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In the research and development of thermal spraying coating systems for wear-resistance applications,
it is essential to determine coating/substrate bond strength with a proper test procedure. This article de-
scribes mechanical evaluations of a widely adopted coating shear bond strength test procedure con-
ducted via the finite-element method. Analyses of the stress distributions on the coating/substrate
interface indicate that significant errors will be introduced if the standard test procedure is used to de-
termine coating shear bond strength. A new test procedure with modified specimen geometry is proposed
and then verified for effectiveness.

ate the effectiveness of the test method, and they found that the
maximum stress at the coating interface can be 25% higher than
the average stress due to an improper specimen dimension
specified by the standard. To improve the reliability of the ten-
Thermal sprayed coating systems for wear-resistance app"_sne adhesion test, Han etal. used_an elongated specimen, which
cations require good bond strength between the coating and sug®Y sho]yved %rov_lotl]esh better desgmates_ of bondf strength than
strate. As in any coating application, the minimum requirement tests performed with the standard specimen. !n act, many test
for acceptable performance of a coated component must be gtandards and_ p_rocedures for coating propertles_gvalua'qon are
sufficient level of coating/substrate adhesion (Ref 1). This ratherunsophlstlca_ted _(Ref 1) and need to be verified strictly to
makes it essential to quantitatively, or at least qualitatively, esti- find whether they will bring any errors to the results, and/or need

mate the bond strength of a coating system before any practicaﬁO Tr?\:ﬁifsu;ttzzr '%?LIOE%TS ;tigné‘;‘d(zg?gzr:d GB/T 13222-91
application. Presently, due to the lack of detailed knowledge of Y

the vast array of parameters involved, there has been no sucﬁRef 5) standards determining the adhesion strength in shear

8 . ode is evaluated via finite-element analysis method. Analyses
theore_tlcal model th_at can be used to de'_”"e the bo_n_d strength Og]f the stress distributions on the coating/substrate interface indi-
a coating system directly from the coating deposition process

: . _~>“cate that, due to improper modeling, significant errors will be in-
parameters. The only practical and reliable way of determining troduced if the test procedure is used to measure coating shear

bond_ §trengt_h is by expgrimentation. A coupon Is prepared Wi_th bond strength. A new test procedure with a modified specimen
specific cogtlng deposition parameters, Whlc_h isthen t_ested Wlthgeometry is proposed and then verified for effectiveness.

an appropriate test procedure, and the acquired data is evaluated

with a sound computational model to give an estimation of the

coating/substrate bond strength. In order for the estimation to bep Description of the Test Procedure and

more reliable, the test model and procedure should be designed  Finite-Element Mode“ng

such that it represents the practical situation as closely as possi-

ble. In addition, simplifications and assumptions should be care- ~ The current adhesion shear strength standards (Ref 4, 5) re-
fully introduced in computational modeling or interpretation of quire a mild steel cylindrical specimen of 36 mm diameter,

the test model and procedure. However, these requirements ar@hich is coated to a thicknetssn its outer surface and machined
not always very easy to satisfy. The reason lies in the fact thafto form a flange of widtiw. The coating/substrate system is
either the test model may be irrational and therefore cannot repPlaced onto a rigid die to form a stable and axisymmetrical sup-
resent the real problem in a proper manner, or the underlyingPort between the lower surface of the coating and the upper sur-
mechanical responses of the test model are not fully understoodface of the die. An axial pressuf®,is quasi-statically applied
which leads to the adoption of an improper computational O" the to_p end of .the cyllnder to shear the coating from the sub-
model. For example, Han et al. (Ref 2, 3) have recently con-Strate (Fig. 1). With the maximum lo#& recorded, the shear
ducted a computational and experimental stress analysis on th80Nnd strength of the coating is calculated using (Ref 5):

ASTM Standard C 633-79, “Standard Test Method for Adhe- Py

sion or Cohesive Strength of Flame-Sprayed Coating,” to evalu-T, = P (Eql)

|Keyw0rds coating, finite-element method, shear bond strength |

1. Introduction

Y.L. Zhu, S.N. Ma, andB.S. Xu, Surface Engineering Research Insti- ) . .
tute, CMES, No. 21 Dujiakan Changxindian, Beijing 100072, PR Atfirst sight, the test and evaluation procedure seems to be
China. Contact e mail: serizhyl@cenpok.net. very simple, and it is obvious from Eq 1 that a rather intuitive as-
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sumption of uniform shear stress distribution over the coat- accelerate the failure process of the coating system. These p
ing/substrate interface is introduced. In fact, if the friction forces liminary considerations gave impetus to careful investigation o
between the lower surface of the coating and the upper surfacdghe test procedure. As experimental verification of the stress di
of the die are ignored, the interfacial shear stress values at the tofsibutions on the interface is difficult to implement, the finite-
and bottom hoops of the coating/substrate interface must be zerglement method was used in this study.

according to the equality of cross shears (Ref 6). Thus, itis im-  Considering the axial symmetry property of the structure
possible for the shear stress to distribute uniformly across theand loading conditions, only half of the coating/substrate sys
coating/substrate interface, as will be demonstrated later in thislem is discretized for analyses. A total of 4000 four-nodeg
article. In addition, normal stress will inevitably arise on the iSoparametric elements are used to conduct the simulation.
coating/substrate interface owing to the effect of bending mo- unglerstand the details of the high graqhentstress distribution a
ment, which contributes to coating/substrate detachment. Thid® increase accuracy of the calculation, meshes near the co
latter phenomenon also indicates that the test and evaluatiodnd/substrate interface are refined, as shown in Fig. 2. Beari

procedure will underrate the shear bond strength of the coating”} mt'ng E[rrl]at;nctlgn betwedgp the die and_;_h% spefulrlnen .'S TI
system due to the existence of interfacial tensile stress that willd'ected, the bounaary conditions are speciiied as Tollows. rolie
boundary conditions are applied on the outer surface of the ¢

inder and the bottom surface of the coating in contact with the i
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PE N ner and upper surfaces of the die, respectively. All nodes alo
p the z-axis are constrained from motion in the r-direction. As her
Cylindrical substrate l I J. 1 the reader is concerned only with interfacial stress distribution
E"““-u,ﬂ e i prior to coating detachment, elastic material responses and pe
: = 2 manent bonding between the coating and substrate are assu
Caoating | | L
t g . :
e el I 3; i 3. Results and Discussion
| | ,
Riged die ) | 3.1 Nonuniform Interfacial Stress Distributions
M ; Figure 3 shows the normal and shear stress distributions ov.
the coating/substrate interface for a coating 2 mm thick and 1

[ mm wide when the axial loaB, reaches 81 kN. The shear stress
distribution is very uneven, with a maximum value of 106 MPa
WW / //?J// %’fﬁ atz= 0.6 mm, which is 4.35 times of the average vajyé47.7
MPa, according to Eq 1); from= 5.0 to 12.5 mm on the inter-
Fig. 1 Standard shear bond strength test system face, shear stress value is only about£28) MPa, which is
nearly half of the average value. In addition, normal stress po
sesses nonzero values at the lower and upper end of the int
U face, with a drastic change from compressive to tensile stress
z=0.6 mm. Maximum tensile stress is as high as 75 MPa. T
above observations imply that it is the combined effect of the
maximum shear and tensile stresses that result in coating deta
<+ Cylindrical substrate Coating ment. When adhesive failure occurs at the interface where t
interfacial stresses attain their maximum value, stress values
T other parts of the interface are still far lower than the actual she
bond strength of the coating system. This means that shear bo
strength evaluated with this method could be significantly un

derrated.
250 | | | | 1 i
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< 100 TN
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Fig. 2 Refined mesh near the coating/substrate interface Fig. 3 Interfacial stress distributions
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3.2 Effects of Coating Dimensions on Interfacial stressy,y, unchanged. The equivalent loads for the three coat-
Stress Distributions ings are 40.5, 81.0, and 121.5 kN, respectively. It can be found
from the figures that, for the three coatings of 7.5, 15.0, and 22.5
Coating dimensional parameters, such as thickness andnm width, the corresponding maximum shear stress are 138,
width, can affect interfacial stress distribution to a certain de- 202, and 312 MPa, respectively, and the corresponding maxi-
gree. In order to assess this effect, coatings of different thicknesgnum tensile stress values are 54, 119, and 190 MPa, respec-
and width are evaluated in the finite-element simulations. tively. This shows that a smaller sample width tends to reduce
To begin with, the effect of coating thickness variation is the maximum stress values. In addition, it also can be found
studied. The interfacial shear and normal stress distributions forfrom Fig. 6 that decreased sample width will lead to less vari-
three coatings of different thickness (1.0, 1.5, and 2.0 mm) at 81ation of interfacial shear stress distribution. These observations
kN axial pressure are shown in Fig. 4 and 5, respectively. Theindicate that samples of smgller width will give more reliable
figures show a shear stress peak and a normal stress transitioff'€ar bond strength evaluation results. _
for all the three coatings, implying that coating thickness vari- _From the above analyses, it can be concluded that, in evalu-
ations have little effect on the interfacial stress distribution pat- aling coating shear bond strength with this test method, a thicker
terns. However, the maximum stress values are quite differentcating and smaller sample width better satisfies the assumption
For the three coatings of 1.0, 1.5, and 2.0 mm thickness, the cor9f uniform shear stress distribution over tht_a coating/substrate
responding maximum shear stress values are 286, 236, and o0terface. One should a!so be aware that W'Fh t.he §tand§1rd test
MPa, respectively, and the corresponding maximum tensileproc.‘?dure’ perfectly .unlform ;he_ar stre§s distribution \.N'th. no
stress values are 191, 144, and 119 MPa, respectively. Thiili.enSIIe stress on the |nt.erface IS |mp055|ble. As ShO.W" in Fig. .6
shows that thick coatings tend to reduce the maximum stressand 73 even fc_thhe coating 2 mm thick and_ 7.5mmwide, a maxi-
values and, hence, improve the reliability of the estimated mum |nterfaC|_aI shear stress of 138 MPa is developed, which IS
shear bond strength nearly three times the average shear stress va_Iue,_ and the maxi-
To evaluate the eﬁects of coating width variations, coatings mum interfacial tensile stress value for this coating is 54 MPa. In

e . ; fact, for most of the frequently used thermal spraying tech-
of 2mmin thickness .and of tlhree dlﬁerentW|d':hs (7{15' ,15'0]; arleniques, it is a nontrivial task to deposit coatings with thickness
22.5 mm) are examined. Flgyre§ 6and 7s ow the inter ac'agreater than 3 mm due to interfacial stress accumulation. An un-
shear and normal stress distributions, respectively,

A ; , & for the thregyerstanding of the underlying stress/strain response and mate-
coatings under equivalent loading conditions. “Equivalent

loading” infers that when the load-bearing area is changed due

to coating width variation, the axial pressupeshould be ap- 250 I T 1 1 1 1 1 1
plied in a manner that will keep the average interfacial shear;_ﬂ,\ 200 T O Th!ckness=1.0 mm
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Fig. 6 Interfacial shear stress distributions for coatings of different Fig. 7 Interfacial normal stress distributions for coatings of different
width width
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rial failure modes are often of great help in interpreting the test4. Conclusions

result.

t
3.3 Improved Test Procedure

In order to improve the interfacial stress distribution and to

reduce the maximum value of the interfacial shear and normale

stress, a new test procedure with modified specimen geometry is
proposed. As shown in Fig. 8, the coating is machined to form a
cone-shaped outer surface, with a half-cone amgte8.8°. A
conical die of equal conical angle with the cone surface of the
coating is used to support the specimen. To evaluate the influ-
ence of the coefficient of friction between the coating and the
die, the “penalty method” (Ref 7) is used in the finite-element
program to model unilateral contact with friction. Three differ-
ent frictional conditions are considered, with the coefficients of

frictionf = 0.1 and 1.0 and a condition of permanent bonding be- «

tween the coating and the die. In the cade 881 kN andwv =

15 mm, Fig. 9 and 10 show the interfacial shear and normal
stress distributions, respectively. For the three frictional condi-

tions,f = 0.1 and 1.0 and permanent bonding between the coat-

ing and the die, the corresponding maximum shear stress value$

are 85, 72, and 70 MPa, respectively, and the corresponding

maximum compressive stress values are 162, 100, and 71 MPa,

respectively. Compared with the standard specimen, the modi-
fied specimen produces relatively uniform stress distribution
over the interface (refer to Fig. 4 and 9). For the worst cdse of
0.1, its maximum interfacial shear stress value (85 MPa) is only
1.78 times the average value (47.7 MPa) and the minimum inter-
facial shear stress value (at the middle range of the interface’
reaches 40 MPa, which is 84% of the average value. Moreover,
there are no tensile stresses on the interface. As for the compre:
sive stresses on the interface, they do not contribute to coating
detachment. Besides, in most tribological applications, shear
and compression is usually the dominant stress state on coat
ing/substrate interface. These results show that the modified
specimen can give more reliable coating/substrate shear bon(
strength evaluation than the standard specimen.

P

|

Cylindrical substrate

H

-
v

Cone shaped coating | |

Y
d

—>» W «—

Conical die

[

Fig. 8 Modified test system, where the coating is machined to form a
cone-shaped outer surface
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standard coating/substrate shear bond strength test are obtai
Some major conclusions are as follows:

—

By using the finite-element method, the interfacial stress dis
ributions and the effects of coating geometrical parameters in

POMBINSY 1984

In evaluating the coating/substrate shear bond strengt
with the standard specimen geometry, the interfacial stres
distribution is very uneven. When the interfacial shea
stresses attain a maximum value of nearly 4 times the ave
age value, the stresses at other parts of the interface are
lower than the average value. Moreover, the interfacia
stress state is by no means pure shear. The large tens
stress present on the interface will contribute to coating de
tachment. Therefore, the shear bond strength evaluate
with this method could be significantly underrated.

Thicker coatings with a smaller sample width tend to lowe
the maximum shear and tensile stress values and therefo
give a relatively better estimation of the shear bond
strength.

With the modified geometry of the specimen, interfacial
stress distribution is largely improved with no tensile
stresses on the interface, which suggests that the modifie
specimen can give more reliable coating/substrate she
bond strength evaluation than the standard specimen.
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Fig. 9 Interfacial shear stress distributions at different frictional
conditions
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Fig. 10 Interfacial normal stress distributions at different frictional
conditions
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