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Characterization of Plasma-Sprayed Coatings
Using Nondestructive Evaluation Techniques:
Round-Robin Test Results*

L. Fabbri and M. Oksanen (Editors)

POMBINSY 1984

A round-robin test was implemented where nine European research institutions and universities applied
different thermal, ultrasonic, and magnetic methods for measuring the thickness of plasma-sprayed
coatings. The coatings, which had thicknesses ranging from 50 to 5@, were applied on substrates of
AISI| 316, a standard industrial structural material, and on Armco iron in order to have a material of
known thermal properties. Destructive testing was performed after the other methods had been applied,
resulting in detailed information on the coating thickness, rugosity, and uniformity. The results obtained
with the applied methods on the two unknown samples for each substrate type agreed within 20% with
the destructive testing data.

The funding for this project was supplied by each of the partici
pating laboratories.

The task of individual partners consisted of the determina
tion of coating thicknesses and the location of artificial defects
in selected specimens. The results obtained in the different lab

Plasma-sprayed coatings are widely used for many industrialratories were collected by IAM for discussion with all partici-
applications to protect gas turbine hot section components frompants. In this framework, the Il Workshop on the
surface degradation. Nevertheless, the use of the coatings in ad=haracterization of Coatings by NDE Techniques was orga
vanced technologies is hampered by the lack of accepted standzed at the JRC Ispra, Italy, on 22-23 Feb 1996.
ards and norms for their qualification and testing. For several One of the goals of this exercise was a presentation of the r
years, the Institute for Advanced Materials (IAM) of the Joint sults to possible interested industries and then to install a co
Research Centre of the European Commission (JRC) hagmon program for further development of characterizatio
worked to trigger the development of methods and proceduresmethods and procedures for industrial applications. This shou
for the characterization of coatings to ease their industrial use.be considered as a first step in the elaboration of other activitie
For the JRC, being a Pan-European research organization, thisf general interest such as the assessment of coating life ti
type of European normative research is by definition one of the process monitoring during production, and the repair and rec
institutional goals. cling of coating components.

As a first step, the | Workshop on Characterization of Coat-
ings by NDE Techniques was organized (13-14 Dec 1993, JRC . .

Ispra, Italy) where the importance of the development of stand- 2- Round-Robin Test: Nondestructive

ardization procedures was widely recognized. To start the proc- Methods
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decided that the first attempt should be at comparing the results xercise for coating fhickness, L, and thermal cillushaty,

._evaluation are based on the photothermal effect, that is, the ge
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1. Introduction

*This article was first published in INSIGHT—Non-Destructive Test-
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procedure. A point to note is that the thermal perturbations only heat propagation into the substrate is impeded, and the surface
reach a limited depth in the material, which can be varied by temperature shows a decrease in the rate of decay. If the thermal
changing the observation time (pulsed regime) or the frequencyeffusivity is higher than the coating, heat flows more quickly

range of the heating source (periodic regime). In the frameworkinto the substrate, and the surface temperature decreases more
of the round-robin exercise, both periodic and pulsed techniquesrapidly.

were employed. Despite the different methods of detecting the

temperature field, all the techniques used by the participants ca

For both methods, the temperature dependence on frequency
Ior time) is completely defined by assigning proper valueis,for

be classified as belonging to the two methods described in thes, and thelL%a ratio. However, the thermal reflection coeffi-
following paragraphs: thermal wave interferometry (TWI) and cient, ", and theL%a ratio are not completely independent pa-

pulsed photothermal radiometry (PPTR).
Thermal wave interferometry (Ref 3-8) is based on the

rameters. If the thermal properties of the substrate and the
volumetric heat capacity ratio are known, the temperature fre-

propagation of a plane thermal wave through a two-layer struc-quency (or time) dependence is completely describeidnd
ture (e.g., a coating on a substrate). The thermal wave is prothe| %/q ratio. These quantities can be obtained from the experi-
duced on the coating surface by a broad heating source that ighental curves through data reduction based on an inversion pro-

temporally modulated at an angular frequetcy 2rf (periodic

cedure. The determination of thef/aratio can be used to

regime), and the wave then propagates to the coating-substratgetermine the thermal diffusivity of the coating if the thickness

interface, at which it is partially reflected. Due to the coherence
of primary and reflected waves, interference phenomena will
occur, resulting in a modification of the surface temperature,

which is related to subsurface features. For a coating with thick-

nesd., thermal diffusivity,a, and conductivityk, the harmonic

component of the temperature rise induced by a broad optical

heating of intensity,,, can be expressed as follows (Ref 3):

S 1P (1 -exp F(B+0)L]
a ™ 2gk[1 - T exp (-20L)] 0 B+o
+T exp (-20L) 1-exp F(B- G)L]S (Eq1)
B-o 0

wherep is the coating optical absorption coefficient, anthe
complex thermal wave number definedoas (1 +i)[w/(20)]¥/2
The thermal wave reflection coefficierit, depends upon the
thermal effusivity ratiob, of the substrate-coating system:

[_:1—b
1+b

(Ea2)

whereb = ede. = cVada (c is the substrate-coating volumetric
heat capacity ratio arw is the substrate thermal diffusivity).
Pulsed photothermal radiometry (Ref 9-11) consists of heat-
ing part of the coating with a short duration heat pulse and moni
toring the temperature decay as a function of time as the he

ture at the surface of an opaqfe=(«) two layer sample is (Ref
12):

L O 020
T:% exp (—BE) rexp D%[I
Ttte, Yo o o%dp
T 0 0@iL-820 O (2nL+8)?2
+Zrnﬁxpn% +9Xpﬁ%%di (Eq3)
-1 OO ¢ 0 0 c [E

is known, or vice versa.

Many methods for detecting the surface temperature were
used by the different participants. Infrared radiometry (IR) (Ref
13-15) was by far the most widely used method in this round-
robin test. This detection technique is based on measuring the
thermal wave field at the coating surface by detecting the emit-
ted thermal radiation. Infrared radiometry offers the advantage
that the sample sizes and shapes are not restricted. Besides, the
detection geometry is very flexible, varying from point to wide-
field detection.

Radiometric detection can also be realized using scanning
and matrix area cameras (video thermography, or VT). Each
pixel of the image camera is equivalent to a local radiometric
measurement. In this case, the main problem consists of the sig-
nal treatment due to the fast and large flow of data. Convention-
ally, NDE cameras are used along with pulsed excitation (i.e.,
observation of single images as functions of time after a short il-
lumination of the sample surface), but more recently results have
been obtained with modulated excitation and lock-in detection of
periodic surface temperatures (lock-in thermography, or LT) (Ref
16-17). This version of multiplex photothermal radiometry allows
for quick phase angle images of large areas at low frequencies.

The last two detection methods used in the present exercise
were the mirage (M) and photoacoustic (PA) techniques. In the
first technique, a continuous wave laser beam was used to probe

"the surface temperature through the measurement of the refrac-

. . ) . : aive index gradient in an air layer close to the sample surface
diffuses into the sample (impulse regime). For a Dirac pulse, the 9 y P

analytical expression for the decay of the normalized tempera-

(Ref 18-20). In a photoacoustic gas cell, the thermal wave on the
sample was detected through observing the propagation of the
thermally generated acoustic waves that propagate into the fluid
above the sample surface. This detection system is also available
as a supplement to commercially available equipment (thermal
wave microscope ALADIN (Ref 21) that was employed by one
of the participants in the round-robin test.

Besides photothermal methods, eddy current and high-fre-
quency ultrasonic techniques were used. The eddy current
method is based on the impedance change of a current-carrying
coil that is used to induce an eddy current in conducting materi-
als, which in turn opposes the alternating magnetic field (Ref

where all the parameters are defined as above. When the therma12). In ultrasonic methods the phase velocity and attenuation of
effusivity of the coating and the substrate are the same, the surthe ultrasonic wave are correlated with the coating properties.

face temperature continues to decay &8 By contrast, when
the thermal effusivity of the substrate is less than the coating,
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Unfortunately only one of the four laboratories that also used ul-
trasonic methods supplied coating thickness data.
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3. Sample Selection ence in the thickness of the specimen before and after coati
deposition (micrometer thickness) (Ref 28). Specifically, the

Due to the nonavailability of reference specimens that could measuring position was carefully recorded before depositio
be used as certified standards for the coating thickness evalubut after sanding and cleaning of the substrate surface. Then
ation and defect sizing, a set of samples was prepared at the Joittihickness was measured using a machinist's micrometer acc
Research Centre on a laboratory scale. Yttria partially stabilizedrate to 10um. After the deposition, the surface was cleaned o
zirconia (YPSZ) was selected as the coating material due to itssuperficial powder and the measurement was repeated at t
large employment for industrial applications. Its popularity is same location. All the measurements were carried out by taki
due to its very low thermal conductivity, its low variation in con- at least five readings for each position. Table 2 reports the re
ductivity as a function of temperature, its high coefficient of sults. An uncertainty of20 um was estimated. All the data on
thermal expansion (Ié(‘l), which reduces the thermal expan-  AlISI 316 substrate samples (strips 3 and 4) include the AMDR
sion difference between the coating and metal substrates, and it995 bond coat, hence the thickness values in Table 2 are the s
good electrical insulation (Ref 23-25). of the ceramic coating and the bond coating.

The coating was deposited by plasma spraying carried out in
an open atmosphere using a Plasma Technik F4 MB 92021 gun . )

(Plasma Technik AG, Wohlen, Switzerland), and the set of spray4. Round-Robin Test: Destructive
parameters specified in Table 1. These parameters were fixedinor- AN alysis
derto obtain a similar level of porosity among the different samples.

The commercial powders (Metco-204NS, Westbury, USA) le
consisted of 8 wt% YO3 partially stabilized Zr@with typical
sizes in the 10 to 100m range (stabilized in the tetragonal
phase with a small amount in the monoclinic phase).

A first set of samples was prepared by using Armco iron
(Armco Steel Corporation, Middletown, Ohio) as the substrate
material. Armco iron has no specific industrial interest as a coat-
ing substrate. Nevertheless it is currently used as a standard fofable 1~ Plasma spraying conditions for the 8 wt% ¥O3
thermal diffusivity measurements, and it is therefore very useful ZrO 2 coatings
when thermal wave technigues are involved (Ref 26, 27). In a
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After the round-robin exercise, all the samples were col
cted at the JRC for destructive evaluation. Each strip was ¢
perpendicularly to its length and approximately at the center
each step using a low-speed diamond saw. The cross sectic
were used for the evaluation of coating thickness by optice

Arc power, KW 35

second set of samples, the YPSZ coatings were deposited onto g rates. | /min Ar (primary): 30
stainless steel substrate (AlISI 316) with a NiCoCrAlY bond coat H (secondary): 5
in between (AMDRY 995, 37.93 wt% Co, 32.5 wt% Ni, 21.9 Ar (carrier): 3.2
wt% Cr, 8.41 wt% Al, 0.05 wt% ©and 0.02 wt% C). Although ~ Transverse gun speed, m/s 01

in this case the description of thermal wave propagation is moreifr;"’g’sg'rf;?gce' mm Opér215air
complicated, the selection of these materials and the choice of & gtrate temperature, °C 140

three-layer configuration are much closer to practical industrial

needs. This justifies the use of the present set of samples in the

round-robin exercise. Table 2 Analysis of coating micrometer thickness for
The three different samples that were produced for each coatrjipration specimens

ing-substrate combination had a flat geometry (125 by 20 by 5

mm and 120 by 20 by 5 mm for the Armco iron and AISI 316, StripNo. Substrate Bondcoat A, um B,um  C,um
respectively) and included more thickness steps with different 1 Armco None 70 120 150
coating thickness (Fig. 1). Specifically, for each series, the fol- 2 Armco None 180 230 280
lowing samples were available: (a) two calibration strips with 3 AISI316 AMDRY 995 270 320 390

three steps of known thickness and (b) one strip with two steps AISI316 AMDRY 995 430 500 540

of unknown thickness.

The multistep structure was produced with further plasma-
sprayed depositions after masking the selected surface of th(a)
coating.

An attempt to produce bonding defects was made on yet an- E
other strip of YPSZ coated on AlSI 316, which had a bond coat-
ing in between that was submitted to laser treatment beforeb)
deposition of the YPSZ coating. A 5 kW Glaser with a beam
diameter of approximately 8 mm was used, and the treatment
consisted of five 80 ms pulses in the same area. This procedur h
was performed at two different positions located approximately \1’
at the center of the selected strip. After, a homogeneous coatiny
of YPSZ (~40Qum thick) was deposited using the procedure de-
scribed above. . . . . . Fig. 1 Three-step calibration strip with different coating thicknesses.

For all the calibration specimens, the coating thickness was (3 cross section. (b) View from the tdp= 30 mmw = 40 to 42 mm,
determined at the center of each step by measuring the differ- L = 125 mm for Armco substrate,= 120 mm for AlSI 316 substrate
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means. Due to the surface roughness typical of plasma-sprayed n
coatings, the actual thickness is not clearly defined. However,R_ = 1 z Iyl
the use of plane thermal waves as the testing tool suggests a defi- " -y
nition of the thickness based on the average distance between

the two coating profiles (i.e., surface and interface).

Specifically, the coating roughness profiles, taken from the standard deviation of the coating profiles:
cross-sectional micrographs, were reproduced on transfer paper,
digitized, and lines were fitted to the profile, as described in de- 1
tail elsewhere (Ref 29). The average distance between the twd,_1 = " z Y,2
lines, not necessarily parallel, obtained by fitting a line to the i=1
coating profile was taken as the coating thickness. Furthermore,
by collecting the single profiles coordinates, that isntheints
(%, y;) using the fitted lines as the reference system for each pro
file, it was possible to determine the roughné&gs,

— e — e

and the correlation length defined as the width of the highest
peak of the autocorrelation functi®q, at —3 dB from its maxi-
mum:

Table 3 Destructive analysis on YPSZ Armco calibration samples for specimens 1 and 2

YPSZ Armco 1 YPSZ Armco 2
Calibration samples A B C A B C
Top
Ry, UM 9 11 8 9 13 12
Op-1, UM 11 13 10 12 17 15
Corresponding lengtiym 76 135 52 67 144 77
Interface
Re, HM 5 5 5 4 4 5
Op-1, UM 6 5 6 7 5 6
Corresponding lengtiym 22 19 34 27 17 24
Geometry
L, um 72+ 25 108t 27 174+ 23 161+ 27 233t 35 272+ 32
Angle, degrees 0.07 0.1 0.8 0.7 0.05 13
|AL/L|, % 3 11 14 11 0.4 3

Table 4 Destructive analysis on YPSZ AlSI 316 calibration samples for specimens 3 and 4

YPSZ AISI 316 3 YPSZAISI 3164
Calibration samples A B C A B C
Top
Ry UM 9 9 9 6 12 12
Op1, M 11 11 12 8 15 16
Corresponding length, 53 60 69 78 137 74
pm
Interface (bond coating)
Ry, UM 5 6 6 5 6 5
Op-1, UM 6 8 7 6 7 6
Corresponding length, 39 62 85 55 53 41
pm
Interface (substrate)
Ry HmM 4 5 4 5 5 4
Op-1, UM 6 6 5 6 6 5
Corresponding length, 22 26 17 67 42 30
pm
YPSZ
L, pm 112+ 25 179+ 27 220+ 27 314+ 20 379+ 32 389+ 32
Angle, degrees 0.01 13 0.01 0.5 15 1.6
AMDRY 995
L, um 131+ 17 145+ 20 149+ 17 115+ 17 124+ 18 115+ 15
Angle, degrees 0.2 0.3 0.31 04 0.4 0.8
L, um, total 243+ 30 324+ 34 369+ 32 429 26 503t 37 504 35
|AL/L|, % 11 1 6 0.2 0.6 7
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n-1 ness in the selected section. For example, the 1.3° angle of the
= z XXy 1=-0-1),..,-1,0,1,(n-1) step of strip 2 (YPSZ-Armco) corresponds to a thickness var
k=0

ation of approximately 28m in a cross section 1 mm long. A
point to note is that for the AISI 316 substrate specimens (strip
3 and 4), the coating thickness included the bond coat.
These parameters were calculated for each profile of the coating  The thickness data are reported together with their uncertai
(i.e., the top and the substrate interface) at a spatial distance of §ies that represent the semiamplitude of the thickness interve
mm. corresponding to a 95% probability in thetudent distribution.
Tables 3 and 4 report the data obtained on all the calibrationDespite the large roughness values, the uncertainties are q
specimens (i.e., strips 1 to 4) where, as in Table 2, the letters Alimited, ranging between 10 and 30% for YPSZ-Armco and 5
B, and C refer to the different thickness steps. As expected, theand 10% for YPSZ AISI 316. A comparison with the microme-
roughness, and hence the coating standard deviation, is mucker thickness data in Table 2 exhibits a relative variafibf,
higher at the top of the coating than at the coating substrate anghat is always under 15%. This result is rather acceptable if t
the coating-bond coat interfaces. The angles between the two fitslight difference in the definition of average thickness and mi
ted lines of the coating profiles were also calculated. They give crometer thickness is considered, which refers to the distand
information about the systematic variation of the coating thick- between the top surface highest peaks and the mean line of {

POMBINSY 1894

Table 5 Destructive analysis on the two step YPSZ Armco
sample with unknown thickness

YPSZ Armco named the unknown samples, and consisting of two-step strif
Unknown sample A B (A and B, respectively) the same destructive analysis was pe
Top formed. Tables 5 and 6 show the results.
R,, UM 10 9 From Tables 4 and 6, it should be recognized that althoug
Gp-g,um 14 11 the AMDRY 995 bond coats were deposited using the sam
Corresponding lengtpm 103 2 processing parameters for the different strips, their thicknesse
Interface were quite different, ranging between 120 and ddQ(average
Re UM 4 4 values within the same strip).
Op-q, UM 6 5
Corresponding lengtiym 26 17
fe°n:”e"y Tae 30 L6t 24 5. Round-Robin Test: Nondestructive

, £ + i

An{éjle, degrees 0.6 0.36 AnaIySIS

Table 6 Destructive analysis results on the two step YPSZ
AISI 316 sample with unknown thickness

YPSZ AISI 316
k | A B

Unknown sample 150
Top
Ry HmM 7 10
Op1, M 10 12 125
Corresponding lengtiym 69 59 cal. strip No.4
Interface (bond coating) = i

= 100 -
Ry um 6 5 £ :
Op-1, HM 7 5 E Prorris
Corresponding lengtiym 155 51 >

> L
Interface (substrate) ] ® cal strip No3
Ry HmM 4 4 [
Op-1, UM 5 5 50
Corresponding lengtiym 104 33
YPSZ | ‘ _
L, pm 169+ 24 250+ 25 ‘ ‘ ‘ ‘ ‘

0 200 400 600 800

Angle, degrees 0.3 0.16 coating thickness (um)
AMDRY 995
L, um 120+ 17 122+ 14 Fig. 2 Eddy current measurement on YPSZ-AIS| 316 sampmles.
Angle, degrees 0.09 0.17 calibration data with plastic sheets on the substvatata on the differ-
L, pm, total 2894 30 3474 30 ent coating steps (strips 3 and &)data on coating steps plus plastic

Journal of Thermal Spray Technology

interface. In addition, the accuracy of the micrometer metho
was quite limited£¥20um) and accounts for large relative errors
when measuring thin coatings.

For the two specimens with unknown thicknesses, hereafte

The thickness measurements of the unknown samples we
performed by all the participants with a variety of apparatuse
and procedures as compiled in Table 7. All values were mea
ured as close to the center of each different thickness “step”
possible.

sheets (by participant 7)
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compared to the destructive test data (Tables 5 and 6). For the
Armco specimen, the eddy current data are very close to those
The data obtained using eddy currents (participants No. 6 andobtained after destructive testing. This conjunction is rather sur-
7) agrees to within 7% for all coatings. For the Armco substrate prising and has no evident explanation. On the contrary, data ob-
samples, the measurement was performed using a magnetitained on the AISI 316 substrate specimen are smaller than the
thickness gauge (participant 6) or by saturating the magneticvalues measured after destructive testing by approximately 20
field, in order to reduce hysteresis effects, and using the eddyand 60um (step A and step B, respectively).
current probe (participant 7). For the AISI 316 substrate speci-
men, the data refer to tht_e ceramic coating alone_because the edd?}/.2 Photothermal Techniques
current probes were calibrated using only plastic sheets and no
the calibrated samples. As all the other data of the round-robin  Thickness measurements using photothermal techniques
testinclude the thickness of the bond coat, the eddy current datgere performed by all the round-robin participants (Table 7).
were transformed by adding bond coat thickness measured durgight samples of independent data were obtained using thermal
ing the destructive session (Table 6). The transformed values arguave interferometry with different equipment and temperature
shown second. detection systems: infrared radiometry (participants 1, 3, 4, 5,
The analysis of eddy current measurements on calibrationand 7), infrared lock-in thermography (participant 1), ALADIN
specimens gives information on the thickness of the bond coatP1 in combination with the photoacoustic cell (participant 2),
This is shown in Fig. 2 where the eddy current signal is plotted and mirage detection (participant 9). Three samples of data were
versus thickness. Specifically, the measurements on the differ-obtained by pulsed photothermal radiometry with both video
ent steps of the calibration specimens (filled squares) were comthermography (participants 2 and 8) and infrared radiometry
pared to those obtained using plastic sheets placed directly upoiiparticipant 6). Table 8 summarizes experimental conditions
the substrate (solid triangles). In order to increase the number ofised by the different participants (that is, heating parameters,
points, plastic sheets were also employed on the calibrationtemperature detection system, and frequency or time range).
specimens (empty triangles). By measuring the shift of the dataThe general relationship between the coating thickness and the
from the calibration curve, bond coat thickness values o140 photothermal signal was assessed by all the participants using
20um and 12G- 10pm were obtained for steps 3 and 4, respec- the calibration samples. An analysis of the photothermal signal
tively. The uncertainties were assessed from the scattering ofor the periodical and pulsed techniques was performed in the
measuring points and the shifted calibration curve. These datdrequency and time domain, respectively.
are in a very good agreement with those obtained with destruc-  With regard to the data reduction methods, some participants
tive testing: 142 and 138m, respectively (average from Table obtained the calibration curves by interpolating the data of the
4). photothermal signal versus the reference thickness for certain
A point to note is that eddy currents are sensitive to the dis-values of the modulation frequency (or the time). As an exam-
tance between the highest peaks of the coating surface and thgle, Fig. 3 shows the calibration curves obtained using thermal
mean line of the interface. Due to roughness, this distance differsvave interferometry IR (participant 1) at two different frequen-
from the definition of coating thickness given in section 4. cies (0.5 and 1 Hz). Here the phase signal measured from YPSZ-
Hence, in general eddy current data should be added to the disAISI 316 calibration specimens is plotted as a function of the
tance of the highest peak from the top surface mean line, to benicrometer thickness value that was supplied with the samples.

5.1 Eddy Current Methods

Table 7 Round robin test: thickness results

Method YPSZ Armco A YPSZ Armco B YPSZ AISI 316 A YPSZ AISI 316 B Participant No.
EC 70+ 25 120+ 25 195+ 10(a) (315) 29@ 10(a) (412) 7
EC 199+ 6(a) (319) 289 8(a) (411) 6
EC (MTG) 75+ 4 121+ 6 6
TWI(IR) 90+ 10 130+ 10 370+ 11 430+ 7 1
TWI(ILT) 180+ 20 315+ 20 350 20(b) 1
TWI (PA) 80+ 20 100+ 20 320+ 20 390+ 20 2
TWI(IR) 67+1 121+ 2 338+ 17 418+ 12 3
TWI(IR) 100+ 30(b) 250+ 100(b) 400t 100(b) 500t 100(b) 4
TWI(IR) 70+3 125+ 10 340+ 5 407+ 3 5
TWI(IR) 77+ 8(c) 118+ 12(c) 325+ 10 430+ 15 7
83+ 9(c) 119+ 13(c) 7
TWI (M) 45+ 7(b) 55z 7(b) 9
PPTR (IR) 70+ 9 134+ 23 340+ 43 415+ 40 6
PPTR (VT) 70+ 120+ 320+ 390+ 8
PPTR (VT) 100+ 50(b) 200t 50(b) 250% 50(b) 400+ 50 2
us 70+ 20 100+ 20 310+ 20 390+ 30 2

ED, eddy current; MTG, magnetic thickness gauge; TWI, thermal wave interferometry; IR, infrared radiometry; M, miragegried Jdak-in thermography; PA,
photoacoustic; OBD, optical beam deflection; PPTR, pulsed photothermal radiometry; VT, video thermography; US, high-fiteagmmay. (a) Does not include
the bond coat thickness. (b) Data refer to results that are outside the general trend for reasons explained in thradedatdd) Balifferent data reduction
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The measurements on unknown samples together with the calithe reduced coating thickness at the corners of the test pied
bration curves can be used to obtain their coating thicknessHowever this limitation is by no means representative and ca
(cross points in Fig. 3). be easily overcome using a more sophisticated experimen
A different approach was used by other participants. This system (Ref 31). As for participant 2, the data reduction was r¢
consisted of the analysis of the frequency (or time) dependenceorted to have been performed applying values of thermal proy
of the photothermal signal. Specifically, because a photothermalerties for the bulk that can be considered representative, but 3
signal depends upon thé/a ratio, by determining the average not the exact values used by others in similar calculations.
value of thermal diffusivity of YPSZ from the calibration speci- The internal scattering of the thickness data is quite sma
mens, the thickness of the unknown samples can be obtained b{see Fig. 6 and Table 9); however, in comparison with the thick
fitting the theoretical model to the experimental data. This ness data obtained from destructive tests (solid lines in figures
method requires the validity of several assumptions such asthere is an unexplainable shift up in the values reported that
knowledge of the frequency dependence of detection systemparticularly notable for the AISI-316 substrate samples. On
absence of heat loss, uniform heating, presence of a perfect twopossible hypothesis to explain this difference is that the bon
layer system, etc. Thus it cannot be applied at all times. coat that was applied to the AISI 316 substrate was not unifor
The case of samples having Armco iron as the substrate iSrom sample to sample. In addition it should be noted that wit
particularly favorable because the thermal properties of this ma-
terial are well known and quite similar from batch to batch. This
means that the frequency (or time) dependence of the photother 310 1
mal signal depends almost exclusively uponlﬁia ratio and
the absorption coefficierft (the densities of two materials are
known, and their specific heats are structure-independent prop- 300 |
erties, hence literature values could be used) (Ref 30). Measure
ments on the unknown samples having Armco iron as the & r
substrate, which were performed using thermal wave inter- S
ferometry IR, are shown in Fig. 4 (participant 7). The solid lines &
were calculated by a least-square procedure hdvengd as g
the fitting parameters and a fixed valueoof 0.0057x 10~ 4
m?/s, as measured from the calibration specimens. The results 280 ¢
on thickness were 77 and 1fu&, as shown in Table 7. For a
comparison, the same set of measurements was submitted to
data reduction method based on three calibration curves: 6, 7 270 ‘ ‘ ‘
and 8 Hz, respectively. The values for the thinner coating agreec 200 300 400 500 600
to within 7.5%, whereas for the thicker coating a better result L (um)
was achieved (<1%).

POMBINSY 1984

290 -

Fig. 3 Thermal wave interferometry. Calibration curves obtained on
the YPSZ-AISI 316 specimens at 1 Ky &nd 0.5 Hz4). The symbol
5.3 Ultrasonic Method + re_fe_rs to the measurements on samples with unknown thickness (b
participant 1).

The last data in Table 7 were obtained using a high-fre-
quency, ultrasonic pulse-echo technique. A focused 50 MHz 40 -
transducer was used to produce longitudinal waves at normal in-
cidence with a spike pulse excitation mode, and the echo detec
tion was realized using a 400 MHz transient digitizer. A _
separation of surface and interface echoes and simple time-of 3
flight measurement is impractical due to the coating roughness.= 20 ¢
However, the study of time-of-flight of longitudinal wave in the
coating and the analysis of echo width and shape gives informa- =
tion about the coating thickness. The influence of coating rough- @
ness was reduced through spatial averaging over the coating
B-scan.

hase

18

normal

5.4 Comparison of Thickness Data

The thickness data of the round-robin test are summarized in -20 0
Table 7 and Fig. 5 and 6. The results in Table 7 notated by foot-
note (b) represent values that deviate from the media of the oth-
ers reported. Obvious reasons exist for participant 4 where a Fig. 4 Thermal wave interferometry. Normalized phas_e versus fre-
system with a lower frequency limit of 10 Hz was utilized, thus Shuigli]r?gésMcegigéfinr:]eeTtsal %gtziizgtﬁ;mzoe ;;Qiﬂin‘;‘gfhd;gkggwn
th? necessary_phase Contra.ls.t was not obtained for coatings Ofstep B. THe solid lines are the best fitting cﬁrves with the following pa-
this thermal thickness. Participant 9 used a measurement sys- rameterso = 0.0057 cri/s, I = —0.798 = 0.3x 10* m™L L = 77um

tem, which due to mechanical limitations, could only measure (o step A), and. = 118um (A step B) (by participant 7)

4 8 12
frequency (Hz)
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differences of 10 to 20%, the effect of minor changes in deposi-ments at sample corners where the thickness was smaller than
tion parameters, number of deposited layers (passes of thehe calibrated value (TWI, M) or die to having underestimated
spraying gun), and so on, can modify the thermal properties ofthe thermal diffusivity of the bulk ceramic material (TWI, M).
the coating. Therefore the reference and unknown samples Allthe a datafound for the coatings were considerably lower
might in effect have a different type of coating, thus rendering than the values reported by Hasselman (0.013/sr)nf|or a
the calibration procedure ineffective. It can be easily shown thatmonolithic material having a similar composition (8.6 wt%
the difference of 15 or 18% seen in Table 9 corresponds to a therY ,O3-ZrO5). This reduction was reported also by Brandon and
mal diffusivity change of 7.5 and 9%, respectively. Taylor (Ref 25) and Brant et al. (Ref 32) and is typical for
Measurements of coating thermal diffusivity were per- plasma-sprayed coatings due to the high porosity and impuri-
formed by six participants (Table 10). The thermal diffusivity of ties.
the plasma-sprayed zirconia coating was found to be a function The effects of laser heat treatment of the bond coat were not
of thickness; therefore average values are reported. The underdetected correctly by any of the participants; moreover different
lined results are considerably different from the others and are inapproaches showed defects in places where there should not
error due to either having performed the calibration measure-have been any with no correlation between methods. Only small

Table 8 Experimental conditions

Participant Frequency/time
No. range Heating sources Detection system
1 0.5and 1 Hz Arlaser P = 0.4 W,a=5mm) MCT
0.06 Hz 1 kW lamp IR camera Agema 900
Agema lock-in system
2 2 Hz-5kHz Nd-YAG lase = 0.1 W,a = 0.6 mm) InAs and photoacoustic cell
(ALADIN P1 microscope)
1.5s, typically 6.4 kJ flash lamp IR camera
Inframetrics 600

3 1Hz-20 kHz Af laser P = 0.6 W,a = 1.25 mm) MCT

R=0.6 mm
4 10 Hz-1 kHz A¥ laser P=2W,a=5mm) MCT

R =50um
5 2and 4 Hz AflaserP=1W,a=1mm) TGS
6 1s, typically Nd-YAG lasert < 100 ns, InSb-MCT

(I =50 mJ/crh a= 20 mm) R=2mm

7 1-10 Hz AF laser P= 0.8 W,a= 3mm) MCT

R =50um
8 1-2 s, typically Flash lamps IR camera Agema 880LWB
9 1 Hz-4 kHz Af laser P = 0.3W,a= 3 mm) He-Ne laser

Quadrant position sensor

MCT, mercury cadmium telluride; TGS, triglycine sulphate pyrometer; P, power; E, eme@rgaussian radiuR; spotted area radius

O
240 O
480 |-
200 - = = 440
E O = O - C
= 2 400 °© m - S
o 160 - 2 O ALy
g | i o DE step B £ 360 "
< L
L 120 40O~ R R N A step 2 e LD A DE step B
> 0O = AV 2 320 lge gm u A
g 80 u ] u n DE StEPA B 1 DE step A
s o ® T SRR TR REEERE Aa oy 8 280 P
(&) M A
40 F u 240
L | [ | | 1 | | | | ! H L [ | — '*]' | | H 1 | | | | | | 1 | |
1 3 5 7 9 11 13 15 1 3 5 7 9 11 13
data No. data No.

Fig. 5 Round-robin test: thickness data on YPSZ-Armco unknown Fig. 6 Round-robin test: thickness data on YPSZ-AISI 316 unknown
samples. The black and white symbols refer to steps A and B, respec- samples. The black and white symbols refer to steps A and B, respec-
tively. The closed circle datapoints are eddy curreng§ TWI, o is tively. The closed circle datapoints are eddy curreng TWI, o is
PPTR, and is US. The dotted lines indicate the data obtained by de- PPTR, and is US. The dotted lines indicate the data obtained by de-
structive testing. structive testing.
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cracks at the corners of the pieces were correctly identified byard techniques for these nonhomogeneous coatings and furthig
most participants; however, these were not deliberate defects. Ishows that a great deal of further work is needed to formulat %
turns out that the laser induced defects were too “weak” andstandards of calibration and measurements. The different met 5
perhaps nonrepresentative of real defects to be detected usingds were demonstrated to be reliable and reproducible, and &%)
the methods applied. these already established nondestructive methods, when appli %.
correctly, gave highly trustworthy results. s
[0)
; Q
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