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Abstract

A novel test method for more closely replicating the statistical, and apparently stochastic,
distribution of multiple impacts that occur in solid particle erosion is to perform multiple
impacts with controlled energy at different locations on the sample surface using a
nanomechanical test instrument where sample stage movement between impacts enables each

impact to be at a new position.

In this work we have applied the new method to investigate the behaviour of hard, wear
resistant PVD TiAIN and AICrN coatings on cemented carbide, comparing their behaviour to
that in cyclic micro-impact tests where the multiple impacts occur at the same position. Both
coatings showed a strongly load-dependent behaviour in the statistically distributed impact
test. A transition to lateral cracking with continued impact occurred more readily on AICrN,
with more extensive lateral cracking at higher load than on TiAIN. In contrast, in cyclic

impact tests the TIAIN performed poorly at lower load whilst the AICrN was resistant to



lateral cracking. At high load AICrN was more variable, with dramatic failure in some tests

and no failure in others. Reasons for these differences are discussed.
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1. Introduction

PVD coatings have been applied to protect components that are subject to solid particle erosion
in service, e.g. on compressors in gas turbine engines operating in sandy environments [1-5].
To aid the development of coating systems with improved resistance to solid particle erosion,
high velocity erosion tests can be performed, however these tests are time consuming and only
provide indirect information about the erosion mechanism. An alternative approach is to
complement these tests with rapid small-scale laboratory tests such as cyclic impact tests under
controlled conditions which have potential for effective coatings screening. Quantified data is
obtained rapidly offering an opportunity to increase the rate of coating development. In many
cases behaviour in these tests has shown excellent correlation to performance in actual
applications involving repetitive contact, such as in interrupted metal cutting operations, or to
solid particle erosion tests, particularly for nano- and micro-scale impact tests with small
contact sizes/high pressure contacts [6-13]. However, in a cyclic impact test the repetitive
contact occurs at the same position which is not the same as in a real erosive wear where there
is a statistical distribution of contacts over a surface. To be better integrated in coatings/surface
optimisation campaign it is desirable that the tests can even more closely simulate the actual

contact conditions.

The randomised (or statistically distributed) impact test has been developed [14-15] as more
direct way to experimentally simulate the stochastic multiple contact nature of erosion by

performing repetitive impacts with controlled energy at different locations on the sample



surface using a nanomechanical test instrument where sample stage movement between
impacts enables each impact to be at a new position. Figure 1 illustrates typical programmed
Gaussian (where there is greater probability of an impact occurring towards the center of the
set region) and rectangular (where there is equal probability of an impact occurring anywhere
within a set region) distributions of impacts. The figure shows the plastically deformed impact
craters as circles which overlap when the impacts are closely spaced. The actual extent of
overlap between the impacts is dependent not only on the chosen distribution but on the
mechanical properties of the sample and test probe, the test probe geometry and the impact

energies.

The novel nano-/micro-scale test method uses probes with radii in the range of a few um or
less rather than several mm to provide a direct and highly controlled way to better understand
microstructural and crack morphological influences on damage propagation at the single-
impact level. It has been shown to be more effective than cyclic impact in replicating damage
mechanisms and material ranking in erosion tests on glasses [15]. In statistically distributed
micro-impact tests on glasses differences in the crack systems that develop under spherical
impact were shown with predominantly radial-lateral cracking on BK7 glass and cone cracking
on fused silica [15]. Experiments with controlled impact spacing showed that the radial-lateral
system has a higher “critical interaction spacing” so that impacts spaced further apart interact
causing greater material removal and a more rapid erosion rate for BK7. Cyclic and spatially
distributed micro-impact tests on columnar EB-PVD ceramic thermal barrier coating systems
with yttria stabilised zirconia (YSZ) and gadolinium zirconate (GZO) topcoats were able to

replicate the main mechanisms and surface morphology in solid particle erosion tests [16].

Although cyclic nano- and micro-impact tests have been successful in showing strong
correlation to performance of PVD coatings in metal cutting [9-13,17] and statistically

distributed micro-impact tests have shown correlation to erosion behaviour for ceramic thermal



barrier coatings [15,16], the statistically distributed impact test has not previously been applied
to hard PVD coatings. It is of interest to determine the sensitivity of the technique and its
potential for simulating the erosive wear of hard PVD coatings, which is currently studied by
classical erosion tests that have some limitations in terms of their repeatability, extended
duration and the fact that the progression of the surface erosion can usually only be determined
by periodically stopping the test. The statistically distributed test may offer a convenient
alternative for coating screening where rapid tests can be performed easily on a wide range of
coating compositions, and the progression of the damage monitored impact-by-impact. In this
current study the potential of the test is investigated by testing on two well characterised
commercial hard PVD nitrides on cemented carbide, TiAIN and AICrN [17-20]. The coating
behaviour in statistically distributed micro-impact has been compared to that in cyclic micro-
impact tests, using diamond test probes with end radii 18 and 25 um. To assess the influence
of applied load independently of distribution tests were performed with exactly the same
statistical distribution of impacts over a wide load range. To investigate the influence of
distribution, tests at higher load were performed with Gaussian and rectangular distributions.
The correlation between changing impact depth and energy dissipation during the cyclic and

distributed tests was also explored.

2. Experimental

2.1 Coatings and nanoindentation

TiAIN and AICtN PVD coatings were supplied by the McMaster Manufacturing Research
Institute (McMaster University, Hamilton, Canada). The commercial coatings were deposited
in a standard Balzers RCS cathodic arc coating machine on mirror polished Sandvik H1P

cemented carbide inserts to a target 3 pm thickness. Actual coating thickness determined by



calo-wear was 1.7 um for the TiAIN and 2.5 um for the AICrN. There was a ~200 nm interlayer
in the TiAIN. The Al to Ti ratio is 0.5 in TiAIN (Balinit X.treme), and the Al to Cr ratio is 0.7
in AICrN (Balinit Alcrona). The columnar coatings have a cubic structure with compressive
residual stress of -3 in AICrN to -4 GPa in TiAIN. The chemical composition of the cemented

carbide substrate was 85.5 wt.% WC, 7.5 wt.% TiC,1.0 wt.% TaC and 6.0 wt.% Co.

Nanomechanical properties were determined with a NanoTest Vantage system (Micro
Materials Ltd., Wrexham, UK) under normal laboratory conditions (7'~22 °C; RH ~50%) using
a diamond Berkovich indenter. Instrument and indenter calibration was performed in
accordance with ISO14577 [21]. Due to the high surface roughness calotte wear craters were
performed in each coating and the nanoindentation tests performed in the worn (smooth)
regions. 25 nanoindentation tests were performed on each coating to 30 mN loading/unloading
rate = 6 mN/s with a 1 s hold at peak load. These conditions resulted in contact depths close to

150 nm for both coatings.

2.2 Cyclic micro-impact tests

For each impact in the micro-impact tests the diamond indenter is withdrawn to a set distance
above the sample surface and then rapidly accelerated to produce a high strain rate impact
event. The impact energy and effective impact force can be controlled by varying the static
load and/or the accelerating distance. For cyclic impact tests, once the probe has come to rest
it is retracted and reaccelerated to produce a pre-defined number of cyclic impacts at the same
position on the surface. The impacts occur horizontally minimising the amount of debris
remaining in the impact crater. Dynamic forces in impact are significantly higher than the set

forces. For convenience the tests are described below using the set applied load.



Cyclic micro-impact tests at the same position were performed with the same instrument using
two calibrated spheroconical diamond probes (Synton-MDP Ltd, Nidau, Switerzland) with 18
and 25 um end radii and 90° cone angle impacting at 90° to the surface. The sphere-to-cone
transition depths are 5.3 um and 7.3 um for the 18 and 25 pum radii probes respectively. The
applied loads and accelerating distances in the tests are summarised in Table 1 below. The 75
cycle tests were repeated 15 times at each load. The 500 cycle tests were repeated 3 times at
each load at 250, 500 and 750 mN on TiAIN. On AICrN they were repeated twice at 1000 mN

and 3 times at 500 and 750 mN.

Table 1. Cyclic micro-impact conditions

R (um) Load (mN) Acceleration distance (um) Cycles
25 2000, 2500 18 75
18 250, 500, 750, 1000, 1250 1500 50 500

2.3 Statistically distributed micro-impact tests

Randomised (statistically distributed) micro-impact tests at 90° were set up using the same two
spheroconical diamond probes used for the cyclic impact tests. In all the tests there were 50
statistically distributed impacts within defined regions of the coating surfaces. The applied
loads, accelerating distances and distributions used in the tests are summarised in Table 2
below. The same Gaussian distribution was used for all the tests with the 25 um probe at 500,
1000, 1500 and 2000 mN. Repeat tests with different distributions were performed at 2500 mN.
Tests with the 25 um probe were performed at 2500 mN on both coatings and on AICrN at

3000 mN with programmed Gaussian and rectangular (i.e. equal probability of impacting



anywhere within the test region) distributions. After the tests the geometry of both probes was

rechecked by spherical indentation to confirm that no discernible probe wear had occurred.

Table 2. Statistically distributed micro-impact conditions

R Load (mN) Acceleration Impacts Distribution
(um) distance (um)
25 500, 1000, 1500, 18 50 Gaussian within 200
2000, 2500, 3000 pm x 200 pm
25 2500, 3000 18 50 Rectangular within 200
pm x 200 pm
18 500, 750, 1000 50 50 Gaussian within 150
pmx 150 pm

Each impact in the statistically distributed impact tests was analysed in the instrument software
to determine the contact point, the maximum depth (/max), residual depth (/r.s), impact velocity
Vin and rebound velocity Vou. From these the coefficient of restitution (e) and % dissipated
kinetic energy were determined and changes in these parameters with continued impact were

investigated. The coefficient of restitution, e, is defined as | vou/vin |. The KE loss ratio, A, is

equal to 1 — €%, and % dissipated energy = 100 * A [22].

An example from a test on AICrN impacted with a spheroconical probe with 18 um end radius
at 500 mN applied load and 50 pm accelerating distance is shown in figure 2. The contact
position (2 = 0) was defined as the point of maximum velocity (Vin). The indenter penetrates
the sample to a maximum depth, Zmax. Vout 1s the maximum rebound velocity reached before

the indenter leaves the surface, at /5. The grey region marks the first bounce of the probe.
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Scanning electron microscopy (Hitachi Benchtop SEM) in secondary electron (SE) and back-

scattered electron mode (BSE SEM) was used to image the impact craters.

3. Results
3.1 Nanoindentation

The mechanical properties of the coatings are summarized in Table 3. The AICrN coating is
slightly less hard but stiffer than the TiAIN coating so that the H/E and H°/E? ratios are higher

on the TiAIN.

Table 3. Coating mechanical properties

H (GPa) E (GPa) HIE H*/E? (GPa)
TiAIN 37.9+25 4925+ 10.5 0.077 0.224
AICIN 36.0 1.2 5455+ 8.8 0.066 0.158

3.2 Cyclic micro-impact testing

Table 4 summarises the behaviour of the coatings in the cyclic impact tests with the 25 pm
probe. Lateral fracture occurred in every test at 2000 and 2500 mN on TiAIN, with a relatively
consistent number of impacts (~25) required in most tests. This failure was absent in every test
on AICrN at 2000 mN and occurred in 9/15 tests at 2500 mN, although the number of impacts
required was more variable than on TiAIN. Typical impact depth vs. number of impacts curves
at 2000 and 2500 mN with the R = 25 pm probe are shown in figure 3(a). The TiAIN coating

fails gradually from around 20 impacts at both loads. Although the AICrN is more resistant to



lateral cracking in cyclic impact, in tests at 2500 mN where it occurred it was more abrupt, e.g.

as after 53 impacts in figure 3(a).

Table 4. Impacts to failure and depth changes in cyclic micro-impact tests with R =25 pm

probe
Load (mN) Impacts to failure (a) he— hy (um)
TiAIN 2000 25+ 10 42+1.0
2500 23+6 55+03
AICrN 2000 >75 0.4=+0.0
2500 42 20 (b) 34+2.6(c)

(a) Failure defined as the onset of lateral fracture. (b) Failure occurred in 9/15 tests. (c) When
failure occurred the mean depth change was 5.3 + 1.3 um; when failure did not occur it was

0.5£0.1 pm.

[llustrative SEM images of impact craters are shown in figure 3(b-f). Figure 3(b) shows four
impact craters on AICrN after 75 impacts at 2500 mN, with lateral fracture occurring in two of
these. Microscopy showed dramatic lateral fracture in every test with the abrupt increase in
depth during the test. In tests where lateral fracture did not occur BSE imaging reveals nested
cracks within the crater and radial cracking (fig. 3(c) 2500 mN; fig. 3(d) at 2000 mN). Figure

3(e,f) shows lateral cracking on TiAIN at 2000 and 2500 mN respectively.

[lustrative impact depth vs. number of impacts curves in cyclic tests with the R = 18 um probe
at 250-1500 mN are shown in figure 4(a,b). The TiAIN is significantly less impact resistant

with lateral fracture occurring at lower load than AICrN, and fewer impacts being required in



the tests at higher load. The corresponding depth changes in the test after the initial impact, 1.e.
(h — ), for these tests are shown in figure 4(c,d). Figure 4(e,f) shows typical curves on each
coating at 750 mN. Both coatings show multi-stage failures. As with the blunter probe, the
failure is more gradual on TiAIN and abrupt on AICrN. There is sharper peak in dissipated
energy on AICrN. In the three 500-impact tests on AICrN there was some variability, with no
failure in one test, one failure in 283 and 457 impacts in the others. The variability was smaller
on the TiAIN, requiring 22, 27 and 45 impacts to fail in the three repeat tests at 750 mN. The
load dependence of the depth changes in the test (/4final — /1) and the number of impacts required

for coating failure are shown in figure 4(g,h).

3.3 Statistically distributed micro-impact tests

To assess the influence of applied load independently of distribution the same statistical
distribution of impacts was used in the tests at 500-2000 mN with the R = 25 um probe. SEM
images of the impacted surfaces are shown in figure 5. The extent of chipping and substrate
exposure was dependent on the applied load on both coatings. At 500 mN both coatings were
resistant to chipping (fig. 5(a,b)). The majority of impacts at this load did not result in any
cracking, although BSE imaging revealed some very fine cracks at the intersection of multiple
impacts (fig. 5(c,d)). TiIAIN was also resistant to chipping at 1000 mN (fig. 5(e)) although more
pronounced cracking was observed in multiple impact locations (fig. 5(g)). At this load there
was appreciable chipping and substrate exposure on AICrN (fig. 5(f)). By overlaying the impact
locations onto the micrographs it can be seen that the chipped regions and total coating removal
and substrate exposure extend well away from the impact sites. The test on AICrN was repeated
with the same result. At 1500 mN and 2000 mN there was chipping and coating removal on

both coatings, with the proportion of exposed substrate being significantly higher on AICrN.
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The proportion of chipped area with and without substrate exposure determined from

microscopic images of the worn surfaces is shown in fig. 9(a).

Tests were performed at 2500 and 3000 mN with Gaussian and rectangular distributions. SEM
images of these are shown in figure 6 and 7. The same pattern of chipping was also seen in
tests at 2500 mN with different impact Gaussian distributions. The % chipping and
delamination was typically larger on AICrN (Table 5). At 3000 mN there was also significant

chipping and coating removal with the rectangular distribution.

Table 5. Depth changes in higher load distributed impact tests

Coating  Load and distribution ~ Depth increase (um)* % chipped % chipped

area without area with
substrate substrate
exposure exposure
TiAIN 2500 mN Gaussian 4.57,5.10 14, 11 19, 16
AICrN 2500 mN Gaussian 7.28, 8.15 25,9 27,21
2500 mN Rectangular 4.73 21 26
3000 mN Gaussian 8.41 15 43
3000 mN Rectangular 4.89 33 43

* (hmax - hinitial impact)

Statistically distributed tests with the R = 18 um probe showed similar load-dependent

behaviour as with the 25 pum probe. From 500 mN there was load-dependent chipping on both
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coatings, with the % chipped area (i) increasing with load (i1) being significantly larger on

AICrN (figure 9(b)).

4. Discussion

4.1 Cyclic micro-impact tests

In the cyclic micro-impact tests with the R = 18 and 25 um probes the coatings show similar
behaviour with failure (lateral fracture) on TiAIN occurring from lower load and being more
gradual whereas AICrN being more resistant to lateral fracture but in tests where it did occur it
was quite abrupt, being over in a few impact cycles. Failure occurred at lower load with the
sharper probe. In addition to probe sharpness, the tests with the 18 pm probe were more severe

as the accelerating distance was greater, resulting in higher impact energies for the same applied

load.

With both coatings there is initial (predominantly substrate [23]) plasticity which decreases
within a few cycles to a constant (plateau) depth that is followed by a fatigue period where the
depth does not increase with continued impact, i.e. there is low cycle fatigue rather than failure
due to “ratchetting plasticity” where the coating fails immediately upon reaching a critical
bending. With both probes the increase in depth before the start of lateral fracture (/4 at faiture —
h1) was typically around 300-600 nm for both coatings (e.g. as shown in fig. 4(c,d) for the R =
18 um probe). In tests on monolayered TiAICrN, AITiN and nano-multilayered TiIAICrN/NbN
coatings which also undergo lateral fracture, the depth increases before the lateral fracture were
similar [13,23]. Although TiAIN and AICrN both undergo lateral fracture, there may be some
differences in mechanism between since on TiAIN the failure was consistently less abrupt and
showed a tighter variation in the number of impacts required. Both coatings show multi-stage
failures. After the coating lateral fracture and coating damage/removal within the impact crater

12



there is an initial period of lower damage before the substrate is progressively weakened. Tests
have shown that the WC-Co substrate is more resistant to micro-scale impact damage than

PVD coatings [13].

Nano-impact tests have been shown to correlate with cutting tests with coatings that display
higher resistance to fracture in the nano-impact test exhibiting longer tool life [9-13,17,19]. In
cyclic nano-impact tests with much sharper cube corner indenters (15 mN, accelerating
distance 12 pum, nominal end radii 50-100 nm) the same clear difference in impact resistance
has been previously reported for AICrN and TiAIN coating samples deposited under the same
conditions [17,19]. Failure on AICrN required more impacts and progressed more gradually,
consistent with behaviour in cutting tests such as in high-speed milling of AISI 1045 [18] and
1040 steels [17,19]. For high-speed metal cutting several studies have shown that an optimum
- rather than extremely high - coating H°/E? combining load support with crack resistance to

be beneficial in extending tool life [24].

In micro-scratch tests with R =25 pm probe TiAIN has been reported to fail at lower load (4.2
+ (0.5 N) than AICrN (5.7 £ 0.2 N) but the failure was more gradual and localised with a smaller
chipped area than observed for AICtN [17], i.e. with the nominally the same probe geometry
and matching contact size there are very similar differences in coating behaviour. A similar
correlation between coating behaviour in both tests has also been noted in micro-impact and
micro-scratch tests on monolayered Alos7Ti033N, Tio.1Alo.7Cro2N and Tio25Al0.65Cr02N
coatings on cemented carbide [23]. The best performing coating had slightly higher H°/E* and
was slightly thicker whilst the poorest performing coating was the thinnest. Daniel and co-
workers have performed dynamic macro-scale impact tests on a range of AICrN coatings [25].
When coating mechanical properties were similar they found enhanced impact resistance for
thicker coatings. The slightly lower thickness of the TiIAIN may have contributed to its lower

impact resistance.
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In the tests with the 18 um probe the energy dissipation was calculated for every impact. This
showed that initially there was no difference in energy dissipation between the coatings. Both
coatings showed higher dissipated energy at higher load and there was a reduction during first
few impact cycles as the contribution from plastic deformation decreased (plasticity exhaustion
[22]). However, there were clear and consistent differences in the energy dissipation signature
at failure between the coatings (e.g. as shown in fig. 4(e,f)), which was “higher and sharper”
for AICrN and “broader and lower” on TiAIN. Several factors may influence the differences in
impact resistance and energy dissipation on failure. The calo-wear tests performed to obtain a
smooth surface for nanoindentation unexpectedly revealed a thin (~200 nm) interlayer on the
TiAIN which may have helped mitigate against the more abrupt failures that occurred in the
AICtN coating, where there was no interlayer. Nanoindentation mapping across the interface
revealed the layer had mechanical properties close to that of the cemented carbide substrate.
Although the mechanical properties of the two coatings were in a similar range (H~ 36-38 GPa,
E ~490-550 GPa), there were small differences in H/E and H*/E?, which were higher for TIAIN.
It has been observed that coatings with quite high H/E such as TiAIN can perform poorly in

cyclic nano-impact unless there is some compensating microstructural feature, such as having

a very dense microstructure [13,17,19].

4.2 Statistically distributed micro-impact

By programming the same spatial distribution of impacts on both samples in the tests with the
25 pum probe at 500, 1000, 1500 and 2000 mN the load dependence can be clearly shown. As
there was a clear transition to chipping and substrate exposure at 1000 mN on AICrN this test
was repeated, e.g. to confirm that it was not an anomalous result from testing in a region with

higher coating defects. The chipped area results in the two tests were almost identical (6%
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chipped and 12% substrate exposure in one test and 7% chipped and 9% substrate exposure in
the other). The tests with the 18 um probe similarly show a marked change in chipped area
with load although the chipping starts at lower load as the probe is sharper and the accelerating
distance is greater, and potentially also because the region size was smaller, which increase the

overlap.

When the programmed impact locations are overlayed onto the micrographs as in figures 5 and
6 it can be seen that the chipped regions and total coating removal and substrate exposure often
extend well away from the individual impact sites. The erosion mechanism involves chipping,
aiding removal of material away from initial impact sites. Differences in the morphology of the
wear debris, with smaller fragments and very localised cracking on TiAIN may also contribute
to the observed differences in erosion rate between the two coatings since the localised fracture
reduces the stored energy for significant abrupt lateral fracturing. Interestingly, the crack paths
in the low load tests (e.g. 500 and 1000 mN) were straighter on TiAIN (figs. 5¢c and 5g) and

more tortuous on AICrN (figure 5(d)).

Two alternative approaches for assessing the damage progression cycle-by-cycle with
continuing impacts are possible: (1) where the maximum or residual depth is tracked relative
to the initial surface (2) where the maximum or residual depth is tracked where the surface is
actively defined for every impact. The latter approach has the potential benefit of being able to
highlight changes in surface hardening whilst the former more directly correlates with fracture
and wear. Figure 7 shows an example where the residual depth relative to the initial surface vs.
number of impacts is shown for Gaussian and rectangular distributions on AICrN at 3000 mN.
With the Gaussian distribution fewer impacts were required before the probe depth starts to
increase and the resultant depths towards the end of the test are larger. The maximum depth
change during the test can provide an indication of the extent of deformation in tests under
different conditions. Figure 8 shows the load dependence in the maximum depth change in

15



Gaussian tests to 2000 mN. The depth change can exceed the coating thickness indicating
significant substrate plasticity in addition to coating removal. To quantitatively rank
performance at the end of the test, the proportion of chipped area with and without substrate

exposure can be determined from microscopic images of the worn surfaces (figure 9 and Table
5).

It is clear from the SEM images in figures 5 and 7 and the depth change and chipped area data
in figures 8 and 9 and Table 5 that in contrast to the cyclic tests, the TiAIN coating performed
significantly better than AICrN in the distributed micro-impact tests. It is of interest to
investigate the influence of coating mechanical properties on this difference. Studies have
shown that there is a link between PVD coating mechanical properties such as H/E and H*/E?
and erosion rate, e.g. when eroded by alumina or SiC particles [1,3,26,27]. For example,
Yamamoto and co-workers reported the best erosion resistance in TiAIN PVD coatings
designed for erosion protection of compressors was for H/E ~0.07, which was also the highest
H*/E?* of the single-phase cubic TiAIN coatings [3]. Although further increases in Al also
produced coatings with high H/E and H°/E? but these were hexagonal with lower hardness than

the alumina erodent leading to higher erosion.

The nanoindentation results in Table 3 show that the TiAIN coating is slightly harder and
slightly lower in elastic modulus than the AICrN which results in a higher H/E and H°/E? than
the AICrN coating. Although the nanoindentation tests to 30 mN have a small contribution from
the substrate (i) there is little elastic mismatch as both coatings are almost as stiff as the
cemented carbide (i1) the substrate influence on the measured elasticity will be slightly larger
for the thinner TiAIN, so the observed differences between the coatings in terms of H/E and
HP/E? are not an artifact of the small difference in actual coating thickness. It has been
suggested that with suitable coating design excellent resistance to solid particle erosion may be
achieved with very high F°/E? coatings [1,26,27]. Deng and co-workers reported a relationship

16



between increasing coating H°/E* and lowering the erosion rate of CtN, TiN, (Cr,A)N and
TiAIN coatings deposited by cathodic arc on cemented carbide when eroded by SiC [26]. The
TiAIN coating with higher /°/E? than the (Cr,AI)N (no details of Al:Cr ratio were provided)
showed the lowest erosion rate. This behaviour is consistent with the differences in mechanical
properties and behaviour observed in the statistically distributed impact test in the current

study, where the TiAIN coating with higher /°/E? than the AICrN performs better.

In future it would be of interest to study the behaviour of a wider range of hard PVD coatings
in the statistically distributed impact test since it appears that coating design to solely to
maximise H°/E?, to effectively limit crack initiation, may not always help with the lateral crack
propagation. The latter can result in higher erosion rates and some studies [29,30] have reported
poor erosion resistance for coatings with extremely high H°/E?. The highest resistance to
erosion by alumina was reported for 6 um TiAIN coatings on Ti6Al4V that had intermediate
H*/E? amongst the coatings tested [29]. Similarly, Krella [30] has noted that several studies
have shown the best resistance to solid particle erosion and cavitation erosion for coatings with

H/E ~0.07, with worse performance for coatings with H/E >0.08.

4.3 Comparison between coating behaviour in cyclic micro-impact and statistically distributed

micro-impact tests

In these tests there is a connection between whether the impact fracture is abrupt or gradual in
the cyclic impact tests and the extent of lateral fracture in the statistically distributed tests. The
interaction between radial/lateral cracks generated by repetitive contact is an important
mechanism for chipping fracture and coating material removal. The susceptibility of the
coating system to lateral vs. localised cracking (and differences in their “interaction

thresholds™) controls the rate of damage accumulation and material removal in micro-impact
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and in erosion. These differences in cracking type and interaction threshold appear to control
the rate of material removal in micro-impact tests on glasses [15] and in the bulk technical

ceramics MgO-stabilised zirconia, alumina and sapphire (0001) [31].

Higher load/more impacts were required to cause coating failure in the cyclic test than in the
distributed impact test. In tests with R = 25 pm probe, AICrN failed at 1000 mN in the
distributed test but intermittently at 2500 mN in the cyclic test. In tests with R = 18 um probe,
after 50 impacts at 1000 mN there was no failure on AICrN but in the distributed tests there
was failure even at 500 mN. Similarly, on TiAIN, there was more failure with less impacts
and/or at lower load in the statistical tests than in the cyclic tests. The results indicate that
subsequent impacts in the same position are not as effective at causing the lateral chipping as

can occur from the interaction of radial cracks emanating from multiple impact sites.

The different types of micro-scale impact test are most effective in simulating different contact
conditions. Cyclic impact has found particular application in replicating metal cutting where
the repetitive contact occurs at the same position [9-13,17]. Relative changes in coating cutting
tool life through, e.g. small compositional or residual stress modifications, have been exactly
mirrored in cyclic impact tests [9-11,13]. Coating behaviour in the cyclic test has also been
reported to show a correlation to erosion resistance [6-8]. However, the statistically distributed
micro-impact test can also replicate the distribution of individual impacts that occur when a
surface is subjected to solid particle erosion [15,16]. Future development of the statistically
distributed micro-impact test could include even closer simulation through varying angle
incidence for impacts, introducing statistical distribution of loads and testing at elevated
temperatures to simulate high temperature erosion. To date, cyclic impact tests have been
performed on hard PVD coatings to 600 °C [32] and statistically distributed tests up to 850 °C
on 7YSZ thermal barrier coatings [33]. Alternative test probe materials, such as WC, could be

used to investigate the influence of the relative hardness of probe and sample on the impact
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mechanisms which has been shown to influence erosion [34,35]. Statistically distributed and
cyclic micro-impact tests are typically accelerated tests that provide a severe environment so
that the surface is subjected to high contact stresses (including high bending stresses for
coatings, through high loads and small contacts). Since the tests are quick it is feasible to
complement them with tests involving higher numbers of impacts at lower stresses to replicate

behaviour in less demanding conditions.

5. Conclusions

The relative performance of the TIAIN and AICrN coatings studied was dependent on the type
of micro-impact test. TIAIN performed significantly better than AICrN in the statistically
distributed micro-impact test but AICrN performed significantly better than TiAIN in the cyclic
micro-impact test. Differences in the coating system susceptibility to localised cracking appear
responsible. Localised cracking in TiAIN causes degradation in cyclic impact and relieves the

strain accumulation and dramatic chipping that occurs on AICrN.

The different types of micro-scale impact test are most effective in simulating different contact
conditions. Cyclic impact has proved reliable for replicating metal cutting where the repetitive
contact occurs at the same position, although performance in the cyclic test may also closely
correlate with erosion resistance. However, the statistically distributed micro-impact test can
also replicate the distribution of individual impacts that occur when a surface is subjected to
solid particle erosion, and thus may ultimately prove a more useful test for coating screening

for erosion resistance.
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Figure Captions

1.

2.
3.

*®

Typical statistical distributions (a) Gaussian (b) rectangular, within 200 um x 200 um
regions.

Example of a single impact

Cyclic impact with R =25 um. (a) Impact depth data. SEM images. (b) craters on AICrN
at 2500 mN; (c) higher resolution image showing radial cracking; (d) typical impact
crater on AICrN at 2000 mN; (e) typical impact crater on TiAIN at 2000 mN () typical
impact crater on TiAIN at 2500 mN.

Cyclic impact with R = 18 um. Load dependence on (a) TiAIN (b) AICrN. Depth
increases on (¢) TiAIN and (d) AICrN. Variation in impact depth and energy dissipation
in typical tests at 750 mN on (e) TiAIN and (f) AICrN.

SEM images from statistically distributed impact tests with R = 25 um; Gaussian
distribution 500-2000 mN. (a) 500 mN on TiAIN (b) 500 mN on AICrN (c) higher
resolution BSE image on TiAIN at 500 mN (d) higher resolution BSE image on AICrN
at 500 mN (e) 1000 mN on TiAIN (f) 1000 mN on AICrN (g) higher resolution BSE
image on TiAIN at 1000 mN (h) 1500 mN on TiAIN (i) 1500 mN on AICtN (j) higher
resolution image on TiAIN at 1500 mN (k) 2000 mN on TiAIN (1) 2000 mN on AICrN.
SEM images from statistically distributed impact tests with R =25 pum; 2500 and 3000
mN. (a) 2500 mN Gaussian on TiAIN (b) 2500 mN Gaussian on AICrN ¢) BSE image
2500 mN on TiAIN (d) 3000 mN Gaussian on AICrN (e) 3000 mN rectangular on TiAIN
() 2500 mN rectangular on AICrN, with higher resolution BSE image in (g).
Dissipated energy and impact depth in distributed impact tests on AICrN at 3000 mN
with (a) Gaussian and (b) rectangular distributions.

Load dependence in maximum depth increases in statistically distributed impact tests.
Load dependence in chipped area with and without substrate exposure for (a) R = 25
pm and (b) R = 18 um probes.
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