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Abstract

Depth-sensing repetitive micro-impact tests have been performed on cemented carbide cutting
tool inserts with spheroconical diamond probes with end radii of 8, 20 and 100 pm. Results
were strongly dependent on probe radius and applied load. At higher load there was a transition
to a faster damage rate marking the onset of more variability in rate and in the residual depth
of the impact crater when using 8 and 20 um probes. SEM images show break-up of the WC
skeleton at the periphery of the contact zone. Lower surface roughness slowed the initial
damage rate at higher load but did not significantly influence the final crater depth. The load-
dependent fatigue mechanism displayed by the cemented carbide also has implications for the

study and optimisation of coatings when these are deposited.
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1. Introduction

In WC-Co hardmetals the combination of hard carbide and tough, energy-absorbing metallic
binder results in a material with some of the best attributes of each phase.'! In many industrial
applications, they are subjected to complex loading and determining the optimum grade can be
challenging. Micro-scale mechanical tests and instrumented laboratory wear tests are used to
obtain characterisation data under more controlled conditions than field trials. The tests can be
used as a rapid screening tool for promising compositions and optimisation for durability in
different mechanical contact situations. As they can easily and quickly be repeated, they
provide a statistical overview of material performance. Contact damage of cemented carbides
has been studied in indentation,>* cyclic contact fatigue,”®' abrasion,'® scratch and erosion
testing,[*1% micro-pillar compression and micro-cantilever bending tests.!'!! Zhang et al studied
the indentation behaviour of different WC-10 wt.% Co grades with a 5 mm spherical
polycrystalline diamond indenter.!>! Elasticity at low load developed into quasi-plasticity at
higher load, with some micro-cracking evolving into a more brittle deformation at very high
load with ring cracking then radial cracks appearing during unloading. Gee and co-workers
studied the deformation of cemented carbides in repetitive scratch tests with small radius
diamond probes.*!% The major wear mechanisms involved the accumulation of damage,
fracture and removal of WC grains which occurred by (i) fracture and fragmentation of the
WC-grains, (ii) re-embedment of WC grain fragments into the Co binder (iii) cracking between
grains and (iv) removal of fine material as debris. To study the resistance to cyclic loading,
Kiiperfle and co-workers performed high cycle (to 10’cycles) tests with a 5 mm radius silicon
nitride indenter at forces to 2.8 kN reporting that the samples with highest fracture toughness
did not show the best fatigue resistance.” In indentation tests at 1-5 kN with 2 mm radius
hardmetal pins, Géez and co-workers reported that the hardest grade tested (6 wt.% Co)

exhibited a single ring crack at 2.5 kN and multiple ring cracks at 4 kN.[* In a grade with 10



wt.% Co fully developed cracking developed more gradually whilst the softest grade with 25

wt.% Co showed only sink-in without cracking.

Accelerated nano- and micro-scale impact testing has been used in coating development to
simulate cutting processes. Several studies have shown that the relative performance of
coatings in metal cutting can be reliably replicated in the short-term tests.['>"!>1 There are
several potential advantages in testing at the nano-/micro-scale. For example, the tests are
depth-sensing enabling the wear progression to be monitored throughout the test. Some of the
differences between the new micro-impact test, nano-impact and conventional macro-scale
impact testing are summarised in Table 1. In comparison to the ultra-sharp cube corner
diamond indenters used in nano-impact testing, there is an intrinsic advantage in using blunter

probes to study gradual fatigue processes.!

The micro-impact technique can also be used to evaluate the performance of bulk materials
under repetitive impact. It has been used recently to evaluate the behaviour of three cemented
carbide grades commonly used for oil and gas applications under micro-scale impact fatigue,
two of them having similar hardness and toughness values, one with the presence of cubic
phases.['® The highest resistance to impact fatigue was not achieved by the hardest and stiffest
grade, nor the toughest grade, but for one with highest ratio of hardness (H) to elastic modulus
(E) and H*/E?. 1t is generally accepted for cemented carbides that high toughness is important
in highly loaded mechanical contact, but the micro- and macro- tests above suggest that for

optimum durability a suitable combination of high hardness and toughness is required.

In this study, the response of a cemented carbide grade used as a cutting tool insert to repetitive
impact has been evaluated. The main aims of the current work include (i) studying influence
of test probe geometry by performing tests with test probes of varying sharpness (8, 20, 100

pm) over a range of impact forces (0.1-3.0 N) (i1) investigating the extent of influence of



surface processing on the progression of impact damage by testing on commercial cemented
carbide inserts, with and without an additional surface polishing step to reduce the influence of
asperities which can act as stress-raisers (iii) improving our understanding of the deformation
of cemented carbide insert used as substrate for coatings used in metal cutting where repetitive
contact occurs (e.g. in high speed machining operations such as interrupted turning and end

milling).

To produce hard wear-resistant coatings with greater durability under repetitive micro-impact,
improved understanding of the role of substrate deformation on the overall coating-substrate
system response is important to avoid premature failure. The response of the uncoated
cemented carbide substrate can then be compared to previous data on coated systems with the

same substrate to determine whether the substrate or coating fails first.!!”-!8!

Some impact tests with a 20 pm end radius probe were performed under the same experimental
conditions as in ref.!®! allowing the results to be compared to those obtained on the grades
tested in that study. The influence of mechanical properties such as H°/E* on impact resistance

is investigated.

Modifications to the experiment set up (acquisition of residual impact depth data) and data
analysis (replotting data as impact depth increases to compare tests at different applied load)
provided further insights into the repeatability of the impact damage progression and the

influence of surface roughness on this.

2. Materials and Methods

2.1 Characterisation

Cemented carbide SPG422 cutting tool inserts were obtained from Sandvik. One of these

(hereafter referred to as the polished insert) was mechanically polished by progressively



polishing with 9, 6 and finally 1 micron diamond suspension to further reduce its surface
roughness and whilst another (the as-received insert) was tested without further polishing. The
inserts were characterised by XRD (Cu Ka radiation at 20 kV with a Siemens D5005), SEM
(TESCAN Vega3 SEM, backscattered electrons detector, 20 kV, working distance of 8.5 mm)
and EDX (Tescan Lyra3 FIB/SEM using an Oxford Instruments energy-dispersive x-ray
spectroscope (EDS) and Aztec software). The areal surface roughness of the polished and as-

received samples was assessed by AFM measurement (Veeco NanoMan AFM) at 25 um x 25

pm scan area. Four measurements of the areal R. surface roughness were determined at the

12.5 x 12.5 um scale.
2.2 Nanoindentation and Micro-impact

Nanoindentation and micro-impact tests were performed with a NanoTest Vantage system
(Micro Materials Ltd, Wrexham, UK). The instrument was fully ISO14577 calibrated for load,
displacement, frame stiffness and indenter geometry. Nanoindentation was performed with a
Berkovich diamond indenter whose area function (tip shape) was determined by indentation
into a fused silica reference sample. On each sample there were 30 repeat indentations to 500
mN maximum load, loading at 25 mN/s with a 20 s hold at peak load before unloading at 100
mN/s. Hardness and reduced elastic modulus were determined from power-law fitting (Oliver
and Pharr analysis) to the unloading curves. The elastic modulus and Poisson ratio of the
diamond indenter were 1141 GPa and 0.07 respectively. For the cemented carbides the reduced

indentation moduli were converted to Elastic moduli assuming a Poisson ratio of 0.25.

For the micro-impact tests the 30 N high load head of the NanoTest Vantage was modified for
impact testing as described previously.!'”!8! The loading head was actuated with a large
electromagnet capable of pulling the probe >50 pm away from the sample surface. Three

different test probe geometries were used as impact probes in this study: (i) a spheroconical



diamond indenter with 90° cone angle and calibrated end radius of 20 um (ii) a spheroconical
diamond indenter with 90° cone angle and calibrated end radius of 8§ um and (iii) a diamond
test probe with approximately 100 um end radius. The accelerating distance was set at 40 um
in all the tests. The tests with the 20 um probe were performed at 1, 1.5, 2, 2.5 and 3 N on the
polished insert and 2 and 3 N on the as-received insert. The test duration was 600 s with 1
impact every 4 s, resulting in 150 impacts in total. There were three repeat tests at 3 N on the
as-received insert. In all other tests with this probe there were five repeat impact tests at each
load. In the micro-impact test there is a quasi-static indentation before the first actual impact.
The on-load indentation depth associated with this is recorded and is used to confirm that the
depth zero is measured correctly and the test did not impact in an anomalous region of the
surface. The subsequent on-load depth was measured for each impact throughout the test and
used to assess the progression of impact-induced damage through the test. In small scale tests
where the load is applied throughout the test it is usually assumed that changes in the on-load
depth (after correction for frame compliance but containing a contribution from elastic
deformation) are generally closely correlated with changes in the residual wear depth. To check
this, in the micro-impact tests the residual wear depth at the end of the test after load removal,
i.e. with the elastic deformation component removed, were also recorded. Data were
subsequently corrected for frame compliance. 300 s 75 impact tests with the 8 um probe were
performed on the as-received insert at 0.2, 0.3, 0.5 and 1 N. There were three repeats at each
load. 300-1200 s tests with the ~100 um probe were performed on the as-received insert at 1-

2.5 N. The test conditions are summarised in Table 2.

Electron microscopy images of the impact craters were obtained using TESCAN Vega3 SEM
and a TESCAN Lyra3 FIB/SEM with the secondary electrons detector, 20 kV, and at a working

distance of 10 mm.



3. Results and Discussion
3.1 Sample characterisation

XRD confirmed that the inserts were essentially the same (Fig. 1(a)), with dominant WC peaks,
very minor Co/Co oxide peaks and no other refractory metals present (patterns compared with
PDF-2 database of the ICDD). EDX compositions were WC-5 wt.% Co on both samples. No
traces of any other metals apart from W and Co were found. Grain size and morphology are
virtually the same as confirmed by SEM imaging, as shown in Figure 1 (b,c). AFM images
showed the presence of many fine scratches on the as-received insert and several deeper
scratches. There were less of the fine scratches on the polished sample although some deeper
scratches were still present. The R, surface roughness was (13.2 + 0.8) nm on the as-received

insert and (9.9 = 0.7) nm on polished insert.

The low wt.% of the ductile Co binder in the cemented carbide cutting tool insert results in a
WC-Co composite with high hardness and elastic modulus. The results of the nanoindentation
tests at 500 mN are summarised in Table 3. The polished insert was slightly harder and stiffer
with higher H/E and H*/E? than the as-received insert. The small mechanical differences found
between the two samples in Table 1 arise from the surface polishing. The extra mechanical
polishing process in the polished insert has slightly work hardened the surface and reduced the
variability in the indentation tests, presumably by decreasing the surface roughness with a
possible contribution from grain refinement at the surface. Studies where abrasion (as in
polishing damage) have been simulated by scratch tests have shown a complex deformation
mechanism involving WC grain fragmentation and re-embedding which can lead to some grain

refinement at the surface.[6-1%



3.2 General features of the load and probe dependent response to repetitive impact

[lustrative SEM images of 1-3 N impact craters with the 20 um probe are shown for the
polished insert in Figure 2 (a-g) and 2-3 N on the as-received insert in Figure 2 (h-i). Both
samples showed clear load dependence in their impact response, with progressively greater
damage at higher load. Pile-up (material uplift) and cracking was present around the impact
craters on both samples throughout the load range, becoming increasingly severe in the higher
load tests. The uplifted region extends far beyond the contact area, with ejected fine carbide
debris further from the crater also observed (e.g. most clearly on the right hand side of fig. 2
(b,c)). Images at higher magnification (figure 2 (f,g)) show that at higher force there is a
reduction in grain size of the WC in the centre of the impact crater and in the damage at the
periphery due to WC grain fragmentation. Cracks form primarily between WC crystals with

some WC cracking also observed.

[lustrative graphs of impact depth vs. number of impacts at each impact load are shown for
the polished insert in figure 3 (a). Corresponding impact depth increases (i.e. setting depth after
the first impact to zero) are shown in figure 3 (b). In addition to a strong dependence on applied
load it is clear that the impact damage rate varies as the test progresses, particularly at higher

load, which is discussed in more detail in section 3.5.

Convenient parameters for graphical illustration of the repeatability of the technique and its
sensitivity to the applied load are:- (i) the on-load impact depth after the first impact, (h1); (ii)
the on-load impact depth at the end of the test, (/) and (iii) the residual impact crater depth
(hr). The load dependence of these quantities is shown in Figure 4 (a-b). 41 was slightly higher
and more scattered on the as-received insert. 2 N marks the transition point where there is
higher wear through the test. Comparison of the final on- and off-load depths in figure 4 (a)

shows good consistency with only a small load-dependent offset due to the elastic contribution.



There was little difference in & between the samples. The tests show good repeatability in the
mean depth after a single impact, particularly on the polished insert, and also in the mean depth
at the end of the test when the transition to a faster wear process does not occur in any of the
repeat tests at that load. In these cases the error bars are smaller than the size of the symbols in
figure 4(a,b). When the higher damage rate was observed in some or all of the tests this
produced greater variability in the residual depths, i.e. the test displays the stochastic response
that is common in fracture-dominated processes. The transition typically occurred after around
60 to 120 impacts and was preceded by a sudden reduction in impact depth. Table 4 contrasts
the impact fatigue damage rate in nm per impact before (over 40-60 impacts) and after (last 20

impacts) this transition.

[lustrative SEM images of impact craters from tests at 0.2-1 N with the sharper 8 um end
radius probe on the as-received insert are shown in Figure 5. Pile-up around the impact site
was observed at lowest load extending further from the crater at higher load. At 0.5 and 1.0 N
the fragmentation at the periphery is much more extensive than at lower load. The impact depth
data with the 8 um probe confirm the strong load dependence seen in the SEM images (figure
6). At 0.5 and 1 N there is a transition to a faster damage rate and depths move from spherical
to the conical part of the indenter. With the ~100 um probe the impacts were close to elastic.
Optical microscopy revealed some surface damage but there was no well-defined impact crater.
Under these conditions it was not possible to produce dramatic failure within the range of
impact loads used. Some tests were run over 20 min, these showed a very gradual fatigue

process.

Previous micro-impact tests with this instrumentation have used spheroconical diamond probes
with end radii in the range 17-20 um.!!":!823] The smallest radius probe produced qualitatively

similar impact behaviour to the 20 pm probe but more rapidly and at a lower load. Higher



plasticity in the tests with this probe result in pile-up under repetitive contact and cracking
extending further outside the contact circle at higher load. The results of this study show that
larger probes may not be particularly suitable for inducing sufficient damage for rapid testing

of hard materials by micro-impact.

3.3 Contrasting deformation in micro-impact and indentation contact

The deformation in the micro-scale impact test can be contrasted to that observed in indentation
contact at larger length scale. Fracture in larger scale tests on uncoated WC-Co initially
proceeds by ring cracks followed by radial cracking. Zhang et al. studied the high load
indentation behavior of different WC-10 wt.% Co grades with a 5 mm spherical polycrystalline
diamond indenter. At high load ring cracking was found, with radial cracking during unloading
at yet higher load being the most extreme deformation observed. In contrast, in these micro-
scale tests on the WC-5 wt.% Co there is (1) pile-up at the periphery and (i1) the crack path is
influenced by the local microstructure so that complete ring cracks were not observed before
the onset of the more rapid wear process involving WC fragmentation. It can be concluded that
the repetitive unloading-impact reloading at high contact pressure in the micro-impact test
produces a more severe environment for crack propagation, with the damage morphology
observed in the 2-3 N tests being more similar to that observed in high contact pressure

repetitive micro-scale scratch tests with small radius diamond probes.[6-1%!

3.4 Factors causing pile-up at the periphery of the impact craters

In the micro-impact tests, both samples tested showed similar behaviour with little differences
in the residual wear depths and impact crater morphology between them. The impact damage
with the R =8 um and R =20 um probes was strongly load-dependent. The SEM images (figs.
2 and 5) show considerable pile-up around the impact site after the repetitive impact tests. The

ratio between the plastic work and the total elastic and plastic work done in indentation is a

10



dimensionless plasticity index providing a convenient measure of the relative proportions of
elastic and plastic deformation in an indentation test. The value of 0.67 reported in Table 3 is
significantly below the value of 0.84 above which pile-up can occur with the Berkovich
indenter geometry in non-work hardening materials. When spherical indenters are used the
presence of pile-up or sink-in in non-work hardening materials can change during an
indentation. This is due to the transition from purely elastic deformation at small depths (low
a/R) to plasticity-dominated deformation at larger depths.!'”) In WC-Co the strain hardening
exponent is likely to be significantly higher!?*2!! than the 0.22 which marks the transition from
pile-up to sink-in.!'! Sink-in rather than pile-up was observed when WC-Co was indented with
R =5 mm polycrystalline diamond indenters up to a/R of ~0.15 (a = contact radius)!*! and in
cyclic impact loading with R = 5 mm SisN4 indenter. °! FEA by Taljat and Pharr has shown
that increasing //R is qualitatively similar to increasing E/cy. The pile-up observed around the
impact crater in the repetitive impact tests with small radius probes appears to be a consequence
of the higher a/R (~0.3-0.5) in the test with the progressive damage from the repetitive contact
moving the contact further away from elastic, which may be a function of indenter radius. Rhee
et al noted that the deformation in an indentation test is a function of the radius of the indenter,
with larger radii indenters producing more brittle deformation and smaller radii indenters more
plasticity. [?* In these repetitive tests however, the greater plasticity (and pile-up) ultimately
results in the break-up of the WC structure and a transition to a more aggressive wear regime.
In a Hertzian (elastic) stress field the maximum tensile stress is at the circle of contact and falls
off dramatically below the top surface.®! Figures 2 and 5 show that the region with greatest
cracking extends significantly beyond the Hertzian contact radius, as has been observed in
cyclic impact loading with a 5 mm radius SizNs indenter’® and in micro-impact tests on other
cemented carbides [16]. This is considered to be due plasticity resulting in pile-up moving the

peak radial tensile stresses outward. In high-cycle fatigue studies the deformation proceeds by

11



slow formation of a closed ring crack and then slow growth of radial cracks.! In the micro-
impact after the partial cracking at the edge of the impact crater the fragmentation of the WC
and removal of Co binder result in a more severe wear process more akin to that found in micro-
scratch/abrasion tests which is not seen with the larger (5 mm) probes in the higher force and

higher-cycle fatigue tests where the cracks slowly extend outwards.
3.5 Influence of surface processing on changing wear rate during the test

To study the behaviour with the 20 um probe in more detail the increase in impact depth
through the test (i.e. after setting the impact depth to zero after impact 1) is shown in fig. 3 (b).
At the three lowest forces there can be a shallow minimum in the on-load impact depth after
~75 impacts which is considered to reflect work hardening and greater elastic recovery. Similar
behaviour was reported in nanoindentation fatigue studies where multi-cycling indentation
tests on a WC-35 wt.% Co with a Berkovich indenter at 25-200 mN exhibited a maximum
depth after ~50 cycles before gradually decreasing throughout the rest of the 100-cycle test.!**!
At higher load there was more variability in the tests with some difference in how the rate of
impact wear changed through the test on the polished insert and the as-received insert, as
illustrated at 3 N in Figure 7 (a,b). The damage rate on the polished insert was lower prior to
the transition to the faster damage rate. On the as-received insert the there was a more gradual
transition to faster wear although the rate of increase is less pronounced, so that the residual
depth at the end of the test was almost the same for both samples. The data in Table 4(a,b)
show the same trends at 2 and 3 N. A combination of topographical and mechanical factors are
likely to be responsible for the observed differences. The slightly greater and more variable
on the as-received insert is consistent its lower elastic modulus and higher surface roughness.
The asperities on the higher surface roughness the as-received insert can act as stress raisers to

initiate (further) damage more rapidly than on the smoother polished insert.?>! The additional

12



polishing also slightly altered the surface mechanical properties resulting in small increases in
hardness, elastic modulus, H/E and H’/E*. Higher H?/E? can result in more elastic contact
resulting in improved wear resistance at lower load,'*"! and improved resistance to fracture
initiation. However, resistance to crack propagation (damage tolerance) may require different
properties. As wear progresses and/or in more severe tests, there may be a requirement to
dissipate energy through plastic deformation and/or micro-fracture processes which can

minimise strain accumulation.
3.6 Comparison to previously published work on oil and gas grades

The impact resistance of the cutting tool grade tested in this study after polishing can be directly
compared to highly polished samples of grades used in oil and gas drilling applications that
were studied previously with a 20 um probe under the same test conditions."'®! Since cemented
carbides show a smaller-is-stronger size effect in hardness!'!?®! the indentation peak load was
the same in ref. !% and the current study. In that study two cemented carbide grades with 5-7
wt.% of mixed Co-Ni binder with H ~22-23 GPa and H*/E* = 0.25-0.33 GPa showed better
resistance. Another grade with Co binder and H = 18.9 GPa, H*/E* = 0.016 GPa performed
poorly showing dramatic WC fragmentation outside the impact crater from 2 N. The polished
WC-Co insert studied here showed slightly better impact resistance than this but it was
significantly worse than the grades with Co-Ni binder, consistent with its mechanical properties
(H = 20.6 GPa, H*/E* = 0.020 GPa) being intermediate between these grades (i.e. the present
results support the conclusion from ref 16 that increasing H°/E® correlates with improved

impact resistance, at least over the range studied to date).
3.7 Implications for substrate processing for coating durability

The load-dependent fatigue mechanisms displayed by the cutting tool substrate have

implications for the study and optimisation of coatings on these substrates. Coating fracture in
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over-load tests commonly proceeds by substrate elastic and plastic deformation resulting in
bending stresses. The present results suggest that in repetitive impact of a coating deposited on
hardmetals substrate fatigue needs to be considered as a potential precursor of coating damage.
Deposition of novel coatings on smoother and/or more impact resistant grades of cemented
carbide substrate with higher H*/E* may be beneficial for the optimisation of their behaviour

for cutting tests such as high-speed milling where they will be exposed to repetitive impact.

4. Conclusions

Impact resistance of the WC-Co inserts was strongly load and probe geometry dependent. In
higher load tests with 8 and 20 um end radius probes there was a transition to a faster damage
rate associated with fragmentation of the WC crystals. An additional surface polishing step
before testing influenced the progression of impact wear through the test by reducing asperities
that could act as stress raisers to initiate further damage more rapidly and in producing a slightly
harder and initially more wear-resistant surface. Comparison with cemented carbide grades
used in oil and gas applications shows that grades with higher H°/E? have enhanced impact
resistance. The load-dependent fatigue mechanism displayed by the cemented carbide also has
implications for the study and optimisation of coated cutting tools. In applications where
mechanical tools and components are exposed to repetitive impact in operation their
performance may be improved by the use of smoother and/or more impact resistant grades of

cemented carbide substrate with higher H*/E>.
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Table 1 Comparison between different types of impact test*

Nano-impact Micro-impact Macro-impact
Depth-sensing Y Y N
Accurate time-to-failure Y Y N
Test duration 5-10 min 5-10 min Extended duration
Test probe material Diamond Diamond WC-Co
Test probe radius ~100 nm 5-100 pm 0.5-3 mm
Automatic scheduling of Y Y N
multiple tests
Applied load (N) 0.001-0.2 0.1-5 >>100

* Conditions shown are typical but all three types of tests can be run with different experimental

parameters.

Table 2 Micro-impact test matrix

Test probe Applied load Applied Accelerating Test Repetitions
radius (um) (N) in tests load (N) in distance duration (s) | at each load
on as tests on (um)
received polished
insert insert
8 0.2,0.3,0.5, - 40 5
1.0
20 2.0, 3.0 1.0, 1.5, 2.0, 40 600 54
2.5,3.0
100 1.0, 1.5, 2.0, - 40 300 and 3orsh
2.5 1200

20




a 3 repeats at 3 N on as-received. b 5 300 s repeats at 1.0 and 1.5 N; 3 x 300 and 3 x 1200
repeats at 2.0, 2.5 N.

Table 3 Surface mechanical properties from nanoindentation at 500 mN

Polished insert * As-received insert
Hardness (GPa) 20.6 1.0 19.1£1.2
Elastic modulus (GPa) 670 £23 642 +26
H/E 0.031 0.030
H’/E? (GPa) 0.020 0.017
Plastic work (nJ) 141 £6 149 £8
Elastic work (nJ) 63+1 62+1
Plasticity index b 0.69 +£0.01 0.70 £0.01

a The polished insert has lower surface roughness. b Plasticity index = plastic work/total work.
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Table 4 Impact damage rate *

(a) with R =20 um probe on the polished insert

1.ON I.5N 20N 25N 30N
Over 40-60 0.2+£0.8 -0.5+0.3 02+1.0 1.4+£0.6 22+1.1
impacts
Over last 20 3.1+1.0 29+09 13+£12 34 £ 20 44 £24
impacts

(b) with R = 20 pum probe on the as-received insert

20N 30N
Over 40-60 impacts 25+1.2 14+7
Over last 20 impacts 46+0.7 62 +24

(c) with R = 8 um probe on the as-received insert

0.2N 0.3N 05N 1.ON

Over last 10 impacts 1.0£0.2 48+1.5 67 £33 59+14

* Impact damage rate defined as depth increase in nm per impact
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Figure Captions

1. XRD spectra (a) and back-scattered mode SEM images of (b) as-received and (c) polished

inserts at x25000 original magnification.

2. SEM images of impact craters with the 20 um probe. (a-g) on the polished insert:- (a) 1 N;
(b) 1.5 N; (c) 2 N; (d) 2.5 N; (e) 3 N. (a-e) at x4000 original magnification. (f) 1 N test at
original magnification x15000 and (g) 3 N test at x10600 original magnification. (h-i) on the

as-received insert:- (h) 2 N; (i) 3 N. (h-i) at x4000 original magnification.

3. Evolution of (a) impact depth and (b) increase in impact depth, with number of impacts with

20 um probe on the polished insert.

4. Load dependence of impact parameters in tests with the 20 um probe on (a) the polished

insert (b) the as-received insert (c) residual wear depth.

5. SEM images of impact craters with the 8 um probe on the as-received insert at x4000 original

magnification. (a) 0.2 N; (b) 0.3 N; (¢) 0.5 N; (d) 1 N.

6. Evolution of (a) impact depth and (b) increase in impact depth with number of impacts with

8 um probe on the as-received insert.

7. Evolution of impact depth with number of impacts with 20 um probe in repeat tests at 3 N

on (a) the polished insert (b) the as-received insert.
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