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Study of Cr203 Coatings 
Part I1: Adhesion to a Cast-Iron Substrate 

C.S. Richard, J. Lu, G. B#ranger, and F. Decornps 

The interfacial indentation technique for determining toughness is applied to plasma-sprayed CrzO3 
coatings. In this investigation, another adhesion test, i.e. the four-point bend test coupled with acoustic 
emission (AE), is performed.  AE is monitored during the test from the initiation of load application until 
fracture in order to detect the damaging of the coating and to identify the different crack growth proc- 
esses. The residual stresses of coatings are determined by a step-by-step hole drilling method. Correlation 
of the residual stresses and the two determined parameters to failure (crack length in the case of indenta- 
tion test and failure displacement in the case of bending test) is discussed. 

1. Introduction 

MOST coatings are applied with a specific aim in mind, such as 
improving the resistance to wear of the base material. A typical 
example is the Cr203 coatings for car engine (piston) rings. This 
aim can be achieved only if the coating is properly bonded to the 
substrate. This paper reports the details of two tests that were 
carried out for measuring the adhesion of  the deposits. 

This paper is organized into four sections. The first part pre- 
sents a Vickers indentation test performed at the substrate/coat- 
ing interface. The toughness is determined by measuring the 
radial flaw made by the penetration of the diamond. The second 
part presents a four-point bending test. The displacement to fail- 
ure is used to evaluate adhesion. The third part studies the resid- 
ual stresses. Since these stresses influence the mechanical and 
thermomechanical behavior of the coated parts, residual stress 
distribution is measured by a modified step-by-step hole drilling 
method. The fourth part is devoted to correlating the residual 
stresses and various parameters to the coating failure. 

2 .2  Interfacial Indentation 

The indenter used in this study was a Vickers pyramid 
mounted on a ZWICK I hardness tester (Zwick Gmbh, Ulm, 
Germany). The loads were applied for a maximum of 40 s. 
Cracks along the interface were measured using a scanning elec- 
tron microscope (SEM). 

2.3 Four-Point Bend Test 

The geometry of the test setup is shown in Fig. 1. Asymmetrical 
four-point bend test was chosen because it places the beam in con- 
stant stress between the two inner supports. Bending tests were per- 
formed with an outer span of 80 mm and an inner span of 40 nun; 
the dimensions of samples were 100 mm by 9 mm by 5 mm. The 
coating is situated in tension. Measurement and control systems in- 
clude strain gages, acoustic transducers, and displacement 
transducers (Fig. lb). Acoustic emission (AE) monitoring was per- 

2. Experimental Procedure 

2.1 Sectioning and Polishing of Specimens for 
Indentation 

Samples were rigidly clamped and sectioned by moving the 
cut-off wheel through the coating into the base material. The 
cut-off tool was a diamond abrasive wheel. Mounting was per- 
formed with a three-component cold-hardening acrylic resin 
(Triofix from Struers, Inc.), which is very hard and does not 
shrink. Grinding was carried out using diamond pads (250 and 
125 p.m). Fine grinding was carried out on a metal-resin com- 
posite disk using 6 I.tm diamond, and polishing was carried out 
by 6 and 3 I.tm diamond on hard polishing cloths. 
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Fig. 1 (a) Geometry of the specimen and the test setup. (b) Positions 
of the control and measurement systems 
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formed using Spartan equipment (Physical Acoustics, Prince- 
ton, USA). The piezoelectric transducers were manufactured by 
CETIM. They are resonant at 180 kHz. The preamplification 
was 20 dB with a frequency range of 100 to 300 kHz. The ampli- 
fication gain was fixed at I0 dB, and the detection threshold was 
fixed at 20 dB. The dB measurements were given with reference 
to a 1 [tV signal at the transducers. The dead time of the analysis 
device was set to count one AE event for each series of pulses 
separated by less than 60 ms. 

2 .4  Residual Stress Profiles 

This involves monitoring the changes in strains when a hole 
is drilled into a residually stressed component. Measurement is 
performed by means of a three-element strain gage rosette. 
These strain measurements are then related to the original resid- 
ual stresses in the analyzed specimen at the hole location. In or- 
der to obtain the gradient of the residual stress with depth, the 
hole is drilled in steps. For each step of depth, z, the surface 

strains ei (z) are measured. Once the hole drilling is achieved, the 
residual stresses are calculated from equations involving mea- 
surements ofe i (z), and calculated correlation coefficients deter- 
mined by finite element software. The residual stress 
distributions are then calculated by CETIM-METRO software, 
which includes a data base of calibration coefficients (depend- 
ing on elastic constants). See Part I of this study. 

3. Results 

3 .1  Indentation Results 

Figure 2 shows the principle (Ref 1) of the interface indenta- 
tion test and the position of the Vickers indenter. Figure 3 pre- 
sents an indentation on sample C 1A with an applied load of 5 kg. 
(The sample designations of C 1A, C2A, and C3A represent the 
roughness of the substrate: 1 is for a coarse roughnesS, 2 is for a 
medium roughness, and 3 is for a low roughness. See Part I.) 

For the statistical analysis of results, many samples must be 
tested for each surface condition. Therefore, the time of testin~ 
was reduced, and the "critical time, t" was evaluated with the 
C1A system. Figure 4 shows the variation of crack length witl~ 
time. The curve stabilizes after about 4 s. After 10 min, the inter- 
face was totally delaminated. 

(b) 

(a) 

Fig. 2 Indentation principle. (a) Indentation test on material, as 
viewed from the top and in profile. (b) Interface indentataon test (Ref 1 ) 
where P represents the load being applied by a Vickers indentation 

Fig. 3 Indentation test on C I A sample. P = 7 kg. 

Fig. 4 Variation of crack length with time for determination of inden- 
tation time. Load P is 5 kg. Sample is C 1A. Each point as the average of 
at least four values. 

Fig. 5 Variation of crack length with load. Indentation tame t is 40 s. 
Each point is the average of at least four values. 
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Therefore the indentation time used for the following experi- 
ments was 40 s. The applied load was varied from 1 to 10 kg. 
Figure 5 presents the crack length response to the load condi- 
tion. The initiation of cracks was observed at 1 kg, and the higher 
applied load produced longer cracks. Nevertheless, at between 3 
and 9 kg, it appears that the cracks are twice the length of the half 
diagonal. This probably corresponds to the plastic zone (Ref 1). 
Sample C3A is the most tough. 

3 . 2  Four-Point Bend Test Results 

The four-point bend test allows investigation of the mechani- 
cal properties of a coating. For these tests, specimens of dimen- 
sions 100 mm by 9 mm by 5 mrn coated on one side were used 
with the ceramic coating subjected to tension. During the bend- 
ing test, the acoustic emission from the crack initiation and crack 
growth was monitored. 

The acoustic emission measurements allow quantification of 
the strain tolerance by observation of the acoustic emission rate. 
Furthermore, this technique reveals several stages of the degra- 
dation of the coating system (Ref 2, 3). 

Figures 6, 7, and 8 show examples of the results. Figure 6 
shows the displacement (which will be indicative of curvatures) 
with elapsed time. Figure 7 presents the number of recorded 
events as a function of time. Figure 8 gives the amplitude versus 
time. Amplitude is the peak voltage attained by the AE wave- 
form. This is an important parameter because it governs the de- 
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Fig. 6 Displacement versus time of specimen CIA 
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Fig. 7 AE events versus time of specmmen C 1A 

tectability of the events. This graph is useful for showing the 
changes in AE intensity as the test proceeds. 

The results can be examined by analyzing the number of 
counts. The "counts per unit of time" is defined as the number of 
times the AE signal crosses the threshold. This is a simple meas- 
ure of the signal size. By summing the counts from all the de- 
tected emissions, one has a convenient measure of the total AE 
emitted by the specimen. The events/amplitude correlation plot 
is an effective way to discriminate true AE from frictional sig- 
nals and electromagnetic interference. Figure 9 represents a lo- 
cation plot. The x-axis is the location along the specimen length, 
with the sensors at the left and right ends. The y-axis shows how 
many events were detected from each x-axis. The peaks show 
the locations of the emission sources. In our case, no preferential 
emission source is detected. With Fig. 6 and 7, the essential rela- 
tionship between emission and applied stress can be shown. 

Figure 8 identifies four types of AE: 

�9 Precracking, or microcracking, is characterized by low am- 
plitude events early in the test (0 to 50 dB). No visible dam- 
age is observed. The amount of precracking in a coating is 
not reproducible from sample to sample. 

�9 High amplitude events (94 to greater than 100 dB) correlate 
to the coating cracks. There is nearly one-to-one correlation 
between high amplitude events and the number of 
macrocracks in the coating after the test. 

�9 When the macrocracking occurs, the number of medium 
amplitude events (52 to 76 dB) increases. Most of these 
events are reflections of the stress wave developed at the 
crack front and do not represent a change in the material. 

�9 This type of AE is characterized by an amplitude of ap- 
proximately 76 to 94 dB. These events are probably too 
strong to be reflected waves. They are more likely to be 
cracks that propagate through fewer lamella than the 
macrocracks that cause the 100 dB noise. 

Figure 10 shows the test in the terminal phase (cracking of 
the sample). 

3 . 3  Residual Stress Distribution 

The determination of residual stresses in coatings is of great 
significance for their behavior under load. The internal stresses 
depend on the thermophysical data of the substrate and coating 
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Fig. 8 Amplitude versus Ume of specimen CIA 

Journal of Thermal Spray Technology Volume 4(4) December 1995----349 



Fig. 9 Location plot. C1A sample 1 and 2 represent the two acoustic 
transducers. 

materials and on the spraying parameters. Many experimental 
methods are available for determining internal strains. In this 
work, the measurement of residual stresses is carried out by in- 
cremental hole drilling (Ref 4). Figure 11 shows the residual 
stress results. The measurement conditions are the same for all 
specimens. 

Stress profiles are given more significantly in the form of his- 
tograms because every drilling step corresponds to measuring 
the average stress in the whole drilled layer. The location of the 
coating/substrate interface was determined from direct observa- 
tion of cross sections along the hole axis and measurement of the 
actual thickness using micrographs. 

Residual stress distribution histograms led to the conclu- 
sions: 

For C1A, C2A, and C3A profiles, there are few residual 
stresses in the bulk of coating. They are generally tensile. 

Apeak  tensile stress is located at/or near the interface. This 
peak is balanced by compression stresses within the sub- 
strate. The maximum amplitude of the tensile stress seems 
to decrease as the roughness of the substrate decreases. 

4. Correlations 

The main purpose of this work was the evaluation of inter- 
facial toughness. Also studied were roughness effects, which 
can influence the adhesion (Part I of study), and the correlation 
between residual stresses, indentation results, and four-point 
bend test results. 

4.1 Indentation and Residual Stresses 

4,1.1 Evaluation of Interfacial Toughness 

Interfacial toughness is determined by the equation (Ref 5): 

~ Pf-P~.E 2f~ ~- 
K v= 0.0257 �9 a - N : - ~  + ~ ~r'qC (Eq 1) 

c C 3 ,,~ 

where P is the load, E is the Young's modulus, o is the residual 
stress according to the Von Mists criteria, a is the half-diagonal, 
c is the crack length, and f l  is a form factor that depends on the 

Fig. I0 Cracking of the sample during a four-point bend te~t 

type of indenter used. The equation can also be written as fol- 
lows: 

Kc V = K c + K r (Eq 2) 

where K c is the apparent toughness at the interface and Kr is the 
contribution of residual stresses to this toughness. 

4.1.2 Discussion 

For ceramic materials, such as chromium oxide, the adhesion 
of coatings on the substrate and the cohesion between layers are 
essentially mechanical and a function of the substrate roughness 
and the size of particles (Ref 6). Therefore the choice of  abrasive 
materials, their size distribution, the pressure, the distance, and 
the sandblasting angle are critical. 

In our study, we show by the hole drilling method that when 
the roughness decreases, the tensile residual stresses near the in- 
terface also decrease. It involves a Kr decrease and an apparent 
Kc increase (Fig. 12 and Table 1). 

In the indentation method, the crack lengths were smaller for 
the C3A sample than the C1A and C2A specimens. The mean 
value, K v = 6.3 MPa.'4~-m (Table 1), seems to be the intrinsic 
value of the atmospheric plasma spraying (APS) chromium ox- 
ide/cast-iron system for the three types of specimens. The C3A 
sample also has the lesser roughness. 

This is paradoxical because the beneficial topographic fea- 
tures most generally considered to be produced by grit or sand- 
blasting are the increased surface area of the substrate; i.e., the 
formation of sharp asperities upon which the spray particles can 
impinge anchor themselves, and thus lead to an increase in ad- 
herence. But, Nicholas et al. (Ref 7) noted that as the roughness 
increases, the degree of wetting of melted particles decreases. 
As a consequence, adherence decreases. 

The role of residual stresses must be taken into account. A 
compromise may exist between the level of residual stresses and 
the roughness. Steffens et al. (Ref8) noted that, for many plasma 
spray applications, the maximum roughness of the surface is 
generally smaller than 5 ~tm (Ra). 

In our case, the C3A sample (where R a = 3.5 p.m) tested by 
the interfacial indentation method was the most adhesive system 
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Fig. 11 Restdual stress profiles for specimens C 1A and C3A 

Fig. 12 Influence of residual stresses. The decrease of residual 
stresses represents 30% between CIA and C3A. C1A represents a 
coarse roughness, and C3A represents a low roughness 

Table I Evaluation oflnterfacial  Toughness Kcv (MPa.~-m) 

lnterfacial toughness 
Specimen Kc Kr Ke g 

CIA 1.8 4.7 6.5 
C2A 2.5 3.0 5.5 
C3A 4.6 2.4 7.0 

Note: K o Kr, and K v are the mean values for 3 kg, 5 kg, and 7 kg. 

with a residual stress level ]ess than the C1A and C2A speci- 
mens. 

4.2 Four-Point Bend and Residual Stresses 

Figure 13 plots residual stresses "at the interface" versus the 
displacement to failure (displacement where acoustic emission, 
AE, activity is maximal).  Displacement is also strongly depend- 
ent on the residual stress of  the coating. The higher the tensile re- 

Fig. 13 Correlation between residual stresses and displacement to 
failure. The maximal AE dtsplacement refers to the crosshead move- 
ment of the four-point bend test at which AE detected failure. 

sidual stresses at the interface, the lower is the ability to bend 
prior to failure. This result also confirms the indentation results 
because C3A is the more adherent sample. 

5. Conclusions 

This experiment was conducted with a view to study the re- 
sidual stresses and the influence of roughness on adhesion. Two 
tests of  adhesion were performed: an interracial indentation test, 
and a bending test on coated specimens combined with acoustic 
emission measurements. The results presented are of  prelimi- 
nary nature, but they show the ability of  the methods to investi- 
gate the degradation mechanisms of  the Cr203 ceramic coating 
that results from mechanical loading. 

Note that when the roughness decreases, the residual stresses 
near the interface also decrease, and the adhesion is better as de- 
termined by the AE activity. 
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The  main  d e v e l o p m e n t  e f for t  in the i m m e d i a t e  future  should  
be: 

�9 Accurately studying the reproductibility of  the AE activity 

�9 Monitoring acoustic emission (AE) to follow the crack 
propagation during indentation testing 

�9 Testing and comparing coating adhesion with a classical 
tensile adhesion test (pullout test) 
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