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Abstract
Small punch testing exhibits great potential in mechanical characterisation of thin coatings.
This testing method can be used to determine the mechanical performance of thermally
sprayed coatings, especially to qualitatively characterise the effects of coating defects on the
mechanical behaviour. In this work, some considerations in using the small punch testing for
coatings are presented through a microstructure evolution analysis of a vacuum plasma
sprayed CoNiCrAlY coating under small punch test. The CoNiCrAlY coating was
characterised with a large number of un-melted particles as the coating defects. It is shown
that the clamping in the small punch test rig can result in micro-cracking around the un-
melted particles in the coating prior to testing. It is also found that the un-melted particles in
the coating act as predominant cracking sites and fast failure occurred around the un-melted
particles. Careful considerations need to be taken into account when using the small punch
test for coatings to avoid any changes in the coating microstructure and plasticity during the

clamping stage.
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1. Introduction

Since the first introduction of the small punch testing (SPT) technique in 1980s, this small
specimen test method has been widely used to mechanically characterise the power plant
steels, weldments and alloys [1-11]. A CEN Code of Practice was established to specify the
geometrical set-up and test procedures of SPT [12]. Among the available small specimen test
methods, the unique characteristic of the SPT is the disc-type specimen (8-10 mm in diameter,
0.25-0.5 mm in thickness), which allows the life assessment to be achieved from a small
volume of materials. In recent decades, SPT has been developed into two categories, namely
the small punch tensile test to investigate the fracture behaviour and the small punch creep
test to examine the creep characteristics [13, 14]. Works concerned on the SPT for mechanical
performance evaluation of various materials have been extensively reported, ranging from
experimental studies to numerical simulations [15-24]. However, due to the complexity of
biaxial loading in SPT, the data interpretation remains challenging and no universally
accepted methodology has been developed yet. Nevertheless, SPT has been demonstrated to
be a useful tool for mechanical characterisation of materials, even without the fully verified
route for data interpretation [25].

More recently, the application of SPT has been expanded to other areas where the availability
of materials is limited, such as coatings [26]. In general, coatings exhibit unique mechanical
and chemical properties when comparing to the bulk materials. It has been increasingly
difficult to characterise the mechanical performance of coatings by conventional uniaxial
testing due to the small coating thickness and the delamination between the coating and
substrate [27]. The SPT appears to have the potential to evaluate the mechanical behaviour of
coatings since it has the capability in testing disc specimens with thicknesses close to typical
coating thicknesses (~0.5 mm). Kameda et al. used the SPT to evaluate the high temperature
mechanical degradation of CoCrAlY coatings [28-30]. Eskner et al. employed the SPT to

investigate the temperature dependent mechanical properties of NiCoCrAlY and NiAl



coatings [31, 32]. Soltysiak et al. reported a study on using SPT to characterise a thermally
sprayed IN625 coating [33]. Chen et al. applied SPT to evaluate the ductile-to-brittle
transition and creep behaviour of CoNiCrAlY coatings [34-36]. These are the limited studies
available on using the SPT for coatings, which have demonstrated the importance and
suitability of using the SPT for mechanical characterisation of thermally sprayed coatings.

However, further considerations need to be taken into account when using the SPT for
coatings. Coatings are usually obtained by spray deposition methods, such as high velocity
oxy-fuel (HVOF) thermal spray or vacuum plasma spray (VPS) [37, 38]. Depending on the
spray parameters, the splat-on-splat nature of thermally sprayed coatings can result in various
defects, i.e. pores, oxide inclusions and un-melted particles [39, 40]. This means the coatings
generally exhibit quite different structures and properties than the cast alloys of the same
chemistry [41, 42]. The defects embedded in the coatings can have a significant influence on
their mechanical response during the SPT. Therefore, in this paper, the performance of a
thermally sprayed CoNiCrAlY coating with some initial defects is assessed via SPT under
constant load (small punch creep test). The CoNiCrAlY coating is deliberately prepared with
a number of un-melted particles using vacuum plasma spray. The microstructure evolution of
this CoNiCrAlY coating during SPT is investigated to identify the roles of un-melted particles
on the mechanical response of this CoNiCrAlY coating in the SPT. Some general comments
and considerations for future exploitation of the SPT on thermally sprayed coatings are also

addressed.

2. Materials and Methods

The CoNiCrAlY coating was prepared by vacuum plasma spraying using a commercially
available Amdry 9951 powder with a nominal composition Co-31.7%Ni-20.8%Cr-8.0%Al-
0.4%Y (all in wt%). The size range of the powder particles is 5-38 um, as characterised by a

laser diffractometer. The detailed spray parameters and processes are given elsewhere [40].



Free-standing CoNiCrAlY coating alloys with an approximate thickness of 0.5 mm were
obtained by debonding the coating from substrate. The as-sprayed coatings were subjected to
an initial heat treatment of 2 h at 1100 °C to fully develop the microstructure and reduce the
existing coating porosity. Disc specimens of 8§ mm in diameter were cut from the heat treated
coatings by wire electro-discharge machining and were carefully ground and polished to a
final thickness of approximately 430 pm to minimise the effects of rough coating surface on
the subsequent small punch testing.

Tests were carried out in the E.ON test rig at 750 °C in air with a load range of 50-100 N. The
configuration of the rig set-up is illustrated in Fig. 1. The small punch test rig consists of a rig
frame (A), a loading pan (B), a linear variable differential transformer (LVDT) transducer (C),
a transmitting rod (D), a furnace (E), a hemispherical punch (F), a stopper (G), an aligning
bush (H), an upper die (I), a lower die (J), a tube (K) and a clamping nut (L). The specimens
were clamped between the upper and lower die under a clamping torque of ~40 Nm as
measured by a “Britool” torque wrench. Prior to loading, the coating specimens were heated
to the target test temperature and stabilised for 5 h to remove the residual stress and work
hardening from the specimen preparation process. The microstructure of the coating
specimens before and after testing was investigated via a FEI XL30 scanning electron
microscope (SEM) using secondary electron and backscatter electron imaging. The electron
backscattered diffraction (EBSD) was employed to elucidate the cracking mechanism in the

deformed sample prior to failure.
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Fig. 1. A schematic diagram of the small punch test rig set-up.

3. Results

3.1. Microstructure of coatings prior to testing

The microstructure of the initially heat-treated CoNiCrAlY coatings is shown in Fig. 2. The
coating exhibits a clear two phase structure, consisting of the dark contrast -NiAl phase and
the bright contrast y-Ni phase. The volume fraction of the B phase is measured to be around
30% by image analysis. The coating shows an oxide-free structure, which agrees well with the
nature of vacuum plasma spraying in limiting the oxidation of in-flight powder particles [43].
It is seen from Fig. 2a that the heat treated CoNiCrAlY coating exhibits very little porosity,
showing a dense microstructure of the coating. Some spherical features are further noticed in

Fig. 2b and they are presumably the un-melted particles which retain their original shape
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during the spraying process. Fig. 3 depicts the morphology of the coating surface. The un-

melted particles are spherical in morphology and undergo limited plastic deformation, which

is consistent with the cross-sectional microstructure of the coating in Fig. 2b.

Fig. 2. Microstructure of the heat treated VPS CoNiCrAlY coating at 1100 °C for 2 h: (a) the
low magnification image showing the oxide-free and pore-free structure; (b) the high

magnification image show the two phase structure with un-melted particles highlighted.

Fig. 3. The morphology of the CoNiCrAlY coating surface: (a) the low magnification image

showing the large number of un-melted particles; (b) the high magnification image showing

the spherical shapes of un-melted particles.

Prior to testing, the coating specimens were clamped in the test rig at room temperature with a
clamping torque of 40 Nm (equivalent clamping stress ~250 MPa). This clamping torque was
chosen based on the previous studies to prevent the sample slipping during the test [34, 35].

Since the un-melted particles can behave differently compared to the adjacent regions in the
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coating, the specimens after clamping were taken out from the rig to identify if any
microstructural discrepancy occurred. Fig. 4 shows the microstructure of coating specimen
from the clamped region. Some dark contrast features are found in Fig. 4a and these are the
micro-cracks seen in Fig. 4b. The micro-cracks are mainly developed around the un-melted
particles, indicating that the boundaries of the un-melted particles are likely to act as crack
initiation sites. No cracks are found in the unclamped regions of the specimen. It is evident
that the initial coating exhibits a crack-free structure, as seen in Fig. 2. Thus, it is believed the
micro-cracks seen in Fig. 4 are largely resulted from the clamping stage in the test rig. The
initial cracking of the coating specimen can significantly affect the initial plasticity of the
material prior to SPT. Though careful considerations have been thought to reduce the
clamping force, it is essential to maintain sufficient specimen clamping to prevent the slipping

of the specimen in the subsequent SPT.
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Fig. 4. The microstructure of the VPS CoNiCrAlY coating in the clamped region prior to
testing: (a) the low magnification image showing some dark contrast features; (b) the high

magnification image showing micro-cracks along the un-melted particles.

3.2. Small punch creep test results

The SPT results under various constant loads at 750 °C are shown in Fig. 5. It can be seen the
coatings fail quite rapidly at loads between 94.4-100 N. The test curves reflect the large and
instant plastic deformation upon loading in this load range. At lower loads between 75-81.5 N,

the results exhibit the typical creep displacement curves in SPT, with an initial primary region,
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a steady-state secondary region and a tertiary region leading to fracture. The displacement rate
in the secondary region decreases with the load. It should be noted that the total failure times
at this load range are still quite small, varying between 4.5-14.5 h. Given the short period of
the failure times, it is believed this CoNiCrAlY coating material mainly undergoes plastic
deformation rather than creep. Previous work has demonstrated that the time to failure of this
crack-free CoNiCrAlY coating varies from 20-400 h at a similar load range [34]. Since the
clamping torque used is the same and the major difference is the amount of un-melted
particles, it is indicated that the un-melted particles and the initial cracking can significantly

influence the time to failure of this CoNiCrAlY coating during the SPT.
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Fig. 5. The SPT results for VPS CoNiCrAlY coating at 750 °C under a load range of 75-100

3.3. Post-test microstructural analysis

Fig. 6 shows the fracture surfaces of the CoNiCrAlY coating after SPT. The domed shape of
the failed specimen is seen in Fig. 6a, indicating the deformation of the specimen during the
test. The rough fracture surface indicates that extensive tearing has occurred. This is indeed
seen in Fig. 6b. It has been reported that the ductile-to-brittle transition of this CoNiCrAlY
coating alloy is between 500-700 °C [35, 44]. The SPTs conducted in this study are at 750 °C,
which falls into the ductile region of this material. As a result, the fracture surface exhibits the
tearing behaviour. Since there are a large number of un-melted particles in the coating, the
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evidence of un-melted particles on the fracture surface can also be found, as shown in Fig. 6c.
The limited bonding between the un-melted particles and the bulk material is seen from Fig.

6¢, which is likely resulted from the initial cracking around the un-melted particles.
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Fig. 6. The fracture surface of the VPS CoNiCrAlY coating after the SPT at 75 N: (a) the
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dome-shaped fracture surface; (b) the evidence of tearing; (c) un-melted particle at the

fracture surface.

The cross-sectional microstructure of the deformed specimen for 1000 h at 50 N prior to
failure is elucidated in Fig. 7. The deformed shape of the specimen agrees well with the
dome-shaped specimen since the failure generally occurs at the edge of contact between the
punch and specimen. The dark contrast macroscopic cavities are seen throughout the coating
specimen in Fig. 7a. The evidence of cracking around un-melted particles is still visible in Fig.
7b. It is found that the initial micro-cracks have grown and propagated during the SPT. In
comparison to the microstructure of the clamped specimen in Fig. 4, it is seen that the void

nucleation also occurred during the deformation in SPT. Such voids tend to link together to
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form large cavities, as seen in Fig. 7b. The continuous linkage of large cavities and the
propagation of the initial micro-cracks eventually lead to the failure of the coating specimen

in SPT.

Fig. 7. The cross-sectional microstructure of the deformed CoNiCrAlY coating but without

final failure at 750 °C for 1000 h under a load of 50 N: (a) low magnification image show the
shape of the deformed coating; (b) high magnification image showing the linkage of macro-

cracks and cavities.

Fig. 8 shows an EBSD inverse pole figure and a phase map of the cracking around the un-
melted particles in the deformed sample from Fig. 7. The highlighted area is the un-melted
particle and it can be seen that the initial micro-cracks around the un-melted particle have
grown significantly to form large cavities in the coating. It is also evident that the cracks and
cavities are also along the grain boundaries, showing an intergranular cracking behaviour of
this CoNiCrAlY coating material at 750 °C. The evolution from initial micro-cracks to the
large macro-cracks and cavities are likely resulted from the stretching effects from the SPT. It
is noticed that the primary deformation upon loading is quite large in Fig. 5. This large instant
deformation causes the opening of the micro-cracks. As the sample continues to deform, the
micro-cracks grow further to become macro-cracks. Some voids that are close to the un-
melted particle are also found to exist, which agrees well with Fig. 7b. This gives further

evidence that the failure mechanism is likely to be the linkage of large cavities and voids.

11



Cavities

Fig. 8. The EBSD inverse pole figure (a) and phase map (b) of the large cavities around the

un-melted particle in the long term deformed sample but prior to failure.

An EBSD mapping of a region close to the edge of contact between the punch and specimen
is shown in Fig. 9. Since the edge of contact is usually the failure sites of SPT samples,
extensive voids and cavities are seen from Fig. 9. The spherical feature in Fig. 9 is believed to
be the un-melted particle. The cavities mainly developed along the particle boundary and the
evolution of such cavities limits the integrity of the coating. The further propagation of these
cavities leads to the fracture of the sample. This is supported by the evidence that very little

material exists across the cavities and the effective bonding in the coating diminishes.
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Fig. 9. The EBSD inverse pole figure (a) and phase map (b) of the region close to the edge of

contact between the punch and specimen.

4. Discussion

The un-melted particles are the common defects in the thermally sprayed coatings when
inappropriate spray parameters are used. The interactions between powder feed rate, spray
energy, gas flow rate and stand-off distance are the dominating factors in the un-melted
particle density. Unlike the high velocity oxy-fuel (HVOF) thermal spray where the particle
velocity is usually high (300-800 m/s), the impact velocity of particles in the vacuum plasma
spraying (VPS) is much smaller, which means the particle bonding mechanism is different
[45]. The bonding of particles in VPS is mainly achieved by solidifications of molten particles
rather than the deformation of particles. As seen in Fig. 2&3, the un-melted particles in VPS
exhibit spherical shapes with limited bonding. The limited deformation of the un-melted
particles indicates the less work hardening effects in the coating, and as a consequence,

smaller mechanical strengthening is obtained when comparing to the HVOF coatings.
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Previously reported work showed that no initial cracking occurred in the HVOF CoNiCrAlY
coatings during SPT [34], which further supports this view.

Compressive stresses were imposed on coating upon clamping by the upper and lower die in
the small punch test rig. It is found from Fig. 4 that the un-melted particles retain their
original spherical shape with little deformation after clamping, indicating that the particles
have sufficient strength to withstand the compressive stresses. This is indeed supported by the
evidence that the cracking mostly occurs around the un-melted particles but not within the
particles. Since the bonding strength is limited at the particle boundaries, the deformability of
the un-melted particles and their adjacent coating materials is likely to be different. This
allows the localised shearing to occur in the coating, especially at the particle boundaries
during clamping. But the limited bonding of the un-melted particles can decrease the shearing
strength at the particle boundaries. As a result, cracking is likely to occur around the un-
melted particles, as indeed seen in Fig. 4.

Due to the initial cracking and the associated changes in the plasticity of the coating material,
the SPT results can only reflect the mechanical response of the cracked sample. This means
the derivation of the mechanical properties becomes less practical in this study. As discussed
previously, the coatings have undergone an initial cracking stage prior to the SPT. The initial
cracks which act as large defects have already changed the load-carrying capacity of the
coating material. During the SPT, localised stretching occurs as the specimen deforms, whilst
the resistance to the cavity nucleation depends on the bonding strength of the splats. The
presence of micro-cracks in the coating, however, limits the effective bonding of the splats
and weakens the mechanical strength of the coatings. Thus the initial micro-cracks act as fast
fracture sites of the coating and short failure times are resulted in the SPT for this VPS
CoNiCrAlY coating with a large number of un-melted particles in Fig. 5.

Although the rapid failure occurs in this VPS CoNiCrAlY coating, the characteristics of the

fracture surface in Fig. 6 are in good consistency with other small punch creep studies [34,
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46]. The unique feature of the fracture surface in this work is the evidence of un-melted
particles. This agrees well with initial microstructure of the coating, in which a large number
of un-melted particles was produced in the coating. The opening of the micro-cracks around
the un-melted particles during SPT results in the formation of macro-cracks and large cavities,
as seen in Fig. 7. Since the voids nucleation is seen in Fig. 8, it is believed that the voids also
tend to link together to form large cavities. The integrity of the coating is thus significantly
affected by the cavities, especially at the regions close to the edge of contact from Fig. 9. The
growth and propagation of the cavities around the un-melted particles eventually lead to the
failure of the coating specimen.

To cope with the initial cracking around the un-melted particles in this VPS CoNiCrAlY
coating, some considerations are proposed here to minimise these issues during SPT. It is
known that the bee B-NiAl phase in this CoNiCrAlY coating, as seen in Fig. 2b, exhibits a
ductile-to-brittle transition behaviour [47, 48]. Since the volume fraction of the B phase is
around 30%, the CoNiCrAlY coating also exhibits a ductile-to-brittle transition behaviour. It
has been reported from previous studies that the DBTT of this CoNiCrAlY coating is between
500-700 °C [26, 35]. Thus to minimise the tendency of coating cracking during clamping at
room temperature, it is proposed here that clamping at temperatures above DBTT can be an
option to avoid the initial cracking. In our normal test procedure, we clamp the sample at
room temperature and then align the punch axis to the centre of the specimen, followed by a
heating stage to the test temperature prior to testing. Due to this experimental procedure and
the limitation of our rig set-up, clamping at high temperature has not been achieved yet.
Another aspect to consider is identifying the appropriate clamping torque. In this study, we
used the same clamping torque from our previous testing on HVOF CoNiCrAlY coatings [34].
This clamping torque (~40 Nm) is also based on our past experience in small punch creep
testing of P91 steels [9]. But since the un-melted particles in this VPS CoNiCrAlY can well

affect the mechanical integrity of the coating, appropriate clamping force may need to be
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considered to avoid the initial cracking around the un-melted particles and to allow sufficient
clamping of the specimen. It is also noticed that new cracks and voids are also developed
during the testing process from Fig. 7 and Fig. 8. Thus it is believed that the fast cracking and
rapid failure may still occur even without initial cracking in the sample, due to the large

number of un-melted particles in the coating.

5. Concluding remarks

The small punch test technique, due to its suitability to test thin specimens, can be used to test
the mechanical performance of thermally sprayed CoNiCrAlY coatings. But thermally
sprayed coatings usually exhibit many defects, i.e. un-melted particles, which results in
mechanical discrepancies within the coating. When such coatings with un-melted particles are
subjected to SPT, initial cracking is likely to occur around the un-melted particles during the
clamping stage of SPT, due to the limited bonding between the un-melted particles and the
bulk coating materials. The initial cracking can significantly affect the mechanical response of
the CoNiCrAlY coating material in the subsequent SPT. Although the SPT results of such
pre-cracked coatings are superficially similar to the conventional SPT curves in power plant
steels, the rapid time to failure is obtained due to the initial micro-cracks. The test results can
only reflect the mechanical behaviour of the cracked coatings. Therefore, careful
considerations need to be taken into account when using the SPT for mechanical
characterisation of such thermally sprayed coating since the initial plasticity of the coating has
been changed in the clamping stage, especially when cracking has occurred due to the defects
in the coating. Appropriate clamping force must be considered when testing thermally sprayed
coatings to avoid the large changes in the coating plasticity. And clamping at high

temperatures can also be considered to avoid the initial cracking of the coating materials.
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