JTTEES 8:531-536

OASM International ‘<

Adhesion Evaluation of Plasma
Sprayed Coatings Using Piecewise
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The critical load for adhesion of 75%WC-Co + 25%Ni alloy plasma sprayed coatings was evaluated by
an interfacial indentation test. A statistical analysis—piecewise linear regression—was used to estimate
the critical load Pc and its confidence interval. It was determined that a post heat treatment increases the
practical adhesion load of plasma sprayed coatings. This increase was attributed to interdiffusion
mechanisms verified at the interface between the coating and substrate.

of adhesion. Using logarithmic coordinates of cragkiersus
the indentation load, they obtained straight lines whose slopes
_ were functions of the coating thickness. After annealing treat
1. Introduction ments at 873 K for 2 h, it was found that these straight lines i
] o tercepted at a single point corresponding to the appare
The coated surface must possess a suitable combination of5rdness of the coating and the substrate composite system.
properties to achieve tribological requirements, for example, apparent hardness could be represented by a straight line
good adhesion at the coating/substrate interface. Adhesion is de§|0pe 0,50 in a graph constructed by the relation betwegnHn(
fined by Holmberg and Matthews (Ref 1) as “the ability of @ ) and Inp) (d, andds being the diagonals of the indentations
coating to remain attached to the substrate under required opefyat\yould be obtained in the coating and substrate, respective
ating conditions.” The definition of adhesion used by ASTM is | nqer the action of loake).
“the state in which two surfaces are held together by interfacial 1o single point of intersection is called the critical Idag,

forces which may consist of valence forces or interlocking 5.4 is the minimum value necessary to produce a crack at the

forces or both” (Ref 2). _ _ terface. This value is close to that of basic adhesion since it w
Demarecaux et al. (Ref 3) describes the process of basic adgetermined after removing residual stresses present in the co
hesion (BA) of thermal sprayed coatings by three main compo- ing (Eq 1).

nents: physicochemistry adhesion, mechanical adhesion, and The procedure that was carried out in this work is differen
interdiffusion adhesion. On the other hand, the measurement O?rom Lesage's (Ref 5). The apparent hardness has been obtai
this adhesion or the measurement of the mechanical reSiStancsxperimentaIIy using.a Vickers microhardness tester with in
aCh'?Ved by application of_an mcreasmg_force to separate thecreasing loads. Indentations were performed at the coating/sul
coating from the substrate is termed by Rickerby (Ref 4) as ex-

. tal tical adhesion (EA). The relationship bet strate interface and the Vickers diagonals were considere
Ef';%%i%;%?;'\;ﬁtgn :SS_'On( ). The relationship eWeenprecracks.Accordingto brittle fracture mechanics, itis expecte

that the slope of the second linear spline will equal 0.67 (Ref €
EA=BA—IS+ SE (Eq 1) ifth_e cracks_produ_ced are” hal_f-penny” in morphology. A linear
spline is a piecewise polynomial of order 1 (Ref 7). The author
. . . . have constructed a second linear spline for one coating thickne
wherelSis the internal stress ai8Eis the specific error of the and have investigated the influence of heat treatment on t
method in measurement. . . critical load adhesion of plasma sprayed coatings. The adhesi
There are some mechanical tests to measure experimental a¢qechanisms as well as the residual stress effect have be
hesion. The goal of this work is to establish a critical load of ad-
hesion with its confidence interval by a statistical

gr:jalyss_—plecevxlns? Imtzar regresslonfthrlolugg _the 'nlt(erfaceincreased due to post heat treatment, the confidence intervals
Indentation test. In fact, because the critical load Is not known, g critical loads were estimated by statistical analysis. Thi

th'ff IS ? nonfhtr;]ear _rtegr?elss;;n prgptlem. 1]::"3 app.rotach ?Howedanalysis provided the standard asymptotic error related to t
estimation of the critical loallc and its confidence interval. method specific error predicted in Eq 1.

Lesage (Ref5) used the indentation test at the interface in hy-
personic thermal sprayed coatings to determine the critical load

|Keyw0rds interfacial adhesion testing, piecewise linear regressio|1

changed by performing a post heat treatment. This procedure
sulted in an increase &¢. To ensure that the critical load was

2. Experimental Procedure

C. GodoyandJ.C.A. Batista, Department of Metallurgical and Mate- . .
rials Engineering, UFMG. Rua Espirito Santo, 35, Belo Horizonte, Three composite systems were produced for adhesion eval

Brazil. Contact e-mail: godoys@demet.ufmg.br. ation by changing either the substrate microstructure or the he
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treatment. The coating system of 75%WC-Co + 25%Nibase al- For the indentations in stage Il, the crack sisggiven by the
loy was kept constant. The substrates were sandblasted and th&um of the averages of the indentation diagonals and the left and

roughnessR;, taken prior to coating. right cracks parallel to the coating/substrate interface:
The substrates used were of AISI E52100 steel. In the com-
. - - L, +a,0 Ley+c0
posite systems identified as CSI and CSlII, the steel substrateg = 3 O+ 3 0 (Eq3)

were used in the annealed condition. In the composite system 0O 4 oo 2 @

CSII, the annealed steel was quenched and tempered prior to ) ) )

sandblasting. In the system CSlII, both coating and substrateVherecqis the right-hand crack size aads the left-hand crack

were heat treated after plasma spraying. Size. _ S , ,
Thermal spraying was performed with a Metco plasma gun, .The crack dlmenS|on§ in stage | were measured with a I|ghF

type 3MBII (Sulzer Metco, Westbury, NY), with the spray pa- microscope, and those_ in stage II_Were measured on SEM mi-

rameters recommended for the WC-Co: 71VF-NS Metco pow- crographs. In stage | flve_ crack size values were reported for

der (Table 1) (Ref 8). The samples for interfacial indentation each load employed, and in stage Il three crack size values were

testing were prepared by taking cross sections that Werereported for each load value.

mounted, grounded, and polished by conventional procedures

(Ref 9), that is, cutting with an abrasive wheel; cold mounting 3 Statistical Procedure: Piecewise

under vacuum in low-viscosity epoxy resin; grinding with alu- Linear Regression

minum grinding paper in the sequence 60, 30, 15, qmad; &nd

polishing with diamond pastes 9, 3, andr, using alcohol as An important case of practical interest involves the
lubricant. piecewise fitting of linear regression models of different groups

Surface observation and characterization were performedof data. This can be treated using linear splines. Suppose that
with a scanning electron microscope (SEM), which was used tothere is a single knot (the junction point of the pieces)ad
take the composition profile along 20m across the coat- thatthere could be both a slope change and a discontinuity at the
ing/substrate interface (10m on each side, positionedun knot. Then the resulting model can be written as (Ref 7):
apart) and microprobe analysis of iron, tungsten, and cobalt, _ _ 0 1
WFi)th zin energy di§persive sy}sltem. The microgrobe analysis was BO) = 09 = Bop * BorX + Baglx ~ ) + Byy (x =0
performed at positions of 1 anduth on each side of the coat-

ing/substrate interface. where the significance ¢ - t)? and(x - t)} is:
After sample pre_paration, the Vicke_rs inder)tation te_sts were (x - t)f =1,ifx>t

performed under different loads. During testing, the indenta-

tions were produced to fall precisely at the coating/substrate in- =0.if x<t

terface, with its diagonals either perpendicular or parallel to it.
For each composite system, five load values each were used ig

stages | and Il.
The crack size in stage |, according to Lima et al. (Ref 10), (x-15=(x-1),if x>t
is given by: o itret
=0,ifxs<
a, +a,
€T (Eq2) Note that ifx < t, the straight-line model is:

E(Y) = Bgo * BgyX
whereay, is the size of the diagonal parallel to the interface and

a, is the diagonal size in the direction perpendicular to the inter-

and ifx > t, the model is:
face.

E(y) = [300 + BO]_X + Blo(l) + B]_l(x -1

= (Boo + Byg = Byyt) + (Bgy *+ Bypx

Table1 Plasma spraying parameters

Parameter Value
Arg?gsgze psi 100 Therefore, ifx <t, the model has intercefiyg and slopeBg,
Flux, L/min 46.7 while if x > t, the intercept isfipg + B10— B11t) and the slope is
Hydrogen (H) (Bo1 + B1p- This regression fu_nction is _shown in Fig. 1. The pa-
Pressure, psi 50 rameterB;g represents the difference in mean response at the
Flux, L/min Ar 4.7 knott.
ﬁig\clglr{aegné’g 4g(1) However, in some cases of practical interest, the function
Carrier gaslﬂux, L/min Ar 6.3 must be continuous at the krioThe estimation of critical loads
Powder feed rate, g/min 60 is one of these cases. To determine the criticalfgdde., at the
Spray distance, mm 100 knott), both linear splines must be continuous so that a smooth

function results. This is easily accomplished by deleting the

Source: Ref8 termBo(x - t)$ from the original model (Ref 7):
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E(y) = S(X) = Byg + ByyX + Byq(X = t): ing value chosen € (see Eq 4) was 0.17, sinBe+ C (slope in

stage Il) should be 0.67. The starting value of the pararheter
was chosen randomly. Finally the starting value of the paramet
D (critical load), for each of the composite systems, was chose

In this case, ik < t, the model is:

POMBINSY 1984

E(Y) = Bgg + BgyX in the load range mentioned above. These starting values we
varied to verify whether the model converged to the same resu
and ifx > t, the model becomes: Several combinations of starting values were used for each s
tem, and it was verified that in all sets the values estimatéd for
E(Y) = Bog + BoyX *+ By (x — 1) B, C, andD were consistent.
Two different algorithms were used to estimate the parame
= (Boo = Byah) * (Boy + Byy)x ters: the Quasi-Newton and the SIMPLEX. For each group o
starting values, both algorithms provided the same results. Ho
This piecewise regression function is shown in Fig. 2. ever, it was noticed that convergence was slower when the S

When the knot poiritis unknown it becomes a parameter to PLEX algorithm was used. The loss function used was
be estimated, and the resulting problem is a nonlinear regressiofObserved value — Predicted value) (Ref 11).
problem (Ref 7). Then the estimation of the critical adhesion =~ The model adequacy was evaluated bym‘?ecoefﬁcient
loadP¢ (knott) is a nonlinear regression problem. value, the percentage of explained variance, a tgstalue for
A method widely used in computer algorithms (Ref 11) is each estimated parameter, and residual analysis.
linearization of the nonlinear function followed by the Gauss-
Newton iteration method of parameter estimation. Linearization . .
is accomplished by a Taylor series of the function around the4. Results and Discussion
point defined by the estimates of the unknown parameters. Only
the linear terms are retained. The Gauss-Newton procedure ma Table 2 shows thig, roughness values of AISI E52100 steel
converge slowly in some cases, requiring many iterations. The ubstrates after sandblasting.
fitting of a nonlinear regression model requires starting values to
estimate parameters, and values that are close to the true pa-
rameters will minimize convergence difficulties. In (C)
The following model was proposed in the STATISTICA soft-
ware, release 4.2 (StatSoft Inc., Tulsa, OK):

y=A+Bx+C(x—-D)(x>D) +¢ (Eq4)
/Aﬁoﬁ Bu

wherey = In(P); x = In(c); A, B, C, andD are the parameters to Pl

be estimated by the STATISTICA program. - [310
For In(P) <D, the model is Inf) =A+BIn(P) and for ‘

In(P) >D, the model becomes kj(= (A—CD) + (B +C) BOO+BlO + ﬁjt ~ :,’B

In(P). 01
In this model the parametBris the knot point and is equal to B)O 3

In(P¢) of each composite system. This software was used to:

1. Estimate the parameters of the regression model P- In (P)
2. Estimate the confidence intervals for each parameter of
the regression model Fig. 1 Piecewise linear regression model: discontinuity at thetknot
3. Evaluate statistically if the systems have different criti-  thatisPc (Ref7)
cal loads
4. Evaluate statistically the adequacy of the fitted model
In agreement with theoretical considerations already pre- In (C)

sented, itis expected that the slope of the linear spline, in stage |,
be 0.50. In stage Il, the theory of brittle fracture mechanics es-
tablishes that the slope of the linear spline must be 0.67.

Concerning the critical loaB, it is known when there is a
change from stage | to stage Il. In agreement with the experi-
mental data, it is expected that the critical loads of the composite BOl+ ﬁl
systems range between the following load intervals: [301

+  14.7N<P.<17.7NforCSI Boo -
«  2.94N<P.<4.90N for CSII _~
«  34.3Ns<P.<39.2NforCSll Boo— (ut

The starting values of the estimated parameters were chosen Pc In (P)
according to these previous considerations. The starting value
chosen foB (slope in stage 1) in all systems was 0.50; the start- Fig. 2 Continuous piecewise linear regression model (Ref 7)
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The iron, tungsten, and cobalt composition profiles obtained position profiles in the CSI and CSII systems are very similar.
across the coating/substrate interface showed the presence of ifFhis could be expected since neither one of them was heat
terdiffusion after heat treatment. These results were alreadytreated after coating. The variation in composition among these
published in a previous paper on this subject (Ref 12). The com-coatings reflects the difference in composition of the distinct

23KV X388 18.8U UFNG

Fig. 3 Indentation in the CSII system with interface cracks. Load,
14.7 N. 50&. SEM

Experimental Points - CSI

‘;:,, 48
2 s
3
4.4
£
6] L]
4 -—
s
Q 36 e
a2
28 -
24
04 08 12 18 2 24 28 382 36
LNP Load
Experimental Points - CSII
£ 46
o0
=
2
4 .
§ 0
& .
3.4 -
.
Q 28 <
o
22
P
16 *
L]
1
2 1 [ 1 2 3
LNP Load
Experimental Points - CSIII
£ 56
E
2
¥4 52 4
& 0
48 "
1]
g 44
B .
1
36
]

2 24 28 32 36 4 4.4
LNP Load

Fig. 4 In(c) versus InP) plots of the composite systems CSI, CSlI,
and CslII
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phases from which they were made. It should be pointed out that
the high cobalt signal in the substrate is an artifact since the Co
Ka energy level coincides with the one from H& Khe CSllI
system, which was heat treated after coating, presents differ-
ences relative to the CSI and CSII. For example, its iron profile
in the coating, up to @m from the interface, slightly increased
during heat treatment. The results also indicate that the cobalt
content in the substrate increased. The tungsten profile, how-
ever, showed no significant change. The EDS microprobe spot
analysis confirms the profile analysis since it shows no signifi-
cant differences between the CSI and CSIl systems. It also
shows that in the CSIII system there was an increase in iron in
the coating and an increase in cobalt in the substrate. No changes
were noticed in tungsten content in the coating and in the sub-
strate.

These results indicate a significant interdiffusion of iron and
cobalt during heat treatment. A minimura, () and maximum
(Xmay diffusion distance can be estimated by considering the
austenitization time and temperature (Ref 12), since tempering
was performed at 448 K. Sin®éT, (homologous temperature)
is about 0.7, for both coating and substrate, itis expected that the
diffusion coefficients of iron, cobalt, and tungsten are within the
range 10'%o 102 cnfls (Ref 13). Calculations considering
this range indicate that,in= 0.42um andxmax= 4.2um for
iron and cobalt (Ref 12, 14). The interdiffusion distances of iron
and cobalt that were detected by microprobe analysis and profile
analysis (Ref 12, 14) ranged in this interval.

Table 2 Roughness valueR, of AISI E52100 steel
substrates after sand blasting

Heat
treated Annealed
R, pm 5.2+04 10.0+ 0.7

Table 3 Results from the nonlinear regression analysis

Csl csll Csill

R 0.99945 0.99948 0.99928
Explained 99.890 99.896 99.856

variance, %
Final loss 0.011940420 0.03320249 0.02597027
A 2.4001 2.0563 2.2522
B 0.50030 0.51956 0.50650
C 0.68619 0.40885 2.7372
D 2.7069 1.2744 3.5319
Standarderrorék ~ 0.01030 0.0059 0.04387
Standard error @& 0.00500 0.0065 0.01557
Standard error@  0.25640 0.02047 0.05698
Standard errord  0.01740 0.05393 0.00890
p-value ofA 0.0000 0.0000 0.0000
p-value ofB 0.0000 0.0000 0.0000
p-value ofC 0.0000 0.0000 0.0000
p-value ofD 0.0000 0.0000 0.0000

CI (95%) ofA [2.3826;2.4176] [2.0463;2.0663] [2.1778;2.3267]
Cl(95%)ofB  [0.49182; 0.50879][0.50846; 0.53066][0.48008; 0.53292]
CI(95%)ofC  [0.64268;0.72970][0.37411; 0.44359] [2.6405; 2.8339]
CI (95%) ofD [2.6774;2.7364] [1.1829;1.3659] [3.5230; 3.5408]
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Figure 3 illustrates a typical indentation in the CSIl system, However, the residuals versus predicted values plot of CSEg)
where interface cracks can be noted. shows different behavior from the two other systems. f.g
The experimental points (crack sizeversus loadP) are Although it has constant variance, the different behavior o 5
shown in Fig. 4. The plots loversus InP) show that the CSlII CSllI can be attributed to the load being a fixed variable. The miftg;
system has the most significant slope change. In the CSII systen§rohardness tester equipment limits the choice of load value[ 5=
this change is quite smooth. Depending on the work range, large intervals betwgen Ioad; Ca s
The results from the nonlinear regression analysis, including P& Produced. As a consequence, there were large intervals in 4]

the estimated values of paramet&y8, C, andD and their 95%  SPace of thevariable (i.e., Ik)). o
! va p ! ’ The correlation matrices (Ref 12) indicated that the parame

confidence intervals (Cl), are shown in Table 3. The normal tersA andB had strong correlation in the composite systems CS
probability plots of residuals and the residuals versus predlctedand CSIIl . However, such correlation between the paraméters

va:ues p:g; arz shown,tre]:;pecltlyelya n F.'g' 5 anti 6 Tg? hI(ﬂhandB could not avoid their estimation and the standard error as
values ofR“and percent of explained variance obtained in all .o\ 4\ o ok of them.

composite systems indicate that the model is quite good. The

four estimated parameter, B, C, andD) have also been suc-  1apie 4 Slope and intercept values of the linear splines

cessful in thep-value test. All of them have significant impor-  associated with stages | and |1

tance in the adjusted model.
The normal probability plots of residuals indicate that they Csl csili csii

have a normal distribution in all systems. The residuals versus Stage| Stagell Stagel Stagell Stagel Stagell

predicted values plots show that CSI and CSIII systems haveIS':’Ioe . (2)"288 i-é% g-gﬁg (1’-9522 ggg; 3;-%‘;‘;

constant variance and confirm a good fit for the adjusted model. niercep i i i : ’ -

Normal Probability Plot of Residuals - CSI Residual Analysis - CSI
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Journal of Thermal Spray Technology Volume 8(4) December1 3%



Peer Reviewed

Table 5 Critical load (Pc), critical crack size €¢), and » The statistical model of piecewise linear regression with
confidence interval (Cl) (95%) ofPc knot estimation is essential to estimate with good confi-
dence changes in critical adhesion loads. This statistical ap-

Composite Pe, Cl (95%) cc, proach has made it possible to estimate both the critical load
system N of Pc Hm P :
cand its Cl.
csl 14.98 [14.55; 15.43] 4221 e . . .
csli 3.577 [3.264; 3.919] 15.16 ¢ Interdiffusion is an effective mechanism to increase the
csilii 34.19 [33.89; 34.49] 56.89 critical adhesion load in thermal sprayed coatings.
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