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Measurement of fracture toughness and
interfacial shear strength of hard and brittle Cr
coating on ductile steel substrate

B.-Q. Yang*1,2,3, K. Zhang2, G.-N. Chen2, G.-X. Luo2 and J.-H. Xiao2

The fracture toughness and interfacial adhesion properties of a coating on its substrate are

considered to be crucial intrinsic parameters determining performance and reliability of coating–

substrate system. In this work, the fracture toughness and interfacial shear strength of a hard and

brittle Cr coating on a normal medium carbon steel substrate were investigated by means of a

tensile test. The normal medium carbon steel substrate electroplated with a hard and brittle Cr

coating was quasi-statically stretched to induce an array of parallel cracks in the coating. An

optical microscope was used to observe the cracking of the coating and the interfacial

decohesion between the coating and the substrate during the loading. It was found that the

cracking of the coating initiated at critical strain, and then the number of the cracks of the coating

per unit axial distance increased with the increase in the tensile strain. At another critical strain,

the number of the cracks of the coating became saturated, i.e. the number of cracks per unit axial

distance became a constant after this critical strain. Based on the experiment result, the fracture

toughness of the brittle coating can be determined using a mechanical model. Interestingly, even

when the whole specimen fractured completely under an extreme strain of the substrate, the

interfacial decohesion or buckling of the coating on its substrate was completely absent. The test

result is different from that appeared in the literature though the identical test method and the

brittle coating/ductile metal substrate system are taken. It was found that this difference can be

attributed to an important mechanism that the Cr coating on the steel substrate has a good

adhesion, and the ultimate interfacial shear strength between the Cr coating and the steel

substrate has exceeded the maximum shear flow strength level of the steel substrate. This result

also indicates that the maximum shear flow strength level of the ductile steel substrate can be only

taken as a lower bound estimate on the ultimate shear strength of the interface. This estimation of

the ultimate interfacial shear strength is consistent with the theoretical analysis and prediction

presented in the literature.
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Introduction
Hard and brittle coatings bonded to ductile substrates
have many diverse applications, such as in wear-resistant
coatings, anticorrosion protective coatings and thermal
barrier coatings.1–5 Field observations as well as
laboratory test results indicate that the typical failure

mode of such coating–substrate systems often is a two
stage process:

(i) the first stage is that when a coating–substrate
system is under sufficient tensile stress it becomes
energetically favourable for through thickness
cracks to develop in the coating

(ii) the second stage is that when the crack tip reaches
the interface and the crack can propagate along
the interface or into the substrate.6–9 The
propagation of the crack along the interface can
lead to the spallation or loss of the coating from
the substrate.

Thus, the fracture and interfacial adhesion properties of
the coating on its substrate are considered to be crucial
intrinsic parameters determining performance and
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reliability of coating–substrate system. In this work, two
important mechanical properties of the coating–sub-
strate system, i.e. the fracture toughness of the coating
and the interfacial shear strength between the coating
and substrate were investigated. The higher fracture
toughness means a higher crack propagation resistance,
and the higher interfacial shear adhesive strength means
a higher crack initiation resistance during the shear
stress loading. Various experimental methods such as the
pull-off test,10,11 scratch test,12–15 indentation test,14–19

impact test20,21 and laser ultrasonic testing method22,23

have been used to evaluate the coating fracture proper-
ties and interfacial adhesion properties between the
coating and the substrate. However, the methods
mentioned above for adhesion measurement have
limitations. For example, for the pull-off test, the
adhesive used to glue a sample to the sample holder is
required to have its adhesive strength higher than that of
the interface. Generally, this test is suitable for the
measurement of an adhesive strength that is weaker than
90 MPa.15 For the scratch test, a small diamond tip
moves over the thin hard coating surface under a
progressively increasing load. The initiation of inter-
facial decohesion is detected from acoustic emission
signals or the load–displacement curve. The critical load
corresponding to the initiation of interfacial decohesion
is used to evaluate the adhesion. However, the test is
influenced by a number of intrinsic and extrinsic factors
that are not adhesion related and the results of the test
are usually regarded as only semiquantitative.12 It
should be noticed that, for a brittle coating on a ductile
metal substrate, the uniaxial tensile test has been
adopted to evaluate the mechanical properties of the
coating–substrate material system in some recent inves-
tigations.7,24–30 Xie and Wei7 stated, like any other type
of mechanical tests, the interpretation of the uniaxial
tensile test data to extract intrinsic interfacial mechan-
ical properties of the coating attached to a substrate is
still non-trivial. A tensile test not only requires a
relatively simple and inexpensive testing instrument,
but also can produce in a well controlled manner a large
array of parallel cracks over the nominally homoge-
nously deformed ductile substrate and allow in situ
observation of cracking and decohesion of the coating
via various microscopy tools.7 Also, for this test, Ogwu
et al.24 presented fitting probability distribution func-
tions to saturation crack spacing distribution for thin
films and coatings. In this work, the uniaxial tensile test
was adopted to investigate the fracture toughness and
interfacial shear adhesive strength of a hard and brittle
Cr coating on a normal medium carbon steel substrate.

Experimental
Uniaxial tensile experiments of normal medium carbon
steel electroplated with a hard and brittle Cr coating
were performed in this study. The chromium coatings,
composed of low contraction (LC) and high contraction
(HC) chromium, were prepared by the commercial
electroplating of practical chromium coated parts. The
LC Cr layer y20 mm thick was predeposited as an
interlayer with the commercial plating bath of chromic
acid (250 g L21) and sulphuric acid (2?5 g L21), at a
temperature of 85uC and a current density of
60 A dm22. The HC Cr plate approximately 80 mm
thick was deposited at a lower bath temperature and a
lower current density. The gage section of the dog bone
shaped specimen has dimensions of 100 mm long,
20 mm wide and 2?2 mm thick while the thickness of
the Cr coating was 100 mm, as schematically illustrated
in Fig. 1.

The cross-sectional surface of the specimen was
polished to avoid stress concentration during the
loading. The rate of the crosshead displacement was
0?5 mm min21. The optical microscope can be adjusted
to observe the coating surface or cross-sectional surface
image of the specimen. An optical metallograph of the
initial surface of the Cr coating on its substrate is shown
in Fig. 2.

Tensile testing of the specimen was carried out quasi-
statically on a universal test setup for a coating–
substrate system. Tensile loads were applied at the two
ends of the specimen. After a certain displacement
increment, the test was interrupted to observe whether
the cracking of the coating or the interfacial decohesion
occurred or not using an optical microscope. The curve
of the stress versus strain derived from the test is shown
in Fig. 3.

In Fig. 3, there are two significant points that should
be considered: the critical strain at which the crack was
initiated, and the strain at which the crack density
became saturated, i.e. the number of cracks per unit
axial distance became a constant after this critical strain.
In this experiment, the strain at which the crack initiated
is y0?1%, and the strain at which the crack density
became saturated is y0?2%. Although the cracks of the
coating became saturated, the specimen was still strained
increasingly. Interestingly, even when the specimen

1 Schematic illustration of dimensions of specimen

2 Initial optical microscopy image of surface of Cr coat-

ing on steel substrate
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fractured completely, throughout the parallel length of
the specimen under a critical strain, no interfacial
decohesion or buckling of the coating could be observed,
and only the quasi-periodic and through thickness
cracks of the coating existed, as shown in Fig. 4. The
corresponding optical micrograph of the Cr coating
surface is shown in Fig. 5.

An optical micrograph of the cracking, which is
characteristic of the Cr coating surface involving the
fracture profile is shown in Fig. 6, in which the arrows
indicate the fracture profile. From Fig. 6, it can be seen
that no Cr coating peels from the substrate. Most cracks
in the coating were oriented perpendicular to the tensile
direction. The fact that the deflection of the cracks of the
coating in Fig. 6 occurred can be attributed to the
heterogeneous deformation and initial surface defects in
the Cr coating.

Results and discussion

Determination of fracture toughness
In this work, it is assumed that the brittle coating only
exhibits elastic deformation and that the plastic defor-
mation can be ignored. As mentioned above, there are
two significant points in the stress versus strain curve

that should be considered. One is the critical strain at
which a crack of the coating is initiated. At this critical
strain, the substrate still shows elastic behaviour. It
should be noticed that, before this critical strain, the
elastic deformation of the coating and substrate must
satisfy the deformation compatibility condition, i.e. they
must share the same strain. Once the crack initiates, a
mechanical model is developed, as shown in Fig. 7. The
fracture stress sc of the coating can be determined by

sc~Ecec (1)

Ec is the Young’s modulus of the coating, and
Ec5280 GPa for Cr.31 ec is y0?1% in this work.
Therefore, the fracture stress sc can be calculated and
it is equal to 280 MPa. Once the fracture stress is
determined, the fracture toughness in terms of critical
energy release rate of the coating can be calculated
from324 Cross-section optical micrograph of fractured specimen

5 Coating surface optical micrograph corresponding to

cross-section optical micrograph in Fig. 4

6 Optical micrograph of Cr coating surface of fractured

specimen

3 Curve of stress versus strain

7 Mechanical model
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Gc~
1

2

s2
ch

Ec

pg(a,b) (2)

where h is the thickness of the coating, and g(a,b) is a
dimensionless coefficient that depends the Dundurs
parameters a and b.33 For plane strain problems, a
and b are

a~
Ec{Es

EczEs

, b~
Gco(1{2vs){Gsu(1{2vc)

2Gco(1{vs)z2Gsu(1{vc)

where Ec~Ec=(1{v2
c) and Es~Es=(1{v2

s ). Ec, Gco and
vc are the Young’s modulus, shear modulus and Poisson
ratio of the coating respectively. Es, Gsu and vs are the
Young’s modulus, shear modulus and Poisson ratio of
the substrate respectively. In this work, Ec5280 GPa,
Gco5115 GPa and vc50?22 for Cr.31 Es5210 GPa,
Gsu582 GPa and vs50?28. Based on these given condi-
tions, a and b can be calculated and the dimensionless
coefficient g(a,b) can be given as32

g(a,b)&1:38

So the fracture toughness of the coating can be
calculated and the result is

Gc&57:7(J m{2)

Based on the relationship between the fracture tough-
ness in terms of the critical energy release rate Gc and the
fracture toughness in terms of the critical stress intensity

factor K1c(Gc~K2
1c=Ec), the fracture toughness Gc

presented in this work is within the range of the fracture
toughness of chromium described elsewhere.31

Estimate of interfacial shear strength
In this work, a mechanical model consisting of a two
layer system is considered, as illustrated in Fig. 8, in
which d is the intercrack spacing, and a is the half length
of the cracked coating segment attached to the substrate.
The substrate is much thicker than the brittle coating
and therefore carries almost all the applied load.
Therefore, the influence of the cracking on the stress
distribution in the substrate can be neglected. When the
tensile strain is applied to the substrate, the shear
stresses are developed in the interface or in the vicinity
of the interface, resulting from the difference in Young’s
modulus between the coating and the substrate. The
interface is assumed to be elastic–perfectly plastic in this
study. As shown in Fig. 8, the maximum tensile stress
occurs in the middle point of each cracked coating
segment, and it vanishes at both ends of the intercrack
spacing of the cracked coating segment. Also, the
interfacial shear stress equals zero at the middle point
and at both ends of the intercrack spacing of the cracked
coating segment, and the authors assume when ac¡xva
or {avx¡{ac, the interface exhibits the elastic–
perfectly plastic behaviour. Therefore the maximum
interfacial shear stress exists in ac¡xva or
{avx¡{ac. Once the accumulated shear stress
transferred by the interface enables the tensile stress in
the coating to reach the fracture strength level, the
brittle coating on the ductile substrate cracks. Based on
the equilibrium condition, the relationship between the
maximum tensile stress in the middle point of each
cracked coating segment and the interfacial shear stress
is

s~
1

h

ða

0

t(x)dx (3)

One tensile experiment was performed by Agrawal and
Raj26 to evaluate the interfacial shear strength between
the Si film and the copper substrate. The interfacial
shear strength can be calculated from26

tb~
psch

dmax

(4)

where, h is the thickness of the coating and it equals to
100 mm. dmax is the maximum intercrack spacing when
the crack density of the coating becomes saturated, and
it approximately equals to 290 mm in this experiment. sc

is the fracture stress of the coating and is equal to
280 MPa. Therefore, the interfacial shear strength can
be calculated and it approximately equals to 303?2 MPa.

Another tensile experiment was conducted by
McGuigan et al. to investigate the fracture behaviour
of the glass film on the polymer substrate. At a large
strain of the ductile substrate, the interfacial shear
strength can be calculated from30

t~2rhsc (5)

where r is the average crack saturation density of the
coating, and is nearly equals to 5?5 mm21 in this work.
Base on the above conditions, the interfacial shear

8 Stresses distribution characteristic in cracked coating

segment and in interface with assumption of elastic–

perfectly plastic model
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strength can also be calculated and it equals to
308 MPa.

It has been found that the difference between the two
interfacial shear strengths can be neglected. In this
experiment, the interfacial decohesion or buckling of the
coating was completely absent even when the whole
specimen fractured under an extreme strain.

This experimental result is different from that
described elsewhere,7,24–29 although identical test meth-
ods and a brittle coating–ductile metal substrate system
are used. During those tests,7,24–29 when the crack
density of the coating reached the saturation state,
decohesion and the buckling of the brittle coating could
be obviously observed. This situation shows that the
hard and brittle Cr coating has good adhesion on this
medium carbon steel substrate, and the interfacial shear
strengths obtained from equations (4) and (5) can only
be taken as a conservative measure to characterise the
interfacial adhesion property of this material system.

In fact, the absence of decohesion and buckling of
the Cr coating on its substrate in this work, can be
attributed to an important mechanism that the ultimate
interfacial shear strength of the Cr coating on its
substrate has exceeded the maximum shear flow strength
of the steel substrate. In this experiment, the ultimate
elongation of the specimen under the extreme tensile
strain can reach y15%. This indicates that the ductile
substrate has undergone large plastic deformation.
During the fully plastic deformation, the maximum
shear flow strength of the substrate can be exerted along
the interface between the coating and the substrate.
Because the interfacial decohesion is completely absent
under the maximum shear flow stress of the substrate,
the maximum shear flow strength level of the ductile
steel substrate can only serve as a lower bound estimate
on the ultimate shear strength of the interface. This
result is also consistent with a theoretical analysis and
prediction presented in Ref. 7. The tensile strength of
the standard medium carbon steel substrate used in this
work is 540 MPa . According to the von Mises isotropic
plasticity approach, the shear strength of the substrate is
only 1=31=2 of the tensile normal strength of the
substrate. Therefore, the authors can calculate the shear
strength of the substrate, and it is nearly 311?8 MPa. It
should be emphasised that this value only serves as a
lower boundary estimate of the ultimate shear strength
of the interface. From this result, it can be seen also that
the interfacial shear strengths obtained from equa-
tions (4) and (5) are of the same order of magnitude as
that of the maximum shear flow strength of the
substrate, though they are taken as conservative values
to characterise the interfacial adhesion property of this
material system.

Conclusions
The fracture toughness and interfacial shear strength of
a hard and brittle Cr coating on a normal medium
carbon steel substrate were investigated by means of a
tensile test. The results presented in this work show that

the fracture toughness of the Cr coating can be
determined using a mechanical model. And interestingly,
it is found that the Cr coating has a good adhesion on
the steel substrate, and the maximum shear flow strength
level of the ductile steel substrate can only serve as a
lower boundary estimate of the ultimate shear strength
of the interface.
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