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Abstract: In this work, the substrate, NiCr coating, Al2O3
coating with NiCr undercoating and Al2O3 coating were
tested by an impact indentation device equipped with an
acoustic emission (AE) detection equipment. The surface
morphology, dimension, cross-sectional image, 3D topog-
raphy of indention and bonding strength of coatings were
analyzed. The failure mechanism and AE signal character-
istics of the coatings under impact were studied. The re-
sults demonstrate that the failure mode of NiCr coating
was dominated by interface cracking, and that of Al2O3
coating is fracture and accompanied by a small amount
of interface cracking, while Al2O3 coating with NiCr un-
dercoating possesses common characteristics of the first
two. The energy counting and wave voltage of AE signal
were more sensitive to the bonding strength of coating in
the impact process, which can be used to characterize the
bonding strength of coating.

Keywords: Coating; bonding strength; impact indentation
method; acoustic emission

1 Introduction
Thermal spraying technique has been widely used in vari-
ous mechanical parts as a surface modification technique.
Because of the combination between the coating and
the substrate is mainly mechanical bonding, the bonding
strength of coating is usually taken as one of the most
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important indexes to evaluate the coating’s quality. The
methods available today to test bonding strength of coat-
ing aremainly tensilemethod [1], scratchmethod [2], bend-
ing method [3], shearing method [4], etc. However, all of
these methods need to prepare specialized samples for in-
direct test on the testing machine, so they cannot be used
for field direct test.

Song [5] proposed that an ideal method to detect the
bonding strength of coating needs to meet at least two ba-
sic conditions: one is the model that characterizes the fail-
ure between the coating and the substrate; the other is the
characteristic parameters which can response to the fail-
ure of the coating. Based on this idea, we have adopted
the approach of "static load indentation + AE detection" to
measure the bonding strength of coating, which can pro-
vide theoretical basis and experimental support for "in-
dentation method +AE detection "[6–8]. In previous re-
search, which we have carried out, we demonstrated that
the process of static load indentation was too moderate to
induce the failure of the coating effectively, which led to
the extracted signal showinggreater dispersion. Therefore,
the impact indentation method was adopted in this work,
which was easy to induce the failure of the coating and re-
duce the dispersion of the AE signals.

In this work, high efficiency supersonic plasma spray-
ing system was employed to prepare three types of coat-
ings, namely the metal coating (NiCr), ceramic coating
with the undercoating (NiCr as transition coating and
Al2O3 asworking coating) andAl2O3 coating,whose bond-
ing strength varies greatly. Subsequently, impact indenta-
tion method was used to evaluate the bonding strength of
the above coatings, whereupon the relationship between
the failure mechanism of coatings and acoustic emission
(AE) signal characteristics under impact condition were
studied. This study has important reference value for coat-
ing field detection.

https://doi.org/10.1515/htmp-2019-0007
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Figure 1: Powder pictures (a)NiCr powder; (b)Al2O3 powder

Table 1: Spraying parameters

Spraying parameters NiCr Al2O3
Main gas flow Ar (L/min) 130 110

Secondary air flow H2 (L/min) 6.4 14.2
Spraying current (A) 380 400
Spraying voltage (V) 150 160

Spraying distance (mm) 110 90
Delivery amount (g/min) 30 30

2 Experimental materials and
methods

2.1 Coating preparation

Self-developed high efficiency supersonic plasma spray-
ing system [10] was employed to prepare NiCr coating,
Al2O3 ceramic coating with NiCr undercoating and Al2O3
coating on AISI 1045 steel substrate with dimension of
80mm×50mm×4mm. The powder morphology of NiCr and
Al2O3 is shown in Figure 1. Prior to spraying, the surface of
substrate was cleaned with an acetone solution and sand-
blasted [11]. In this experiment, “#”spraying path was ap-
plied on the specimen. The spraying parameters are listed
in Table 1.

2.2 Impact indentation and extraction of AE
signal

In this experiment, the 120∘ cemented carbide indenter
was impacted by the 1 Kg of mass, which freely fell from
a height of 400mm. During the process, crack originated
and the failure of the coatingwas induced. Since the inden-
ter was small, it was necessary to make an indenter cover
to fix it. The indenter should be connected closely with the
indenter cover; in addition, sliding or friction should be
avoided. The bottom of weights and the top of indenter
should be adhered by rubber with the thickness of 8mm
in order to avoid interference signals produced by metal
impact. In order to ensure the reliability of AE signals, a
five-group impact indentation tests on each sample were
conducted.

The process of impact indentation was monitored in
real time by PCI -2 type AE monitoring equipment, which
was produced by Physical Acoustics Corporation. The sen-
sor probe and the sample surface was pasted closely by
vacuum coupling agent The distance between probe and
the impact point was about 15 mm, the model of sensor
was Nano30, the gain of pre-amplifier was 40 dB, the soft-
ware of data acquisition was AEwin, threshold value was
55 dB (only record the signals over more than 55 dB). The
working principle of test equipment is shown in Figure 2.
During the experiment, the sample need to be moved to
the next position after a point signal has been collected.
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Figure 2: Schematic diagram of impact indentation method

2.3 Observation of indentation and
treatment of AE signal

An scanning electron microscope (SEM) was used to ob-
serve the surface and cross sectionmorphology of indenta-
tion. The 3D topography and dimension of the indentation
were observedbya 3Dprofilometer. TheAE signal datawas
processed by Origin software.

3 Experimental results and analysis

3.1 Analysis of indentation topography of
the coating

3.1.1 SEM morphology of the coating indentation edge

Figure 3 shows the indentation surface morphology mea-
sured by SEM. It is shown that the indentation edges of
substratewasmore regular,whileNiCr coatingwas slightly
rough, and Al2O3 ceramic coating with NiCr undercoat-
ing was relatively coarse accompanied by cracking and
spalling. But in terms of Al2O3 ceramic coating, there were
large areas of spallings. The difference of indentation sur-
facemorphology of these four samples are due to the hard-
ness of the substrate, NiCr coating, Al2O3 ceramic coat-
ing with NiCr undercoating and Al2O3 coating increased
sequentially. Moreover, the bonding strength of them de-
creased successively [20].

The bonding strength of NiCr coating was better. The
combination of Al2O3 ceramic coating with NiCr under-
coating consists of two parts: one is the combination be-
tween NiCr undercoating and substrate, the other is the
combination between NiCr undercoating and Al2O3 coat-
ing. As a whole, the combination of Al2O3 ceramic coat-
ing with NiCr undercoating was weaker than that of NiCr
coating. As the bonding strength of hard coating can be
improved effectively by the transition coating or under-
coating [13], the bonding strength of Al2O3 ceramic coat-
ing with NiCr undercoating was higher than that of Al2O3
ceramic coating. By virtue of lower hardness and better
plasticity, the edge of the substrate was relatively regular
when impacted. NiCr coating owning higher hardness and
lower plasticity than that of the substratewas liable to frac-
ture at the edge of the coating, so the edge was a little
coarse. The surface hardness of the Al2O3 ceramic coating
with NiCr undercoating was higher and the plasticity was
worse, so serious fracture was produced in the impact pro-
cess, which led to rougher indentation edge. In addition,
due to the bonding strength between the Al2O3 ceramic
coating and NiCr undercoating is poor, a certain cracks
appeared between the working coating and the transition
coating, which led to a certain spalling at the edge of the
indentation. Because of the bonding strength of the Al2O3
ceramic coating was very low, serious cracking occurred
between the coating and substrate during the impact pro-
cess, which eventually led to a large area of spalling at the
edge of the indentation.

3.1.2 3D topography analysis of coating indentation

Figure 4 shows a 3D topography of indentation. It was
evident that the indentation edge of the substrate was
smooth, and there was almost no bulge, which was at-
tributed to low hardness and good plasticity of the sub-
strate. There was local bulge at the indentation edge of
NiCr coating, and the reasons are as follows: firstly, the
coating was subjected to impact indentation to produce
plastic deformation, the internal coating of the indenta-
tionwas extruded to the edge, thus a certain bulgewas pro-
duced; secondly, cracking was produced between inden-
tation edge of the coating and the substrate, which led to
the tilting upwards and local bulge of the coating. A wide
range of bulges emerged on the indentation edge of Al2O3
ceramic coatingwith NiCr undercoating. This was because
the bonding strength between Al2O3 coating surface and
NiCr undercoating was insufficient. A certain cracks and
spallings between the coating and the undercoating were
produced under impact indentation, which resulted in a
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Figure 3: The surface morphology of indentation: (a)Substrate; (b)NiCr coating; (c)Al2O3 coating with the undercoating of NiCr; (d)Al2O3
coating

larger range of bulge at the indentation edge. The indenta-
tion edge of the Al2O3 ceramic coating had a wider range
of bulges because there was no transition coating between
Al2O3 coating and substrate, leading to a large area of
cracking and spalling were produced between the coating
and the substrate under impact indentation.

3.1.3 Indentation size analysis of coating

Table 2 shows the indentation size detected by the 3D pro-
filometer. As shown in Table 2, Figure 3 and Figure 4, the
indentation size of substrate, NiCr coating and Al2O3 coat-
ing with NiCr undercoating decreased in turn. The reason
is the hardness of the substrate, NiCr coating and Al2O3
coating with NiCr undercoating increased in turn, which
resulted in the indentation depth of indenter decreased
in turn. Although the surface hardness of Al2O3 ceramic
coating was the same as that of Al2O3 ceramic coating
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Figure 4: 3D topography of indentation: (a)Substrate; (b)NiCr coating; (c)Al2O3 coating with the undercoating of NiCr; (d)Al2O3 coating

with NiCr undercoating, the indentation size of the former
was larger. The reason is that the poor bonding strength
between the coating and the substrate led to the greater
cracking tendency, which failed to provide greater resis-
tance for the indenter.

3.1.4 Evaluation for bond strength of coating

Figure 5 shows a quality standard obtained from a Ger-
manengineermanual tomeasure bonding strength of coat-
ings by indentation method. In this figure, HF-1~HF-4 indi-
cated that the bonding strength of the coating was suffi-
cient, while HF-5~HF-6 indicated that strength was insuf-
ficient. If the indentation surface morphology and 3D to-
pography of the coating in Figure 3 and Figure 4 were com-
paredwith the quality standard of bonding strength in Fig-
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Table 2: Indentation dimensions of coating

Indentation dimensions substrate Metal
coating

Ceramic
coating

Bottomless ceramic coating

Diameters /mm 1.602 1.312 1.142 1.486
Depth/mm 0.414 0.346 0.303 0.472
Area/mm2 1.424 1.092 0.930 1.326

Volume /mm3 0.263 0.149 0.107 0.212

Figure 5: Quality standard for bond strength by indentation method

ure 5, it was found that the indentation morphology of the
substrate was similar to HF-1, the NiCr coating was similar
to HF-2, Al2O3 coating with NiCr undercoating was similar
to HF-3 and HF-4, which indicating that all of these three
kinds of coatings had sufficient bond strength. Their bond-
ing strength in descending order is substrate, NiCr coating
and Al2O3 coating with NiCr undercoating. But the inden-
tation morphology of Al2O3 coating was similar to HF-5
and HF-6, hence its bonding strength was insufficient.

3.2 Mechanism analysis of coating cracking

Figure 6 shows the cross section of the micro-structure of
the substrate, NiCr coating, Al2O3 coating with NiCr un-
dercoating and Al2O3 coating, respectively. As indicated
in the figure, there was no cracking in the substrate inden-
tation, but a certain number of bulges could be observed.
The reason is that the hardness of substrate was lower and
the plasticity was better, which led to a larger plastic de-
formation when impacted. In the impact process, the sub-
strate materials of indentation was extruded to the edge,
and a certain bulges were produced (Figure 7). But owing
to the degree of bulges were small, the bulges were diffi-
cult to be observed under SEM and 3D profilometer. Crack-

ingwas produced around the NiCr coating indentation, be-
cause the NiCr coating at the indentation edge uplifted
during the impact process, which produced greater trans-
verse shear stress and longitudinal tensile stress, and be-
cause of the low hardness and good plasticity of this metal
coating, fracture was not easy to produce, but cracking oc-
curred between the coating and the substrate. Both crack-
ing and fracture were observed at the indentation edge of
Al2O3 ceramic coating, the reason for which was the cen-
ter of the indentationwas subjected to greater impact com-
pressive stress, and due to the Al2O3 coating possessed
higher hardness and greater brittleness, fracture was pro-
duced under the stress. Because of the process of fracture
is accompanied by a certain stress release, cracking was
observed near the fracture position. There were three fail-
ure positions inAl2O3 coatingwithNiCr undercoating. The
first was fracture of Al2O3 coating itself at the edge of in-
dentation; the second was cracking between the surface
Al2O3 coating and the NiCr undercoating near the edge
of indentation; and the third was the cracking between
the NiCr undercoating and the substrate around the in-
dentation. The reason for that was the coating not only
contains Al2O3 coating with higher hardness and greater
brittleness, but also NiCr undercoating with low hardness
and good plasticity. When they were subject to impact in-
dentation stress, Al2O3 coating with higher hardness and
greater brittleness would produce fracture, which resulted
in stress release, so Al2O3 coating and NiCr undercoating
cracked once again near the fracture position. At the same
time; cracking appeared between the substrate and the
NiCr undercoating with lower hardness and better plastic-
ity under the action of transverse shear stress and longitu-
dinal tensile stress.

3.3 Analysis of AE signal

3.3.1 Analysis of energy counting and amplitude

Figure 8 shows the AE signals of substrate, NiCr coating,
Al2O3 coating with NiCr undercoating and Al2O3 coating
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Figure 6:Micrograph of indentation section: (a)Substrate; (b)NiCr coating; (c)Al2O3 coating with the undercoating of NiCr; (d)Al2O3 coating

Figure 7: Cross-section of Indentation micromorphology

in the impact indentation process. The Y-axis represents
AE energy counting and AE amplitude signal, and the X-
axis represents time. As shown in the figure, the energy
counting produced by the substrate was 400-800, and the
amplitude was 70-90dB. There were a number of noise sig-
nals, which were from weight impacting the indenter, in-
denter impacting the substrate and the deformation of the
substrate. During the impact process, the AE signals pro-
duced by the substrate can be used as a reference standard
and compared with the AE signals produced by the coat-
ing. After the interference signals having been filtered out,
the real cracking and fracture signals of the coating were
extracted.
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Figure 8: Acoustic emission(AE) signals analysis of coating: (a)Substrate; (b)NiCr coating; (c)Al2O3 coating with the undercoating of NiCr;
(d)Al2O3 coatingtion SEM micromorphology

During the impact process, the energy counting of
NiCr coating was about 1000~1500 and the amplitude was
80~85dB; Al2O3 coating with NiCr undercoating about
2000~4000, and the amplitude about 90~99dB; Al2O3
coating about 5000~10000 and the amplitude reached
maximum, which was about 99dB. The energy counting of
coatings were higher than that of substrate obviously and
the higher part could be regarded as the signal of coating
cracking and fracture. ComparedwithNiCr coating, the en-
ergy counting of Al2O3 coatingwas obviously larger. There
were two reasons for this phenomenon: firstly, the hard-

ness and brittleness of Al2O3 coating was larger, so the en-
ergy was larger during the impact process; secondly, the
combination of the Al2O3 coating was poor and the crack-
ing was more serious, so the energy counting was larger.
Compared with the Al2O3 coating with NiCr undercoating,
the energy counting of Al2O3 coating was more obvious
although the hardness of them was identical. The reason
was that the bonding strength of Al2O3 coating is lower,
the cracking and fracture was more serious, so the en-
ergy counting was larger. Generally, in the impact process,
the energy counting was affected by the bonding strength
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Figure 9: Spectrum analysis of coating: (a)Substrate; (b)NiCr coating; (c)Al2O3 coating with the undercoating of NiCr; (d)Al2O3 coating

and hardness of coating, but the bonding strength had a
greater influence on the energy counting [20].

3.3.2 Analysis of wave voltage

Table 3 shows the wave voltage values of AE signals; the
second wave of AE signals of each coating was extracted
and was shown in Figure 9. It can be seen from Table 3
and Figure 9 that the wave voltage of substrate was about
0.4~0.7V, NiCr coating was about 1V, Al2O3 coating with
NiCr undercoating was about 4~6V, and the Al2O3 coating

reached the highest value, which was about 9~9.9V. The
reasons for the difference of wave voltages was similar to
that of energy counting. To some extent, the wave voltage
was affected by hardness of the coating, but it mainly af-
fected by bonding strength. The bonding strength of sub-
strate, NiCr coating, Al2O3 coating with NiCr undercoat-
ing and Al2O3 coating decreased gradually, the cracking
and fracture degree of coating increased successively, so
the stress wave in the process of cracking and fracture in-
creased in turn, and thewave voltage of the corresponding
AE signals increased in turn as well.
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Table 3:Waveform voltage values of AE signals

Test waveform voltage (V)
count substrate NiCr

coating
Al2O3
coating

bottomless
Al2O3
coating,

1 0.72 1.3 4.5 9.7
2 0.58 1.1 5 10
3 0.42 0.9 5.2 9.1
4 0.7 1.1 6.3 10
5 0.58 1.2 4.3 9.9

When comparing the bonding strength andAE signals
of the above four samples, it was evident that the bond-
ing strength of them decreased in turn, but the AE signals
increased in turn, among which the energy counting and
wave voltage were more sensitive to the variation of bond-
ing strength [11]. So it can be concluded that the bonding
strength of the coating was related to energy counting and
wave voltage of AE signals, and the greater the bonding
strength of the coating was, the smaller will be the energy
counting and wave voltage.

4 Conclusions
In this paper, the bonding strength of NiCr coating, Al2O3
coating with NiCr undercoating and Al2O3 coating were
studied using impact indentationmethod, whereupon the
relationship between the failure mechanism of coatings
and acoustic emission signal characteristics under impact
condition was studied. The following conclusions can be
drawn:

1 Through analysis of the surface morphology and 3D
topography of the indentation, it was found that
the cracking and spalling degree of substrate, NiCr
coating, Al2O3 coating with NiCr undercoating and
Al2O3 coating at the edge of indentation increased
sequentially, and the bond strength reduced succes-
sively.

2 The analysis of micromorphology of the indentation
section shows that local cracking of the interface or
internal coating could be effectively induced by im-
pact indentation method, and the cracking mech-
anism of these coatings are different. The failure
mode of NiCr coating was dominated by interface
cracking, and that of Al2O3 coating is fracture and is
accompanied by a small amount of interface crack-

ing, while Al2O3 coating with NiCr undercoating
possesses common characteristics of the first two.

3 The bonding strength of the coating was related
to AE signal produced in the impact process. The
greater the bonding strength of the coating was, the
smaller were the energy counting, the amplitude
and the wave voltages. The energy counting and
wave voltage were more sensitive to the variation of
bond strength, which were suitable for characteriz-
ing the bond strength of coatings.
In a word, the impact indentation method accompa-
niedwith acoustic emission technology is feasible to
characterize the bonding strength of the coating in
the field.
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