis the heat flux transmitted through a deposit
which dependson thereal coupling surface (Ref 11). The geo-
metric characteristicsof a surface arecommonly defined using
surface parameters and statistical functions. The surface pa-
rametersare usudly classified as height parameters(for exam-
ple, R, and rms roughness), wavelength parameters (for

300 Il 1 1 1 1 1 1 ]
250 -
200 - . L
—_ s < data represmtativeof the
5. j depasit thickness
£ 150+
80
£
¥
-
100 4 L
50- [ -
< daarepresntatived the
g anchor effect
O-F- T Ll 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450

Number of measurements

Fig. 6 Didribution of the length measurements performed on ade-
posit cross section to determine its aver age thickness, displaying the
data representativeof the anchor effect and the data representativeof
thedepast thicknessitsdf
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example, Sm), shape parameters(for example,Rsk), and hybrid
parametersresulting from combinationsof the af orementioned
surface parameters. The statistical functions used asdescriptors
for asurface texture yield knowledgeof the surface geometry.
They refer mainly to the power spectral density (PSD), theauto-
covariance function, C(t), and the autocorrelation function
(ACF). However, the use of such descriptors is not complete
when the surface ruggedness becomes important, for example
when the roughnessof thedeposit is high, when the scaleof the
roughness becomes much lower than the size of the sensor, or
when the anchor effectisemphasized, asillustrated in Fig. 8.1n

such cases, the hias resulting from the measurements becomes
too important, and thedescriptionceases to berepresentativeof

thetopology of thesurface. Thedeterminationof thedeposit up-

per surface fractal dimension can circumvent such a difficulty

deposit thickness: LnLn(1/1-F) = 10.449Ln(x) - 57.333 r2=0.975
amnchor e‘f?ct : LnLn( llll-F) =12 l'7Ln(x) . 3.:ll.87 2= 0.?31

2.00
L3
& 5
1]
g 8
"v; AP
= 0004 anchor effect g"qf -
= g8
= i
c E/
B v
=
2 (2.00)- g/a .
< o8
5 e
o

] . Fo
3 (4.00) 4 :
] ° .
.8 . . (]
e depasit thicknes
-9

(6.00) T T T T *

0.00 1.00 2.00 3.00 4.00 5.00 6.00

Ln(x)

Fig.7 Wabull plat of datarepresntativedf thedeposit thicknessand
theanchor effect presented in Fig. 6

high variation

\ anchor effect

Fig. 8 Schematic of the rough upper surface of a thermal pray de
posit, showing theanchor effect
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(especialy when the anchor effect is emphasized) or can ap-
pear as acomplementary index to thecommonly used rough-
ness parameters.

Almost al geometric forms used to describeobjectsrefer to
Euclidean geometry, such as lines, planes, arcs, cylinders, and
spheres. Theseelementsarecl assified asbel ongingtoaninteger
dimension,d, either 1, 2, or 3. Thereare, however, many shapes
which do not conform to theinteger ideaof dimension. In such
cases, their perimeter dimension for example, increasesas the
measurement scal edecreases, and afractal analysiscan be used
(Ref 12). The notion of fractal dimension,D, providesatool to
quantify the ruggedness of profiles. For example, while a
Euclidean linehasadimensionof one, afractal curveexhibitsa
dimension ranging from one to two, dependingon the rugged-
nessof thecurve. Thefractal dimension can be obtained mathe-
matically by iterativeprocesses such astheJuliaset (Ref 13), or
they can be observed on real components, for example, natural
fractadssuch asfern trees. Thefractal geometry is based on the
statistical self-similarity concept, which impliesthat a similar
surfacetopology appearsin awiderangeof magnifications. The
mogt significant difference between fractals obtained by a
mathematical iterative processand fractal sobserved on real mi-
crostructuresis thecutoffsat the lower and upper sizescalesfor
the real microstructure,for example, the atomic spacing for the

reference
point

binary image (upper boundary : fractal deposit prdfile,
lower boundary : Eudidean graight line)

reference

) point
b)

erodon of imagea (3cycles, 1 neighborhood pixel)

reference
point

c)

dilatation of imagea (3 cycles. | neighborhood pixel)

reference
point

d)

Ex-OR of imagesb and ¢

Fig.9 Schematicof theimage processng implemented to determine
the fractal dimendion of a rugged deposit surface prafile, using the
Minkowski sausage method
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lower end (Ref 14). Fractal geometry hasfound awiderange of
applicability in describing highly irregular surfacesor profiles
(Ref 15-17).

Thefracta dimensionof Hausdorff-Besicovitch(content di-
mengon) of aprofileisdefined (Ref 12):

logL =log L,
D=1_u (B:]l)
log n

whereL istheprofilelength,n isthemeasuringelement size(for
example, resolution), and L, isaconstant. Theestimated length
of theprofilevariesproportionally to the measuringel ement ac-
cording toa power relationship.

The fractal dimension of Bouligand-minkow ski (overlap-
ping dimension) of aprofileisdefined (Ref 12):

D=lim |2- IOE A(g) (qu)
€ — o0 log €

wheree istheradiusof theoverlappingcircleand A(e) isthearea
of theMinkowski sausage(MS) for agivenoverlapping.Itisob-
viousthat theareaof theM Sisaccordingly higher than thecircle
radius (and hencethecirclearea) ishigh.

Two techniquesmay be used todeterminethefractal dimen-
sionaf aprofile: theMandelbrot-Richardsonprotocol leadingto
the calculation of the Hausdorff-Besicovitchfractal dimension
(Ref 18) and the Bouligand-Minkowski protocol leading to the
determinationof theMinkowski fractaldimension(Ref 19). The
dimensions provided by both methods may be different (Ref
20), and therefore, it is crucia to compare values obtained

° megy : x56 u meg : x224
o mag : x112 o mag : x340
IOO L —l 1

D = 1.060 (R? = 0.953)
0.75 4— - . L

= 2
o.so<D'1'“5 (R% =0.999) i

log(A/L.i)

0.254D = 1.101 (R? = 0.993) -

D = 1.109 (R2 = 0.992)

0.00 T —T— T
0.00 0.20 0.40 0.60 0.80

log(i)

Fig. 10 Plot of thelog of theeffective width of the boundary (areaof
Ex- ORdivided by thelength and thenumber of cycles; seeFig.9) asa
function of the number of cyclesof thesamelocation of atitanium de-
posit surfacefor several magnifications(thedatain parenthesssrepre
sent the corrdation factor sof thedata fittings)
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with thesame protocol. The Hausdorff-Besicovitchfractal di-
mension is obtained from the direct measurement of a profile
length at several magnifications. Then, theevolutionof the pro-
filelength, L, is plotted with respect to the measuring element

size(Mandelbrot-Richardsonplot) on alog-log scale. Theslope |

of the linear curveisequa to one minus the Hausdorff-Besi-
covitchfractal dimensionaf theprofile(i.e., 1- D).

Due to its mathematical definition, the Bouligand-Mink-
owski fractal dimensioncan be obtained by aniterativeerosion
and dilation image processing (Ref 19, 21). By dilatingsucces-
sively (iterativecycles) at differentdepths (interface thickness)
a selected region of adigital image and “EX-ORing” (that is,
adding thecomplementaryfeaturefollowingthe™ OR" Boolean
logic) the result with another image formed by eroding at the
same depth the sameregion, pixelsalong the boundary defined
aninterfacewidth, asillustrated in Fig. 9. In the second step of
the procedure, the effective width of the boundary (equal to the
area, A, divided by thelength, L, and the number of iterativecy-
cles, i) is plotted versus the number of cycles, i, on alog-log
scale. Theslopeof thelinear curve thusobtai ned representsthe
Minkowski fractal dimensionof thesurfaceprofile.

To establish the fractal character of a given microstructure,
Hornbogen (Ref 14) recommendsthat thefollowingstepsbeas-
sessed: (@) verificationof the self-similarity concept, (b) deter-
mination of the upper and lower limitsof theself-similarity,and
(c) determinationof thefractal dimensionitsalf.

The MS protocol was applied to therough titaniumdeposits,
sinceanormal crosssectionof adeposit providesaprofilewhich
can be analyzed. First, to verify the self-similarity concept, the
fractd dimensionof one profile was calculated at several mag-
nifications(that is, 56x, 112x, 224x, and 340x); seeFig. 10. The
fractal dimension changesfrom 1.060 at the 56x magnification

0.60 ! 1 1
field#1 : D= 1.100 (R2=0999) @
fidld#2: D=1115(R2=0995) o©
j fidd#3:D= 1114 (R2=0983) ®
055 -
fidd#4:D=1098(R2=0985 O
fild #5: D=1095(R2=0.980) 4

log(A/L.i)
[=]
2

0.45 1

microscope mag : x112

0.40 T T
0.00 0.20 0.40 0.60 0.80

log(i)

Fig. 11 Plot of thelog of theeffectivewidth of theboundary (area of
Ex- CRdivided by thelengthand the number of cycles; seeFig. 9)asa
function of the numberof cyclesof differentlocationsof atitaniumde-
posit surfacefor the samemagnification(the datain parenthesesrepre-
sent the correlation factorsof thedatafittings)
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t0 1.109 at the 340x magnification, indicating areasonableself-
similarity of the deposit surface (the smallest dimension differ-
ing from the highest only by ~5%), and hence its fractal
character, in the scanned magnification range. Second, severd
fieldsof the samedeposit wereobserved at thesame magnifica
tion (that is, 112x), and their fractal dimensionwas determined,
asillustratedin Fig. 11. Theresultingdimensionsarevery close,
ranging from 1.095 for thelowest to 1.115for the highest, indi-
cating that the selected fieldsof view were appropriate for the
andysis. Findly, thefractd dimensionsof thesurface profileof
severa rough titanium depositsof different thicknesses(that is,
from approximately 20 to 118 pm) were determined at a 112x
megnification, asillustrated in Fig. 12. Figure 13 comparesthe
evolutionof both thefractal dimension, D, and the average sur-
face roughness, R,, as afunction of thedeposit thickness. The
same trend between the two descriptors is observed. The
ruggednessof the profileis very close to the grit blasted sub-
stratea the very beginning of thedeposit building process(that
is, sample No. 1) and significantly increases to reach a con-
stant value for higher thicknesses, indicating that the deposit
roughness results more from the choice of the spray parame-
ters (for example, powder particle size distribution, thermal
conductivity, and velocity of the plasmajet) than from thein-
itial substrate roughness.

sample #1, thickness= 3139 um, D= 1061 (R2=0.993) @

sample #2, thickness= 62.78 um, D = 1122 (R2=0.992) ©

sample #3, thickness= 94.17 pm, D = 1.133 (R2 = 0.985)
sample #4, thickness= 12556 ym, D = 1110(R2=0.993) O
sample #5, thickness= 156.95 pm, D = 1.119 (R2 = 1.000) A

sample#6, thickness= 188.35um, D=1114(R2=0999) &
0.55 1 1 L

microscope mag : x 112

0.40 T T
0.00 0.20 0.40 0.60 0.80

log(i)

Fig. 12 Potof thelogof theeffectivewidthof the boundary (areaof
Ex-OR divided by thelengthand the number of cycles; see Fig. 9) asa
function of thenumber of cyclesof surfacesof titaniumdepositsexhib-
itingincreasingthicknesses(for example, from sample No. 1 tosample
No. 6) for thesamemagnification (thedatain parentheses represent the
correlationfactorsof the datafittings)
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5. Microstructural Descriptors

5.1 Size and Shape Distributions d the Bodiesd
Interest

The size and shape distributionsof microstructural features
are of great importance in the quantitative description of these
microstructures,whichin turn may explain the relationshipsbe-
tween the processand the mechanical or other propertiesof ther-
md spray deposits (Ref 22, 23). These distributions can be
determined by stereological analysis. Stereology, strictosensu,
deals with estimatesfor describing a three-dimensional space,
when only two-dimensiona sections through this space are
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available. It attempts to numerically characterize features of
two-dimensional sections and to establish relationships with
thosefeatures in athree-dimensiona space (Ref 24). The rules
of theseestimatesare based on geometric probabilities. Thevol-
umeof an individua feature is not exactly determined, but the
size and shapedistributionsof many objects are described (Ref
19). Many of theshapesencountered in metallurgical structures
(for example, grains and inclusions) and especidly in thermal
spray deposits (for example, embedded particles, splats, and
pores) can be approximated by spheroids, that is, ellipsoidsof
revolution (Ref 25). Thesespheroidsresult from the rotation of
generatingellipsesaround an axis. Two basic morphologies can
be considered, the prolate particle and the oblate particle, re-
spectively, generated by rotation around the mgjor axis, a, and
around the minor axis, b, of an ellipse, asillustrated in Fig. 14.
Theintersection of such bodieswith atest planegeneratesellip-
ses, characterized by their mgjor axis, M, and their minor axis,
m. Two protocols, among others (Ref 26, 27), allow agood de-
scriptionof thesize-shape distributionsof thespheroidal bodies
embedded within an agglomerate, namely the protocolsof De-
Hoff (Ref 28, 29) and Cruz-Orive (Ref 30-31). These protocols
and someexamplesof their application to thermal spray depos-
its were previoudy presented (Ref 32-33), and thereforeonly a
brief overview isgiven.

The DeHoff protocol, derived from the Schwartz-Saltykov
analysis(Ref 34) for spherical particles, aimstoobtain thesize
distribution of dlipsoidal particles within an aggregate. This
protocol deals with systemsof particles that consist of either
prolateor oblateellipsoidsof revolutionof thesameaxial ratio,
g (that is, the particleshapesareconsidered to beconstant within
each sizeclass). For prolateel lipsoids,themaindimensionof in-
terest is the mgjor axis of the ellipse, M, in the polished plane,
while in asystemof oblateellipsoids, it isthe minor axisof the
ellipse,m. The expression for the number of elipsoid particles
in each sizeclass per volumeunit of theaggregateisgiven:

i=k
o .
M=o 3 B (V) (Eq3)

i=j

wherek(q) representsky(q) or ko(q), theshapefactorsfor prolate
or oblate spheroids, respectively, A isthe size increment, B(y)
are the Saltykov coefficients, determined from the Saltykov ma
trix, and (N); is the number of ellipsesof g axid ratio per unit
areadf thetest planein each size class. The shapefactor for ob-
late particles i sexpressed:

M T oos%s si
=] [ T4 '7;2°°s 05 ® jodo  (Bqd)

where¢ isthe anglebetween the normd to the test plane (that is,
polished plane) and thez axis, and 8 istheangl e between the pro-
jectionof thisnormal on thexy planeand thex axis, with respect
to astandard Cartesian coordinate system. The total number of
ellipsoidal particlesin theaggregateisequal to:

2. (Ny)

— 7 (Eq5)
n-q-kg)?

V=
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wherethe intermediatecoefficient Z isexpressed:

n-q-k(q)
EV (Eq6)

max

Z=
The average axid ratio, g, of the measured ellipses, is then
equal to:

q= (Eq7)

NIE]

where m and M successively represent the average minor axis
and the average mgjor axis of the selected distribution of ellip-
ses. Theincrementof sizeclass, A, isdetermined:

Am““"

Tk Eab)

where mp,y is the highest best fitting ellipse minor axisin the
largest sizeclass.

Thegeneral spheroid problem wassolved by Cruz-Orive. He
considered systems of particlesconsisting of either prolate or
oblate ellipsoids of revolution of variable sizes (for example,
sizefactorsaor 6, for prolateand oblate parncla respectively)
with variableshapes, eccemtncnyx2 1- (alb)>.

Cruz-Orive established relat|onsh| ps between the ellipsoid
szeshaped|str|but|on aorb,x and theelllpseszeshapedlsr
tribution, m or M, y? =1- (m/M) and obtained an expression
for the number of spheroids in each class interval per volume
unit of aggregate:

i=s j=k
Ny(i)=a" Y % p"-N,(rs)-¢7

i=1 j=1

(Eq9)

whereA isthe sizeincrement, Ny (r,s) is the number of ellipses
of r shape classand s sizeclass, and p'r and ¢ arethe sizeand
shapecoefficients, respectively.Thebivariate distribution of el-
lipsoidal particlesin an aggregate, Ny, can be expressed by the
followingrelationship:

Ny=P'.N, -0 (Eq10)
wherePisasize matrix and Qisashapematrix. Thecoefficients
can befound in Ref 31.

The number of sizeclasses, k, ischosen usualy between 10
and 15, aswdl asthe number of shape classes, s. Theincrement
of sizeclass, A, isdetermined:

M

A = max

" Eq1D)

where M, IS the highest best fitting ellipse mgjor axisin the
largestclasssize.

Toillustrate the use of stereological protocols, the porosity
size digtribution of a copper deposit was determined by imple-
menting the DeHoff protocol for several cross-section angles.
For each cross-sectionangle, four fieldsof view wererandomly
selected & a 112x magnification. The image processing con-
sisted of applying morphologicd filtersto extract the porosity
contours. Theimage analysisconsisted of measurementsof the
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surface arca and of the two best fittingellipse axes, that is, minor
and mgjor axes, for cach extracted void. Then, the raw data, rep-
resenting typically about 700 porosity featureswcrc adjusted by
subtractingthe smallestand the highest values(ared) at alevel of
2.5% of the total valuesin order to discriminateagainst atypical
data. Finally, the adjusted data were processed with the DeHoff
protocol. Figure 15 illustrates the evolution of the number of
voidsper volume unit of aggregateasafunctiondf the classsize
descriptor (best fitting ellipseminor axis). Thesame trend isob-
served for cach cross-sectionangle: the number of small voidsis
greater than that of larger ones. Theknowledgeof the number of
voids per unit volume of aggregate and classsize, aswell asthat
of the volumeaf porosity classsize permitsthecal culation of the
total volumeof porositiesper unit volumeof theaggregate (that
is, Vy ratio), esillustrated in Fig. 16, which displaysthe case of
the 10° cross-section angle. Thisdistribution is typica of the
sizedigtribution of voidsembedded within atherma spray de-
posit (Ref 35, 36). It exhibitsa bimoda shape, thefirst pesk be-
ing representative of small voids of approximately 2 to 3 pm
diameter and the second one relative to large voids of approxi-
meately 7 to 8 um diameter. The porosity level swere determined
for each cross-section angle by summationof the volumesof po-
rositiesper unit volumeof theaggregate; resultsaregivenin Fig.
17 where the circles represent the average values of the four
fieldsof view and theerror barsare the corresponding standard
deviations.Thefull line representstheaveraged theaverages,
wheress the dotted lines are the standard deviation associated
with thiscal culated average. Figure18 displays the evol ution of
the o/pL ratio of the porogity level asafunction of the cross-sec-
tion angle. Noclear trend appearsfrom thisevol ution,indicating
that the accuracy of theresultsdo not depend on the cross-sec-
tion angle.

Another analysiseva uated theporosity level s(cal culated Vy
ratio) by implementing the DeHoff protocol and compared the
results with those deduced from (&) the Delesse principle (Ref
37) (measured A ratio) applied on the binary images (the vol-
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Fig. 15 Evolution of the number of poresper unit volume of aggre-

gate. asafunction of theclasssize, deter mined with the DeHoff proto-
col. for different cross-sectionangles
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ume Of bodices of interestembedded within an aggregate per vol-
ume unit of aggregateisequal to the surface area of thesesame
bodies per surface unit), and (b) water immersion porosimetry
(WIP) (Ref 38) (measured Vy ratio).

Theamount of f porosity of a polished sample was measured
by implementing W1P, the measurementsbeing carried out at
293K in water with an additiveto increasethe surface wcttabil -
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Fig. 16 Evolution of the number and of the volumeof pores per unit
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the DeHoff protocol, for a10° cross-sectionangle
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ity; see Fig. 19. The porosity levels deduced from the Delesse
principle differ by 5 to 8% from the porosity levels obtained
from the DeHoff principle. Thedifferencebetween the porosity
level determined using the DeHoff stereological protocol and
the porosity level deduced from WIP ismoreimportant, ranging
from 5% for thelowest difference(at a70° cross-sectionangle)
to 17% for the highest (at a50° cross-section angle). These dif-
ferencesarisedue to (a) the limitation of the DeHoff protocol,
that is, the shape of the bodies of interest remains constant
withineach sizeclassand (b) fromthe WIP limitationsinceopen
porosity is not fully considered. The implementation of the
Cruz-Orive anaysisgenerally leadsto abetter estimation of the
porosity shapedistributions,but it is morecomplex to apply. In
the case of the DeHoff analysis, the combination of severa
cross-section angles reducesthe data scattering o that reason-
ablevaluescan be obtained.

5.2 Degreeof Clustering of the Bodies of I nterest

Several propertiesof thermal spray depositsdepend on the
spatial distribution of the phasesand porosity. For example, ten-
sile propertiesdepend on the degree of clustering of the pores
since highly clustered porosity generates regions of poor me-
chanica properties where cracks easily propagate through the
entire volume. Another exampleistherma conductivity where
the thermal flux through the deposit thicknessis related to the
spatial distribution of the pores within the microstructure (Ref
11.39). A further exampleisthe spatial distribution of thecrys-
talline phaseswithin hydroxyapatiteor other cal cium phosphate
biomedica depositssincethe solubility dependson the degree
of crystallinity of thecoating (Ref 40,41). Thedegreeof cluster-
ing of the bodiesof interest(pores, specific phases) can bequan-
tified using Euclidean distance indices. These indices derive
from Euclideandistance mapg{ EDV) Ref 19).
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Fig. 18 Evolutionof thes/ ratio (CV factor) of the porosity level as
afunction of thecr oss-sectionangle
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Euclidean distance mapping isatool applied on binary im-
agesto produce gray level imageswhereeach pixel in the back-
ground isassigned a brightnessvalueequd toitsdistancetothe

nearest boundary. In such away, the brightnessof each pixd en-.

codesthe straight line distance (Euclideandistance) to the near-
est pointof any boundary. The EDM isconstructed followingan
iterative technique, achieved by successivedilationsor erosion
of theimage, and by successively using the 0 and 1 patternsto
limit the square or diamond shaped artifactsand henceto im-
prove theisotropy. Another analysisdeterminesthecumul ative
distributionof the brightnessof the pixels. Theslopeof thisdis-
tribution, fitted to the straight line portion of thedatain the cen-
trd 80% of the valuesiscalculated. It representsthe inverse of
the length between a feature boundary and a randomly chosen
pixel belongingto the background. The higher thecharacteristic
length (namely the degreeof clustering of thebodiesof interest)
is, the moreclustered are thefeatureswithin thetest plane. Asan
example, Fig. 20displaysthreeimagescongtituted by black fea-
turesand white backgrounds(the number of features,aswell as
their size, remainidentica for thethreeimages), rangingfroma
nearly isotropic spatia distribution (Fig. 20a) to a highly clus-
tered spatial distribution (Fig. 20c). The contrast wasenhanced
on the EDMshy applyingal OGfilter totheoriginal maps. Fig-
ure 21 presents the cumulativedistribution of the brightnessof
the pixel sin the background. Thecharacteristi cdistances,or de-
grees of clustering of the black features, expressed in this
case in pixels, were successively found egual to 29, 69, and
105, from the nearly isotropic distribution to the highly clus-
tered distribution.

Asan example, thisprotocol wasappliedtodigital imagesof
porosity distributed within a copper deposit for several cross-
sectionangles. Figure22 illustratestwo examplesof caculated
EDMswhileTablelliststhedegrées of clusteringthat werecal-
culated fromfitting of thestraight line portionsin the 80%of the
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Fig. 19 Comparison of the porosity data obtained from the DeHoff
protocal (Vy), the Delesseprotocal (Ap), and water immerson meas-
urements(WIP)

Journd of Thermal Spray Technology

—

cumulative distributions of the pixel brightness in the back-
ground. Thedegree of clustering of the porosities remains prac-
tically constant whatever the cross-sectionangle is, indicatinga
uniform spatial distribution of porosity (thedata scatter isequa

t04.7%).

Tablel Degreesof clusteringof the porositiesdistributed
within a pure copper deposit, for several cross-section
angles

Cross-section Degreeof

angle, degrees - clustering, pm
10 12.08
20 11.80
0 12.82
40 13.76
50 13.02
60 1270
70 1354
80 12.82
0 1348

Averagevalue , is 12.89um. Sandard deviation,s, is0.61 pm. o/u rétio is
0.047.
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Fig. 20 Binary imagesof black features distributed within a white
background and corresponding euclidean distance maps. (a) Nearly
isotr opicspatial digribution. (b) Clustered spatial digribution.

(c) Highly dustered spatial distribution
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6. Conclusions

Image analysis permits a quantitative description of the mi-
crostructural information contained within an image. This ap-
proach is wdl adapted to the quantification of materials
microstructures. In thecaseof thermal spray deposits, thisquan-
tification can be applied to the mgjor featuresof adeposit, such
astheflatteningdegreed particles, the proportion of unmolten
particles, the porosity, the oxidecontent.

The use of a metallographic index, determined by imple-
menting image analysis, is presented. Several macroscopicand
structural descriptors,referring to thedeposit averagethickness,
the upper surface fractal dimension, the size-shapedistribution
o the bodies of interest, and the degree of clustering of these
same bodies were described.

Acknowledgment

The authors thank Paul Carrico, Laurent Mangin, and
Crisalia Matheus for their helpin thequantitativeanalysisof the
samples. Oneof theauthors(CCB) acknowledgessupport under
NSFDMR 96 32570.

References

1. G.A.Blann, Thelmportant Roleof Microstructural Evaluationin Each
Phase of Thermally Sprayed Coatings Application, Thermal Spray:
International Advancesin Coatings Technology, C.C. Berndt and
T.F. Bernecki, Ed., ASM International, 1992, p959-966

2. *Standard Practice for Evaluating Apparent Grain Size and Distribu-
tion of Cemented Tungsten Carbides.” B 390, 1986 Annual Book of
ASIM Standards, Part 2, ASTM, 1986, p204-208

3. ""Standard Method for M etallographic Determinationof Microstructure
in Cemented Carbides,” B 657, 1986 Annual Book of ASTM Stand-
ards, Part 2, ASTM, 1986, p557-561

240—Volume 7(2) June 1998

e | 00 pm enhanced contrast (LOG filter)
Fig.22 Exampleof Euclideandistance mapsof the porositiesdistrib-

uted withina pure copper deposit. (a) For a90" cross-sectionangle.
(b) Fora30" cross-sectionangle

4. "Standard Test Methods for Determining Average Grain Size Using
Semiautomaticand Automatic Image Andlysis" E 1382,1993 Annual
Book of ASTM Standards, Part 3, ASTM, 1993, p 995-1006

5. *Standard Test Methods for Measurement of Metal and OxideCoating
Thicknessby Microscopica Examination of aCross Section. B 487,
1986 Annual Book of ASTM Standards, Part 2, ASTM, 1986, p 313-
317

6. " Standard Guide for Measurement of Thickness of Metdlic and Inor-
ganicCoatings,” B 659, 1986 Annual Book of ASTM Standards, Part
2, ASTM. 1986. p562-565

7. W. Welbull, A Statistical Distribution Function of Wide Applicability,
J. Appl. Mech., Vol 18, 19851, p 293-297

8. F.L.Laque and H.R. Copson, Corrosion Resistanceof Metalsand Al-
loys, 2nd ed., Reinhold Publishing, 1963,712 pages

9. D. Landolt, Traité des Matériaux, Yol 12, Corrosion et Chime des
Surfacesdes Métaux (Treatiseon Materials,Vd 12, Corrosion and
Chemigtry of MetallicSurfaces), Presses Polytechniqueset Universi-
taires Romandes, Lausanne, Switzerland, 1993,552 pages(in French)

10. M.G. Fontana, Materials Science and Engineering Series, Corrosion
Engineering,3rd ed., McGraw-Hill, 1986, p 556

11. KJ. Hollis, Pore Phase Mapping, Thermal Spray: International Ad-
vances in CoatingsTechnology, C.C.Bemdt and T.F. Bernecki, Ed.,
ASM International. 1992, p959-966

12. B. Mandelbrot, Les Objets Fractals, Forme, Hasard et Dimension

(TheFractal Objects, Shape, Hazardand Dimension) Athed., Flam-
marion, Paris, 1995,208 pages(in French)

Journd of Thermal Spray Technology



13.

14.

15.

16.

17.

18.

19.

20.

AR

22.

23.

24,

25.

26.

217.

28.

JF. Gouyet. Physique er Structures Fractales (Physicsand Fractal

Structures), Masson, Paris, 1992,234 pages(in French)

E. Hornbogen, Fractasin Microstructure of Metals, Int. Mater: Rev.,

Vol 34 (No. 6), 1989, p277-296

M. Coster and JL. Chermant, Recent Developments in Quantitative
Fractography,Int. Met. Rev., Vol 28 (No. 4), 1983, p 228-250

B.H. Kaye, Multifractal Description of a Rugged Fineparticle Profile,

Part. Charact., Vd 1, 1984, p14-21

K. Wright and B. Karlsson, Fractal Analysisand Stereological Evau-
ation of Microstructures, J. Microsc., Vd 129 (No. 2), 1983, p 185-200
H. Schwarz and H.E. Exner, The Implementation of the Concept of

Fractd Dimension on a Semi-Automatic Image Analyzer, Powder
Technal., Vol 27, 1980, p207-213

JC. Russ. The Image Processing Handbook, 2nd ed., CRC Press,
1995, p674

R.H. Dauskardt, F. Haubensak, and O. Ritchie, On the Interpretation of

the Fractal Characterof FractureSurfaces,Acta Metall. Mater., Vol 38

(No. 2). 1990, p 143-159

JP. Keustermans, Développement de la fractographiefractale pour
I'étude de la rupture d’un alliage Zn-Al (Development of the Fractal

Fractography for the Study of the Fractureof aza-Al Alloy), Rev. Met.,

Feb 1994, p 323-334 (in French)

X. Want, O. Popoola, and R.C. McCune, The Microstructureand Wesar
Mechanismsof Wire-Arc Sprayed Inconel 625 Coatingson 319 Alumi-
num, Thennal Spray Science and Technology, C.C. Berndt and S.

Sampath, Ed., ASM International,1995, p633-638

SH. Leigh, CK. Lin, S. Sarnpath, H. Herman, and C.C. Berndt, An
Elastic ResponseMethod of Testing Thermal Spray Deposits, Thermal

Spraying, Current Status and Future Trends, A. Ohmori, Ed., High
TemperatureSociety of Japan, Osaka, Japan, 1995, p945-950

E.R. Weibd, Stereological Methods, Vd 2, Theoretical Founda-
tions, AcademicPress, 1980, p223-311

M. Pasandideh-Frad and J. Mostaggimi, Deformation and Solidifica-
tion of Molten Particleson a Substratein Therma Plasma Spraying,
Thermal Spray Industrial Applications, C.C. Berndt and S. Sampath,
Ed., ASM International. 1994, p405-414

S.D. Wicksdll, the Corpuscul eProblem. Second Memoire. Case of El-
lipsoidal Corpuscule, Biometrika, Vol 18, 1926, p151-172

G.M. Tallis, Estimating the Distribution of Spherical and Elliptical

Bodies in Conglomerates from Plane Sections, Biometrics, Vd 26,
1970, p 87-103

RT. DeHoff and F.N. Rhines, Determinationof Number of Particlesper
Unit Volume from MeasurementsMade on Random Plane Sections:
The General Cylinder and the Ellipsoid, Trans. Metall. Soc. AIME,
Vol 221, 1961, p975-982

Journd of Thermal Spray Technology

3L

32.

36.

37.

30.

41.

—

. RT. DeHoff, The Determination of the Size Distribution of Ellipsoidal

Particles from Measurements Made on Random Plane Sections, Trans.
Metall. Soc. AIME, Vol 224, 1962, p474-477

. L.M. Cruz-Orive, Particle Size-Shape Distributions: The General

Spheroid Problem. I. Mathematical Modd. J. Microsc., Vd 107 (No.
3). 1976, p 235-253

L. M Cruz-Orive. Particle Size-Shape Digtributions: The Generd
Spheroid Problem. II. Stochastic Modd and Practical Guide. J. Mi-
cros~.Vol 112 (No. 2), 1978, p 153-167

G. Montavon, SH. Leigh, C. Coddet, S. Sampath, H. Herman, and C.C.
Berndt, Stereological Analysisof Thermally Sprayed Deposits. Ther-
mal Spray Scienceand Technology, C.C. Bemdtand S. Sarnpath. Ed.,
ASM International, 1995, p279-283

. S.H. Leigh, G. Montavon, C. Coddet, S. Sampath. H. Herman, and C.C.

Berndt. Quantitative Anaysis of Therma Spray Deposits Using
Stereology, Thermal Spray Scienceand Technology, C.C. Berndtand
S. Sampath, Ed., ASM International. 1995. p273-278

. SA. Sdtykov, The Determination of the Size Distribution of Parti-

clesin an Opague Materia from aMeasurement of the Size Distribu-
tion of Their Sections, Stereology, H. Elias. Ed., Springer-Verlag,
1967, p 163-173

. S. Uematsu, S. Amada, T. Senda. and S. Sato, On Pore Structure of

Plasma Sprayed Films, Proc. Int. Symposium on Advanced Thermal
Spraying Technologiesand Allied Coatings, High TemperatureSoci-
ety of Japan, Osaka, Japan, 1987, p379-383

J. Nlarsky, C.C. Berndt, H. Herman. J. Forman, J. Dubsky, P. Chaska,
andK. Neufuss, Analysisof Porosity of Free-Standing CeramicsManu-
factured by Plasma Spraying, Thermal Spray Coatings: Research,
Design and Applications, C.C. Berndt and T.F. Bemecki, Ed., ASM
International, 1993, p575-579

JL. Chermant, Analyse d'images et morphologie mathématique: une
introduction, (Image Analysisand Morphologica Mathematics: an In-
troduction). Rev. Met.,, Feb1994, p201-209 (in French)

. "' Standard Test Methods for Density and Interconnected Porosity of

Sintered Powder Metal Structural Parts and Oil-Impregnated Bear-
ings" 1986 Annua Book d ASTM Standards, Part 2, ASTM, 1986,
p 163-164

S. Boire-Lavigne, C. Moreau, and R.G. Saint-Jacques. The Relation-
ship between the Microstructureand Thermal Diffusivity of Plasma-
Sprayed TungstenCoatings, J. Thermal Spray Technal., Vol 4 (No. 3),
1995, p261-267

. JG.C. Wolke, JM.A. de Bliek-Hogervorst, and W.JA. Dhert, Studies

on the Thermal Spraying of Apatite Bioceramics, J. Thermal Spray
Technal., Vd 1 (No. 1), 1992, p75-82

K.A. Khor and P Cheang, Characterization of Thermal Sprayed Hy-
d r oyapatite Powdersand Coatings, J Thermal Spray Technal., Vol 3
(No. 1). 1994, p45-50

Voume7(2) June 1998—241





