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Abstract

A novel randomised nano-/micro-scale impact test method has been developed to
experimentally simulate particulate erosion where statistically distributed impacts with
defined energy occur sequentially within the test area. Tests have been performed on two
brittle glasses (fused silica and BK7) to easily highlight the interaction between impacts, as
well as on two ceramic thermal barrier coating systems (TBCs, yttria stabilised zirconia,
7YSZ, and gadolinium zirconate, GZO) that experience erosion in service. Differences in
erosion resistance were reproduced in the randomised impact tests, with GZO less impact
resistant than 7Y SZ, and BK7 significantly worse than fused silica. The impact data show
that erosion resistance is influenced by different factors for the glasses (crack morphology,
longer-length interaction of radial-lateral cracks in BK7 vs cone-cracking in fused silica) and

TBCs (fracture toughness).
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1. Introduction

Improving our understanding of how solid particle erosion proceeds step-by-step and how
damage from previous contacts influences subsequent cracking and material removal is
important in designing damage-tolerant, impact-resistant surfaces. Solid particle erosion occurs
by damage accumulation through the impact of many particles on a surface [1-3].
Consideration of the mechanics of deformation by single particle impacts has improved our
understanding of erosion processes, particularly for thermal barrier coatings (TBCs) in jet
engines [4-11]. Hutchings proposed equations based on combinations of hardness, elastic
modulus and toughness which could be used to generate deformation maps with zones of
plastic deformation, plastic flow, Hertzian fracture and lateral fracture being dependent on the
size and velocity of the impact particles [1]. In some cases, it has been possible to reduce
erosion loading sufficiently that discrete damage caused by single particle impact can be
observed. However, such studies do not directly address how solid particle erosion proceeds
step-by-step and how damage generated by previous contacts influences subsequent cracking

and material removal.

There is a pressing need for rapid laboratory-based testing to streamline the development of
advanced impact-resistant and damage-tolerant coating systems, such as TBCs in jet engines.
Developing advanced coatings for reliable use in these harsh environments is challenging as
they must be multifunctional, displaying a range of desirable properties (e.g. low thermal
conductivity, high erosion resistance...) that may be antagonistic [11]. Additionally, TBCs are
required to show chemical resilience to ingestion of airborne dusts which include runway dusts

and volcanic ash and mainly comprise calcia-magnesia-alumina-silicates (CMAS). A particular



problem is that the erosion resistance of TBCs is not particularly high, typically 2-3 times lower
than the superalloy to which it is applied [12]. This is compound by the fact that novel coating
compositions with the required low thermal conductivity and high resistance to CMAS attack
are intrinsically less resistant to erosion than zirconia-based TBCs, so developing strategies to
maintain or improve their resistance to high temperature impact and erosion is needed to enable
the engines to run hotter. Higher engine operating temperatures will increase the efficiency of
gas turbines, saving fuel and reducing CO; emissions [13]. Nano- and micro-mechanical test
methods have the potential to dramatically speed up and lower the cost of this coating
development by enabling many different potential coating compositions to be tested rapidly,

with only tiny volumes of material required.

The repetitive nano-impact test has been used to study impact resistance at high strain rate and
small scale. The tests are performed with a nanomechanical test platform (NanoTest Vantage)

at strain rates approaching 10° s!

, several orders of magnitude higher than in quasi-static
indentation [14]. Although single indentations with known force and probe geometry have been
used to provide some understanding of the role of mechanical properties on erosion [3,15], the
accumulation of damage from multiple impacts involves the interaction of crack systems and
residual stress fields created by previous contacts which the single indentations do not provide.
Cyclic, or repetitive, impact tests can reveal fatigue deformation mechanisms that are not
present in single-cycle tests [16,17] and have been employed as model tests for assessing
coating durability [18,19]. In this test, the repetitive impacts occur at the same position on the
surface and the probe depth recorded for each impact. This has been shown to be a highly
efficient method for rapidly generating cracking and failure in brittle and semi-brittle materials
such as hard and tough PVD ceramic coatings and bulk ceramics and to study the influence of

microstructure on their damage tolerance under varying impact energy and/or test probe

geometry [20-22]. Several studies have reported a direct correlation between coating behaviour



in the nano-impact test and their performance in high-speed machining [23-26] and to their
erosion resistance [27-29]. Investigations into hard ceramic nitride coatings on cemented
carbide tool inserts have noted strong correlation between fracture resistance in the nano-
impact test and reduced wear of the coated tools in high-speed machining [23-26]. Chen and
co-workers reported that the influence of thermal ageing on the resistance to solid particle
erosion of columnar EB-PVD thermal barrier coatings was reproduced in nano-impact [27].
McMaster and co-workers investigated the influence of Si- or W- doping on DLC coating
performance finding a clear correlation between their behaviour in nano- and micro-impact
tests and their resistance to sand erosion [28]. The test has also revealed differences in cracking
between technical ceramics, with focussed-ion-beam milled sectioning through nano-impact
craters revealing sub-surface intergranular cracking on alumina and sub-surface transgranular
cracking on MgO-partially stabilised zirconia (PSZ) [20]. Véclavek and co-workers used the
technique to reveal differences in crack resistance between CNC-machined and hand

machining on a range of borosilicate glasses [30].

A more direct way to experimentally simulate the stochastic multiple contact nature of erosion
is to perform repetitive controlled impacts at different locations on the sample surface. A novel
test technique (randomised impact testing) has been developed to do this for the first time,
where sample stage movement between impacts enables each impact to be at a new position
[31]. Figure 1 (a) schematically illustrates the principle of operation on a TBC. As an example,
figure 1(b) shows the statistical distributions taken from 500-impact tests that were performed
with a spheroconical indenter of 25 pum end radius on a gadolinium zirconate thermal barrier
coating, with three different sizes of test area. The surface after the test within 1 mm? is shown
in figure 1 (b). For these tests a rectangular distribution was used where there was an equal
probability of the next impact being anywhere within the set region. The method provides the

opportunity to follow impact-by-impact how the surface degradation develops, enabling the



interaction between the damage created by individual impacts on subsequent damage to be
investigated in detail by changing test conditions, in this case by increasing/reducing the size

of the test area.

In this study, we have investigated the impact behaviour of two EB-PVD ceramic TBC systems
(yttria stabilised zirconia and gadolinium zirconate) and two glasses (fused silica and BK7) as
model systems to investigate the potential of the new test method. The thermal barrier coatings
are in use in gas turbines in commercial jet engines. The TBCs have a complex columnar
microstructure with pyramidal tops and appreciable inter- and intra-column porosity. The
glasses are well-characterised bulk materials, with no microstructure/porosity, low surface
roughness and are mechanically homogeneous but brittle. Fused silica is known as an
“anomalous” glass whose deformation involves significant densification and the borosilicate
glass BK7 as a “normal” glass that deforms primarily through shear flow. These differences in
deformation have been shown to influence the crack systems that develop in a quasi-static

indentation contact with sharp indenter [32-35].

In this work, we have aimed to (1) validate the new test method to create damage representative
of erosion with spatially distributed controlled impacts (ii) investigate the sensitivity of test
metrics (residual depth, coefficient of restitution and kinetic energy lost) obtained from analysis
of instantaneous depth vs. time data from each impact to provide evidence of transitions in
damage mechanisms (iii) compare damage mechanisms in repetitive tests at the same position
(iv) investigate how the properties of the model materials (mechanical properties, surface
roughness, crack morphology) affect the damage mechanisms in spatially distributed impact
tests where the extent of overlap between impacts was modified by changing the number of

impacts (50-500) and/or size of the test area (0.01-1 mm?).



2. Experimental

EB-PVD yttria stabilised zirconia (7YSZ) coating systems were produced with 180 um 7YSZ
top coat on aluminised Ni-Cr alloy (Nimonic 75) and sapphire substrates. EB-PVD gadolinium
zirconate (GZO) coating systems were produced with a 175 um top layer, 25 um 7YSZ sub-
layer on aluminised Ni-Cr alloy (Nimonic 75) and alumina substrates. The NiAl bond coat was
deposited by CVD and the top coat by EB-PVD using a Von Ardenne EBE150 coater. Micro-
indentation tests were performed with a calibrated diamond indenter with 20 um end radius
and 90° cone angle at 1-10 N using a dual-loading head NanoTest Vantage (Micro Materials
Ltd., Wrexham, UK) with 10 s loading, 10 s hold at peak load and 10 s unloading. There were

5 repeat tests at each load.

Surface roughness of the TBCs was determined with Gwyddion software (v. 2.54) from line
scans of confocal microscopy (Olympus LEXT) images. The mean and standard deviation of
the R, surface roughness from 10 line scans over 640 pm of 7YSZ and GZO were (1.4 £ 0.1)
um and (0.9 + 0.3 um) respectively. The BK7 and fused silica glasses had mirror-polished
optical finish (Ra <1 nm, determined by profilometry with a 5 um diamond probe, NanoTest

Vantage).

Nano- and micro-impact tests were performed with a dual-loading head NanoTest Vantage. In
the test a 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
repetitive impact tests, once the probe has come to rest it is retracted and reaccelerated to
produce a set number of repetitive impacts at the same position on the surface. Repeat micro-
impact tests at the same position were performed at a range of applied loads using a calibrated

spheroconical diamond probe with 25 pm end radius and 90° cone angle impacting at 90° to



the surface accelerating from 50 um above the initial coating surface. The test duration was
200 s with 1 impact every 4 s, resulting in 50 impacts in total. There were 3 repeats at each
load which were separated by 250 um. The loads used in the repetitive impact tests on the
TBCs were 500, 1000, 1500, 2000, 2500 and 3000 mN and for the glasses the loads were 50,

250, 500, 750 and 1000 mN.

Randomised (statistically distributed) micro-impact tests at 90° were set up with a programmed
number of statistically distributed impacts within a specified region X-Y centred around a
point. A rectangular distribution was used in every test, such that there was equal probability
of impacting anywhere within the test region. The tests were performed at 500 mN and
accelerating distance of 50 um using the same spheroconical probe used for the repetitive
impacts at the same position. 50-impact tests within a 100 um x 100 um region were performed
on BK7, 7YSZ and GZO. 500 impacts within 250 pm x 250 um, 500 um x 500 um and 1 mm
x 1 mm were performed on GZO. 200 impacts within 500 um x 500 pum were performed on
7YSZ. Tests of 50, 150, 250 and 500 impacts within 1 mm x 1 mm were performed on both
glasses. Tests with 50 impacts were also performed with lower impact energy on 7YSZ and
BK7 glass within a 100 pm x 100 um region with 100 mN and accelerating distance of 13 um.
These nano-impact tests were performed with the same indenter as the micro-impact tests but
used the low-load head of the dual head NanoTest Vantage system. The experiments are
summarized in Table 1. The same 25 pum probe was used for all the micro-impact tests. After
the tests its geometry was rechecked by spherical indentation to confirm that no discernible tip

wear had occurred during the tests.



Table 1. Summary of randomised impact experiments

Sample  Impact load Accelerating Number of impacts ~ Test area (mm?)
(mN) distance (um)
7YSZ 100 13 50 0.01
7YSZ 500 50 50 0.01
7YSZ 500 50 200 0.25
GZO 500 50 50 0.01
GZO 500 50 500 0.0625,0.25, 1
BK7 100 13 50 0.01
BK7 500 50 50, 150, 250, 500 1
FS 500 50 50, 150, 250, 500 1

Experiments were also performed on the two glasses with controlled spacing between adjacent
impacts. The tests were at 500 mN and 50 um accelerating distance, with rows of 10 impacts
spaced 5-100 um apart and adjacent rows spaced 100 um apart. On BK7 glass experiments
were also performed with 10 tests spaced 120-200 um apart and adjacent rows spaced 200 um

apart.

Microscopic analysis of the impact damage using a combination of optical, Laser Scanning
Confocal Microscopy (Olympus LEXT) and imaging by scanning electron microscopy (Tescan
Vega 4) in back-scattered electron mode (BSE SEM) was supplemented by quantitative
analysis of depth vs. time data for each impact (maximum depth, residual depth, kinetic energy
loss, coefficient of restitution). Figure 2 shows a depth vs. time and velocity vs. time for a
typical impact experiment. The grey area marks the region where the indenter and sample are

in contact. The individual impacts were analysed in the instrument software to determine the



contact point, the maximum (/max) and residual depths (/res), impact velocity Vi, and rebound
velocity Vou. From these the coefficient of restitution (e) and kinetic energy (KE) absorbed
were determined. The contact position (2 = 0) was defined as the point of maximum velocity
(Vin). The indenter penetrates the sample to a maximum depth, /max. Vout 1S the maximum
rebound velocity reached before the indenter leaves the surface, at 4rs. The kinetic energy lost

during impact is determined from
KE loss = Y2 mvin> — Y2 mvou® [Eqn. 1]

The effective mass of the loading head was determined by calibration following the approach

detailed in Constantinides et al [36]. The coefficient of restitution, e, is defined as
e =1 Vou/Vin | [Eqn. 2].

and is a measure of the elasticity of the impact. There is a relationship between the coefficient
of restitution and kinetic energy lost so that [36] the % kinetic energy dissipated in the impact

is defined by
% energy dissipation = 100 x (1 — &) [Eqn. 3]

so that for an elastic impact with zero energy loss e = 1.

3. Results
3.1 Repetitive impact tests at the same position

The mechanical properties determined from microindentation tests on the thermal barrier
coatings are shown in figure 3. The 7YSZ was harder and stiffer than GZO. Both TBCs
typically showed a gradual increase in depth with number of impacts in the repetitive 500 mN

impact tests at the same position. Similar behaviour was found for higher impact loads on 7YSZ



but in some of the tests there were discontinuities at higher load for GZO. Figure 4 shows the
surfaces of GZO and 7YSZ after repetitive tests at 1 N. For both TBCs the dominant
deformation is compaction, with some cracking at the periphery of the crater. Debris was found
within the impact crater in some of the tests on GZO but this was not observed for 7YSZ. The

initial and final impact depths were greater for GZO.

Ilustrative test results to show the load dependence of the evolution of impact depth with
number of impacts on FS and BK7 are shown in figure 5 (a,b). There is a strong load
dependence with the depth only remaining low at the end of the test at 50 mN. At 250 mN there
is a “plateau-like” period where the increase in depth with each successive impact is relatively
low before an abrupt displacement step which occurred after 7 impacts on fused silica and 17
impacts on BK7 in these tests. By 500 mN the plateau period is reduced and it is absent at >750
mN. Figure 5(c,d) shows example impact craters on BK7 at 50 mN and 500 mN. At 50 mN
there was radial cracking with some slight chipping outside the impact periphery. The SEM
image reveals brittle response dominated by extensive chipping outside the impact crater and
micro/sub-micro sized debris around the edge of the crater at 500 mN, which obscured any
radial cracking. Similar behaviour was observed for all impacts at >250 mN. Both glasses
showed similar behaviour in the tests. The initial impact depth (depth after first impact) was
slightly lower for fused silica (figure 5 (e)) but with continued impacting BK7 was generally

slightly more resistant so that final depths were lower for BK7, at least to 750 mN (Figure 5

().

3.2 Spatially distributed impact tests

To illustrate the effect of the impact number within a defined area, 50-impact tests at 500 mN
were performed on GZO, 7YSZ and BK7 glass within 0.01 mm? areas. The distributions used

and the evolution in the residual depth with number of impacts from these tests are shown in
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figure 6(a,b). Due to the relatively large contact size compared to the test region within a few
impacts the test area was rapidly covered by multiple impacts. There were clear differences in
damage progression between the three samples. Although the residual depth on BK7 was
initially lower there was a transition to more severe damage after around 10 impacts. A similar
transition did not occur in a 100 mN test on the BK7 glass within a 0.01 mm? region (also
shown in figure 6 (b)). The impacts were close to elastic and there was no damage progression

through the test. Similar results were obtained on 7YSZ at 100 mN (figure 6 (b)).

The effect of test area is investigated and the results show reduced interaction within a larger
area. The impact depths at the start of the 500 mN tests on the TBCs were larger than on BK7.
There was no clear upward trend in impact depth for YSZ but a gradual increase in depth with
continued impacts was seen for GZO (figure 6 (b)). The gradual impact damage on GZO was
investigated by performing longer 500-impact tests over larger areas so that the influence of
region area could be studied. The impact area was varied between 0.0625-1 mm? using the
distributions shown in figure 1(a). Within an area of 1 mm? many impacts on GZO occur on
new regions of the surface so individual isolated impacts can be seen after the test (figure 1 (b)
and 7 (a)). Individual impacts were also clearly observed after a 200-impact test on 7YSZ
within a 500 pm x 500 um area (figure 7 (d)). As the test area is reduced the interaction between
impacts increases and on GZO the surface is progressively broken into smaller sized debris.
No non-impacted regions remain visible within the test area and only the compaction due to

the final few impacts can be seen (figure 7 (b,c)).

The variation in residual depth, kinetic energy lost and the coefficient of restitution from each
impact provide more detailed information about the damage progression. On the glasses,
experiments were set up within 1 mm? regions and the number of impacts varied between 50
and 500. Optical images of the surface after these tests are shown in figure 8 (fused silica) and
figure 9 (BK7). With only 50 impacts, the average separation between neighbouring impacts

11



was sufficiently high that there was limited interaction between them. With continued impacts,
the interaction between impacts increases resulting in a transition to a more severe wear mode.
The damage was more severe on BK7 although the general trends with increasing impacts were
the same for both glasses. The variation in the residual depth with the number of impacts in 50-
500 impact tests is shown in figure 10(a) for fused silica and figure 10(b) for BK7. Figure 11
shows a comparison between fused silica and BK7 in 500 impact tests for (a) residual depth
(b) KE absorbed (c) coefficient of restitution. Figure 11 shows that there was a clear transition
after around 250 impacts on BK7 which was not observed for fused silica although occasional
impacts higher depths and KE loss occurred >380 impacts. Figure 12 shows illustrative depth
vs. time data for two impacts on BK7, one before (impact 202) and one after (impact 305) there
was transition to more severe damage accumulation. Although after the transition several
impacts were very similar to those before the transition some showed decreased elastic
recovery, as illustrated in the figure. After ~250 impacts on BK7 the coefficient of restitution
was generally lower after ~250 impacts since several impacts had higher Vi, without as

significant corresponding rises in Vout.

To study the interaction between two impacts without complexity from subsequent impacts,
experiments were performed with controlled spacing between adjacent impacts. These revealed
marked differences in behaviour for the two glasses. Laser scanning confocal microscopy
images of the controlled spacing experiment on fused silica (a) normal (i.e. white light) (b)
green light are shown in figure 13 (a,b) with higher magnification images of impacts 60 and 70
pm apart shown in figure 13 (c,d). Figure 14 shows SEM images of controlled spacing
experiments on BK7 (a) 5-100 um spacing array (b) impacts 120 and 140 um apart (c) higher
magnification image of impacts with 120 um spacing. The images in figures 13 and 14 reveal
a critical separation distance exists below which there was more extensive interaction between

impacts but this distance varied by a factor of two between the two glasses. Cracks between

12



some impacts appeared to join up, or nearly join up, when the spacing was reduced to 60 pum
for fused silica (figure 13(c,d)) and to 120 um for BK7 (figure 13(b)). Closer inspection showed
that these cracks generally did not join up at the surface for BK7 but they did appear to for
fused silica. Imaging under green light (figure 13(b,d)) revealed additional sub-surface
cracking more clearly. When the spacing was reduced to <20 um significantly more damage

was produced on both glasses, which resulted in more extensive lateral cracking on BK7.

4. Discussion

In these tests on four model materials, the new test method has been employed to create damage
representative of erosion with spatially distributed, controlled energy impacts and the
behaviour compared to the damage mechanisms in repetitive tests at the same position. How
the properties of the model materials (specifically their mechanical properties, surface
roughness, crack morphology) combine to control the damage mechanisms in the spatially
distributed tests was investigated by modifying the extent of overlap between impacts and

damage accumulation through varying the number of impacts and/or the size of the test area.

4.1 General features in single impact — influence of mechanical properties and surface

roughness

Due to their surface roughness, together with some inter- and intra-columnar porosity, EB-PVD
TBCs are challenging to test reliably by indentation testing. For this reason, they are usually
polished (to remove the tops of the columns and create a much smoother surface) before
indentation testing. The hardness of well-polished 7YSZ has been determined previously in

nano- and micro-indentation tests with sharp pyramidal Berkovich [5] and Vickers [37]
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indenters. The data show a size effect in hardness due to the columnar structure where, as the
load increased, the indentation size increased to span several columns and there was column
buckling. Hardness of individual polished columns was 14 GPa at 100 mN decreasing to 2.4
GPa at 3 N, where the indentation size spanned several columns. In the current study, the micro-
indentation tests were performed on the as-deposited (non-polished) TBCs as the surface could
not be modified before impact testing. Lower values were found, but these varied relatively
little over a wide depth range (mean values between 1-10 N were H = 1.9 GPa, E = 84 GPa for
7YSZ and H = 1.5 GPa, E = 64 GPa for GZO). Hardness was lower at smaller depth due to the
greater effect of the high surface roughness. Elastic modulus, being a far field effect, was
relatively less affected by this roughness. The elastic modulus of 7YSZ is close to the value of
77 GPa reported by Kim and Heuer on a well-polished EB-PVD 7SYZ in Vickers indentation
at 1 N [37]. The hardness at 4 N was 2 GPa, which was close to the 2.4 GPa reported in micro-

indentation data on a highly polished 7YSZ with a Berkovich at 3 N [5].

In single impact, both TBCs show a similar deformation mechanism dominated by compaction
— squashing down the high surface roughness with some cracking of the tops of the columns at
the periphery of the impact crater where the tensile stresses are greater. GZO with its lower
hardness and stiffness exhibits larger impact craters than 7YSZ. Both TBCs showed larger
impact craters than either glass consistent with their significantly lower hardness due to the

high roughness and inter- and intra-columnar porosity.

The contrasting differences in mechanical properties (e.g. H/E ~0.02 for the TBCs, H/E >0.08
for the glasses), surface roughness and structure between the TBCs and the glasses are reflected
in differences in their cracking behaviour. Initial impact depths varied in the order GZO >
7YSZ >> BK7 > fused silica. The resistance to initial impact correlates with differences in their
H3/E? values (fused silica = 0.15 GPa; BK7 = 0.042 GPa; 7YSZ = 0.001 GPa; GZO = 0.0008
GPa) which have been considered as measures of their load-carrying capacity [38], and in some

14



cases, with H/E, as predictors of likely erosion resistance [3, 38]. Both glasses show more
brittle behaviour than the TBCs with less compaction due to their higher H/E. Within the two
glasses, there are clear differences in the predominant type of crack systems developed that are
related to differences in their mechanical properties and structure. As an anomalous glass with
an open structure, fused silica deforms by predominantly densification whilst the normal glass
BK?7 deforms by conventional shear [32-35]. The mechanical properties of the glasses are H =
9.2 GPa, E = 72 GPa for fused silica; H = 6.2 GPa, E = 75 GPa for BK7. These differences
influence the crack systems that develop. Rouxel and co-workers studied the influence of H/E
and Poisson’s ratio (v) on the driving force for ring/cone cracking and sub-surface lateral
cracking on indentation of glasses with sharp indenters [32,33], generating maps of regions
where each crack type could be expected to occur if fracture toughness is not too high. When
v < 0.18, the stress near the contact edge at the surface is positive (tensile) so that ring/cone
cracks are likely to form during loading. In contrast, the stress for sub-surface lateral cracking
is negative during loading when v <0.2 but becomes positive on unloading, especially at higher
v, and lateral cracking can be expected on unloading [32]. Since fused silica has v =0.17 and
H/E = 0.13 and BK7 has v = 0.21 and H/E = 0.08 they are in different regions of Rouxel’s
maps. The lower Poisson ratio and higher H/E in fused silica results in cone cracking whilst
the higher Poisson ratio and lower H/E in BK7 in lateral/radial. Yoshida [34] used a photo-
elastic technique to directly measure the stresses developed. High tensile stress was found when
indenting fused silica at 3 N with a spherical indenter with 50 um radius, but in contrast on
soda-lime glass (v = 0.22) the tensile stress moved towards the bottom of the plastic zone,
providing the driving force for radial cracking. With support of data from Vickers indentation,
Barlet and co-workers developed a map showing transitions between regions for (i) cone and
median cracking at low v (i1) median and radial cracking at intermediate v and (iii) lateral and
radial cracking at high v [35].

15



The impact experiments with controlled spacing (figures 13 and 14) also show differences in
crack morphology between the anomalous and normal glass under spherical impact. For fused
silica, the laser scanning confocal microscopy imaging showed predominant cone cracking
with some chipping and the imaging under green light revealed “spinning” cracks. The line
between the impacts is due to the interaction between adjacent cone cracks. Radial/lateral
cracking predominated for BK7. The deformation in spherical impact for the two glasses can
be compared to that previously reported in indentation and impact tests with sharper indenters,
and in non-depth sensing macro-scale impact tests with larger angular particles. Low load nano-
impact tests on fused silica with sharper probes did not observe any ring/cone cracking [40].
Impact tests with Berkovich indenter did not produce cracks at a crater area where a quasi-
static indentation would. Cube corner nano-impact produced radial cracking with some impacts
showing chipping. Bruns and co-workers noted that, in quasi-static indentation, the Berkovich
indenter activates multiple crack systems with a cube corner indenter producing radial and
chipping in 90% of indents [41]. Chaudhri [42] using a high-speed camera reported that, in
high-speed impact, spherical indenters (e.g. | mm radius) generated Hertzian cone cracking in
fused silica but conical indenters (90° cone with R~10 um) generated sub-surface median
cracks. Waxman and co-workers reported that angular sand particles produced extensive lateral

chipping on BK7 [43-45].

4.2 Repetitive impact in same position - effect of high-stress low-cycle fatigue

Repetitive impact at the same position effectively results in a high-stress low-cycle surface
fatigue test. When 7YSZ was repetitively impacted at the same position, there was a gradual
damage progression during the tests. Increasing the impact load increased the extent of surface

damage but without an obvious change in mechanism, which was predominantly compaction
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within the crater and cracking around the periphery. There was more impact damage on GZO.
It behaved similarly but with more complex behaviour in some tests at 1 N and above, with the
presence of debris found within the impact crater consistent with its lower fracture toughness.
The fracture toughness of 7YSZ is relatively low, around 0.1-0.5 MPa m"? [46], and Mahade

and co-workers noted that the fracture toughness of GZO was around half of that of 7YSZ [47].

Typical impact results from all four samples at 500 and 1000 mN are shown in figure 15(a.b).
In contrast to the gradual increase in depth for the TBCs, the glasses showed strongly load-
dependent responses with the impact depth remaining low throughout the tests at the lowest
load and abrupt displacement bursts occurring after several impacts at higher loads. The
development of a “plateau depth” where the depth stabilises after a number of impacts as
plasticity is exhausted, followed by one or more abrupt displacement bursts is typically
observed on brittle materials when repetitive impact tests are performed at the same position.
Displacement bursts have been reported in blunt (spherical) impact of bulk ceramics [19], and
in sharp (cube corner) impact on fused silica [40]. They occur due to lateral cracking and the
linkage of crack systems under the impact zone that develop under repetitive contact to cause
material removal. Jennett and Nunn have shown that these displacement bursts are associated
with increased energy absorption [40] and Crtvrlik and co-workers have shown that they are

accompanied by large bursts of acoustic emission [20].

For both glasses, damage mechanisms under repetitive contact were more complex than under
single impact. A load-dependent transition to damage with lateral cracking/chipping and
subsequent further cracking and generation of sub-micron sized debris at crater edge was found
in the repetitive tests at >250 mN. The presence of multiple material removal processes is
supported by the changing impact wear rate after the initial displacement burst. Lateral

chipping and extensive sub-micron sized debris around the periphery of the impact crater has
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been typically found in micro-impact tests with spherical indenters with similar end radii, e.g.

on hardmetals and nitride coatings on hard metals [21].

Although initially more resistant to single impact (consistent with its higher /°/E?), fused silica
was generally slightly more susceptible to continued impact damage than BK7 glass in the
multiple impact tests at the same position. This may, in part, be related to differences in their
fracture toughness since Kic for fused silica (~0.68 MPa m'?[41], 0.74 MPa m'? [48]) is lower

than that on BK7 (0.85 MPa m'? [49], 1.03 + 0.05 MPa m'? [49]).

4.3 Randomised impact - influence of crack morphology and coating microstructure

The novel test method provides a new opportunity to investigate how solid particle impact
damage of the surface proceeds impact-by-impact and how this relates to material removal.
Post-test microscopy and analysis of individual impact depth-time data provide complementary
approaches to the evaluation of surface degradation. Metrics from depth-time data are “in situ”
measurements that can provide precise information on how damage accumulation/and the exact

number of impacts required, for example in wear-mode transitions from mild to severe.

The behaviour in the short 50-impact tests within 0.01 mm? showed similarities to the repetitive
impact tests at the same position, presumably due to the high degree of overlap between many
of the impacts. BK7 showed an initially low impact depth before undergoing a transition to a
more severe wear regime. The damage was more gradual on GZO and 7YSZ, as illustrated in
SEM images from longer tests with greater spacing, and the impacts on the TBCs can be
overlapping without triggering a dramatic transition. The columnar structure in EB-PVD TBCs
provides a measure of damage tolerance by partially stopping the crack propagation across
columns, a well-known phenomenon observed in erosion testing [6]. The poorer performance

for GZO is consistent with its higher erosion rate [50] and lower fracture toughness [47].
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The gradual damage process on GZO was investigated in more detail by performing 500-
impact tests over larger test areas. The results (figure 7(c)) reveal that the low fracture
toughness of the GZO results in continual cracking progressively destroying the surface such
that micron scale debris covered almost the entire test area, with the exception of the
compaction from the last few impacts. The covering up of previous impacts with this fine debris
is consistent with the presence of debris in the impact craters in some repetitive impact tests at

the same position at >1 N.

Although the impact resistance of fused silica was generally slightly worse in the repetitive
tests at the same position, in the randomised impact and controlled impact spacing tests it was

considerably better than BK7.

The differences that emerge during the distributed impact tests on BK7 and fused silica are a
result of a transition to more severe chipping after a “critical damage threshold” (or critical
impact density) is reached. The radial-lateral crack system in BK7 reaches this threshold after
a smaller number of impacts, due to the larger distance at which impacts can influence other
impacts (when the lateral cracks join up there is extensive chipping and material removal). The
critical threshold is higher for fused silica, as the cone cracks need to be closer together (lower
critical interaction spacing) before the damage from one starts to affect another, and
consequently the cone cracking is less efficient in causing the transition to the more severe
wear. This is consistent with reports of better erosion resistance for fused silica. Waxman and
co-workers [43-45] reported larger damage footprints for BK7 than fused silica in erosion tests
with sand and spherical microparticles. For a given incoming kinetic energy there were

significantly greater damaged areas for BK7 than FS in tests with angular sand particles [45].

The absorbed kinetic energy gradually increases with number of impacts on both glasses due

to damage creation within the test area. At the transition to more severe wear there is a greater
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increase in magnitude and scattering of absorbed KE. The absorbed kinetic energy is higher on
BK7 since (i) there is more plasticity on BK7 and (i1) creating the more extensive radial-lateral

crack system absorbs more impact energy than the cone cracking on fused silica.

There is a clear difference in the coefficient of restitution between the two glasses with fused
silica showing the higher (more elastic) behaviour consistent with its higher dynamic H/E.
Applying relationships developed by Constantinides [36] from an analysis of Andrews et al
[51] for sharp impact suggests that the coefficient of restitution should be proportional to
(H/E)"2. A generally higher coefficient of restitution for BK7 over FS was also found in high-

speed camera analysis of sand particle impacts by Waxman et a/ [45].

The transition did not change the coefficient of restitution in most impacts, however, for some
impacts it was significantly lower. As an example, the coefficients of restitution for the two
impacts on BK7 shown in figure 12 were 0.49, for the impact before the transition, and 0.23
for the impact after it. The increased variability in the coefficient of restitution is due to the
onset of the more severe cracking with chipping and material removal. This causes more
variability in Vi, and Vou and hence in e. On BK7, the severe cracking causes differences in Vin
due to topographical changes (i) higher Vi, when impacts occur on already heavily fractured
regions (i1) lower Vin when impacts occur in regions where there is uplifted impact debris.
These result in differences in Vou. Impacts in regions with uplifted debris have lower Vou,
presumably due to greater fracture, resulting in lower e. On fused silica the transition to severe
wear does not occur to the same extent and so the same variability in Vi, was not observed,
although there was lower Vou in some impacts towards the end of the 500 impact tests,

presumably due to increased fracture.
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Despite this, the kinetic energy loss was found to be generally a more sensitive marker of
fracture than the coefficient of restitution. The lateral fracture in BK7 results in more variable

kinetic energy absorption.

The number of impacts needed to produce a transition to a more severe wear mode on BK7
was a function of their separation and the impact energy. In the repetitive tests at the same
position at 500 mN, only 3-4 impacts were required before there was a transition to a more
rapid impact wear. In the 50 impact 500 mN tests within 0.01 mm? area, the residual depth
started to increase after 10 impacts whilst within 1 mm? around 250 impacts were required.
This difference is related to lateral cracking and the joining up and extension of crack networks.
Lawn and co-workers noted that the cumulative effect of lateral cracks spreading sideways
from the deformation zone that tend to cause chipping has a major influence on the erosion
properties of ceramics [52]. Similar load and spacing-dependent transitions on BK7 have also
been observed in nano-scratch tests with a sharp Vickers indenter [53]. Above a critical load,
the damage caused by the first scratch resulted in dramatically increased material removal when
a second parallel scratch was made within 60 um or less of the first scratch, but below the

critical load threshold the scratches could be much closer without this occurring.

The four materials tested have different “critical interaction thresholds” where damage
generated from one impact affects the damage accumulation and subsequent erosion rate. Crack
morphology and fracture toughness have differing importance in the erosion rate of the glasses
and TBCs respectively. For the glasses, crack morphology is important and the randomised
impact test is more sensitive to this than the repetitive impacts at the same position. In
comparison to the lateral, radial and cone cracking in the glasses, the TBCs undergo more
compaction and cracking localised to the periphery of the impact where the tensile stresses are

highest, with the columnar structure of the TBCs providing a measure of crack retardation.

21



The spatially-distributed impact test methodology shows promise for rapid effective screening
of the impact/erosion resistance of novel coating compositions. It has potential applications
beyond erosion simulation. For example, creating surfaces by controlled spatially-distributed
application of impacts could simulate processes such as shot peening, where compressive
residual stresses are introduced in the surface of a component and may also have some
application to micro-pitting. Although the tests described in this work all involved 90° impacts
at room temperature, it is also possible to control the impact angle, alter the distribution of the
impact loads during the randomised impact tests, and perform tests at elevated temperature to

simulate high-temperature erosion.

5. Conclusions

A novel randomised nano-/micro- impact test for simulating particle impact in erosion has been
developed where a specific number of statistically distributed impacts with defined energy
occur sequentially within the test area. Tests were performed on four model materials systems,
two TBCs with high surface roughness and complex microstructure, and two amorphous
glasses with higher hardness and very low surface roughness. The tests provide the opportunity
to investigate how solid particle impact damage of the surface proceeds impact-by-impact, and
how this damage accumulation relates to material removal. Analysis of the depth-time curves
of each individual impact provides quantitative metrics that can yield detailed information on
how damage accumulates, and the number of impacts or impact density required for

mechanistic transitions from mild to more severe impact wear with increasing damage.

Trends in erosion resistance were reproduced in the randomised impact tests, with GZO less
impact resistant than 7YSZ, and BK7 significantly worse than fused silica. The randomised

impact test identified critical interaction thresholds where damage generated from one impact
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affects the subsequent rate of impact wear. Differences in these thresholds highlight the
importance of crack morphology on erosion resistance of glasses. With the radial-lateral
cracking on BK7, impacts interact further apart resulting in a more rapid rate of surface erosion
than for fused silica, where cone cracking dominates. Impact-induced damage on the TBCs

proceeds more gradually and fracture toughness has a stronger influence.
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Figure captions

10.

11

12.

(a) Schematic illustration of the test on a TBC (b) Randomised 500-impact tests within
different areas (c) SEM image of the surface of GZO after 500 impacts within 1 mm?.
Typical depth and velocity vs. time data for a single impact.

Hardness and elastic modulus of 7YSZ and GZO from microindentation to 1-10 N.
BSE SEM images of the impact craters produced by 50 impacts at the same position at
1 N (a) 7YSZ (b) GZO.

Repetitive impact tests at same position. Load dependence of the evolution of impact
depth with number of impacts on (a) Fused silica and (b) BK7. BSE SEM images of
impact craters on BK7 after repetitive impact tests at (¢c) 50 mN and (d) 500 mN. Load
dependence of the initial (e) and final (f) impact depth.

(a) Distributions used in randomised S50-impact tests within 0.01 mm? (b)
Corresponding residual depth data, with results of lower energy tests (100 mN;
accelerating distance = 13 pm) on BK7 and 7Y SZ also shown.

BSE SEM images of (a) GZO surface after 500 impacts (a) within 1 mm? (b) within

0.25 mm? (c) within 0.0625 mm? (d) 7YSZ after 200 impacts within 0.25 mm?.

. Randomised impact tests of (a) 50, (b) 150, (¢) 250 and (d) 500 impacts with a

rectangular distribution within 1 mm? on fused silica.
Randomised impact tests of (a) 50, (b) 150, (¢) 250 and (d) 500 impacts with a
rectangular distribution within 1 mm? on BK7.

Residual depth vs. number of impacts in 50-500 impact tests on (a) fused silica (b) BK7.

. Comparison between fused silica and BK7 in 500 impact tests (a) residual depth (b) KE

absorbed (¢) coefficient of restitution.
Typical depth vs. time data for impacts on BK7 before (#202) and after (#305) the

transition to a more severe damage regime.
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13. LEXT imaging of controlled spacing experiment on fused silica (a) normal (b) green
light. Higher magnification images of impacts 60 and 70 um apart under (¢) normal (d)
green light.

14. BSE images of controlled spacing experiments on BK7 (a) 5-100 um spacing array (b)
impacts 120 and 140 um apart (c) higher magnification image of impacts with 120 um
spacing.

15. (a) Comparison between samples in repetitive tests at same position (a) 500 mN (b)

1000 mN.
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