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4. RESULTS

This chapter presents the results obtained. irésged as follows:
» specimen characterisation;

properties of SiC abrasives;

results of the wear tests;

analysis of the wear scars;

analysis of the SiC abrasive paper;
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analysis of the wear debris.

4.1 Specimen characterization

4.1.1 WC-12wt%Co microstructure

The microstructure of the WC-12wt%Co specimen igwsh in figure 4.1
indicating that two phases are present i.e. WCyjgamd Co (black). The WC
grains are angular. The micrographs show that tllegféin size is not uniform.
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Figure 4.1: SEM micrographs of two different arefliem a WC-12wt% Co
sample showing that the WC grain size is not umfor

4.1.2 WC grain size

The WC grain size is important in WC-Co alloys tasffects the hardness and
wear resistance of the alloys [3]. Small WC grdeed to harder WC-Co alloys
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which have a higher resistance to wear. FigurasitBe graph of the cumulative
frequency versus WC grain size. The median WC i@ was determined from
this graph which was also used to assess the Wi@ gize distribution. The

arithmetic average was taken as the mean sizeedi grains.
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Figure 4.2: Graph of cumulative frequency versus §v&in size.

From figure 4.2, the median WC grain size corregpanto the 0.5 cumulative
frequency is 1.5om. The graph shows that the range of large graamsng a
grain size greater that 1,/4% is greater then the range of smaller grains. The
arithmetic average WC grain size, based on theageeof all measured grains, is
2.03 £ 1.6aum.

4.1.3 Co mean free path

The Co mean free path is the average spacing betthed/C grains. Figure 4.3
is the graph of cumulative frequency ver€lgsfree path.
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Figure 4.3: Graph of cumulative frequency versusfi@e path.

From figure 4.3, the median cobalt free path asiobt from the 0.5 cumulative
frequency is 0.4m but the average of all measured Co free path3.58 +
0.04um.

4.1.4 Density

The density of four WC-12wt%Co specimen is givenaible 4.1 and the average

was taken as the density of the alloy.

Table 4.1: Density of four WC-12wt%Co specimens.

Sample number Mass in air (g) Mass in water (g Degity (g/cnT)

1 4.9501 4.6315 14.56
2 4.9234 4.5997 14.21
3 4.9276 4.6006 14.10
4 4.9337 4.6106 14.27
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The average density of the alloy is 14.29 + 0.26m3/ This value is in close
agreement with 14.33g/crgiven by the supplier.

4.1.5 Calculation of the Co weight percentage

The Co weight percent was calculated from the deradi the specimen using

equation 3.2.

IQNC—lZWt%CO p\NC
Co ( i B 1 j
pCO p\NC

Where: M, = weight percentage Co in WC-Co alloy

(MWC—ZLZWt%CO _ 100]
M. =

Mwec-12wteeco= Mass of specimen = 100g
pwe-1awseco= density of WC-12wt%Co = 14.29g/ém
pwe = density of WC = 15.63 g/ct{o]

pco = density of Co = 8.85g/chf9]

Therefore, M, = (100/14.29 — 100/15.63) / (1/8.85 — 1/15.63)
= 12.24 wt% Co

This value is in close agreement with the valud2#t% given by the supplier.

Therefore, this confirms that the alloy used is \WZwt%Co.

4.1.6 Hardness

Table 4.2 shows the results of the Vickers hardmesasurements of the WC-
12wt%Co alloy.
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Table 4.2: Vickers hardness of the WC-12wt%Co alloy

Tests 1

2 3 4 5 6

7

HV30 1278

1144 1095 1211 1268 1104 1283

The average hardness of the specimen is 1197 D@D HThis value is close to

1200 HV30 as given by the supplier. The large scait the hardness results is

probably due to the non uniform grain size showfigare 4.1. The results of the

specimen characterization are tabulated in tal3le 4.

Table 4.3: Measured properties of the WC-12wt%Jayal

WC grain size am)

Weight % Co Density (g.cn)

Hardness (HV30)

2.03 £0.67

12.24 14.29 £ 0.20

1197 + 82

4.2 Properties of the SiC abrasives

The abrasive material used was 80-grit SiC gringiager. Figure 4.4 shows the

graph of cumulative frequency versus the SiC gzi.s
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Figure 4.4: Graph of cumulative frequency versus &iit size.
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From figure 4.4 the median SiC grit size is 230ud the arithmetic average SiC
grit size is 251 + 112um. The hardness of the Si@ligges was taken from the
supplier because of the difficulty in polishing amdlenting the SiC abrasive

particles. Properties of the SiC abrasive gritsshi@vn in table 4.4.

Table 4.4: Properties of the SiC abrasive grit.

Supplier values Experimental values
Hardness Average particle | Average particle | Median particle
(kgf/mm?) size (um) size (um) size (um)
2400 200 251 +112 230
4.3 Wear

Specimens were polished to a 0.05um finish befenegoworn. This section gives
results of the wear tests for three different weanditions under two different

loads.

4.3.1 Wear tests under a load of 2.16N

The load of 2.16N is based on the weight of theparholder that presses down
on the specimen during the test. The load on tleeisgen was calculated as

follows.
Load of 2.16N = mass of sample holder x g
= (220.362/1000) kg x 9.8 fAs
= 2.16 N, which is the lower of the two loads

used for these experiments.

The stress which the specimen were subjected toglwear was calculated using

the equation:

Stress = Load / Area
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The area used is the nominal area of the samplenitact with the abrasive grit.

Area =9.5mm x 5.1mm
= 48.25 x Itmn?
Therefore,
Nominal stress = 2.16 N/ 48.25x4 a7
= 0.045 MPa

The actual pressure on the specimen is much htgharthis since the real area of
contact between the specimen and the SiC grithadlar that the nominal area of

contact.

The wear results for each test condition at a lolad.16N are given in sections
4.3.1.1t04.3.1.3.

4.3.1.1"ldeal” wear condition

Six specimens were worn for approximately 51 sesdnd.~ 22 test runs) each

and one specimen for approximately 120 seconds~(i5 test runs) under the
“ideal” wear condition, i.e. the SiC abrasive papes replaced after each run
thus the specimen were constantly abrading on f8&Stgrits. The WC-12wt%Co

mass loss was recorded after each 2.4 second deeod test run) and the wear
rate calculated as follows:

Wear rate = cumulative volume loss @htime (sec)
where,

cumulative volume loss = cumulative mass loss ég)éity (g/cr)
A graph of the WC-12wt%Co wear rate versus timshiswn in figure 4.5. This

graph shows the wear rate when the effect of ttengh in SiC abrasive grit
morphology and wear debris is ignored.
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Figure 4.5: Graph of WC-12wt%Co wear rate versusetifor the “ldeal” wear
condition at 2.16N load. The results for the fisdt seconds are averages of six

tests; above 51 seconds only one sample was tested.

According to figure 4.5 the wear rate of WC-12wt%€@pproximately constant

with time for the “Ideal” wear condition.

4.3.1.2 “No debris” wear condition

Under this wear condition, nine specimens were viorrmabout 51 seconds (i®.
22 test runs) each and five specimen for approxindi20 seconds (i.e. 50 test
runs). Wear debris was removed after every 2.4 rebcdut the same SiC
abrasive paper was retained for each complete tesaiper specimen. Thus the
wear rate is only affected by the change in the §i€morphology. Figure 4.6
shows the graph of the WC-12wt%Co wear rate vetisus. During the first 20
seconds the wear rate is similar to that of thedltiwear condition (see figure
4.5). After this period there is a steady decreaswear rate with time until
approximately t = 105 seconds after which the wata appears to level off. This

implies that the effect of SiC grit wear only begio influence the wear rate after

43



Results

approximately 20 seconds and proves that SiC gearweduces the WC-
12wt%Co wear rate.
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Figure 4.6: Graph of WC-12wt%Co wear rate versumsetifor the “No debris”
wear condition at 2.16N load.

4.3.1.3 “With debris” wear condition

Under this wear condition, six specimens were worrabout 64 seconds (i.e.
27 test runs) each and three specimen for approeiynd20 seconds (i.ex 50
test runs). The wear debris and the same SiC papes retained for each
complete wear test per specimen. This was donederdo partially simulate a
“real” life situation. Figure 4.7 is the graph betWC-12wt%Co wear rate versus
time for the “With debris” wear condition.
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Figure 4.7: Graph of WC-12wt%Co wear rate versuagetifor the “With debris”
wear condition at 2.16N load.

This graph shows a decrease in WC-12wt%Co weamnsitetime when the wear
debris is retained. This decrease starts afteroappately 10 seconds. This time
period is 10 seconds shorter that the initial 2fbed period recorded in the “No
debris” condition. This indicates that the debssan additional contributor to a
reduction in the WC-12wt%Co wear rate.

4.3.1.4 Comparison of the three wear conditions
Combining the graphs for the “Ideal”, “No debrishda “With debris” wear

conditions one can deduce the effect of SIC grainvand wear debris on the wear
rate of WC-12wt%Co, as shown in figure 4.8.

45



Results

—o—|deal —#— No debris —4— With debris

4.5

3517 T+

w

N
o
|

N
I

Wear rate x 10 (cmslsec)

N

= o
H
H

[

H

L

o
wn

0 20 40 60 80 100 120 140
Time

Figure 4.8: Graph of WC-12wt%Co wear rate versugetifor the 2.16N load.

It can be deduced that the wear rate of WC-12wt%tb time is initially
constant followed by sharp decreases in the wedas rfar the “No debris” and
“With debris” wear conditions. The decrease is morenounced for the “With
debris” condition. Possible reasons for the reducin wear rates include grit
blunting and a reduction in the applied stress. Tétention of wear debris
provides a further reduction of the wear rate. Té@ined debris increase the
effective grit diameter thereby lowering the apglsress resulting in less wear.
These results prove that wear debris and SiC grdrvinfluence measured WC-

12wt%Co wear rates. This will be discussed in detathapter 5.3.

4.3.2 Wear tests under a load of 2.84N

The effect of load on the wear rate of WC-12wt%@dar three wear conditions
was investigated by increasing the load to 2.84Nis Twas done by loading
weights on the sample holder bringing the totalsnas289.4669g. This represents

a 25% increase in the applied load. The stresh@rspecimen was calculated to
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be 0.059MPa. The wear results for each wear camdiire given in sections
4.3.2.1104.3.2.3.

4.3.2.1 “Ideal” wear condition

As in the lower load of 2.16N, this condition repeats a situation where the
specimen are constantly worn by fresh grits andSiieabrasive paper is replaced
after every run. The effect of the SiC grit wead amear debris is absent. One
specimen was worn for approximately 120 secondsthedvear rate illustrated

graphically in figure 4.9 was calculated from thenulative mass loss as was

done in section 4.3.2.1.

Wear rate x 10°(cm®/sec)

T T T T T T
0 20 40 60 80 100 120 140
Time (sec)

Figure 4.9: Graph of the WC-12wt%Co wear rate versune for the “Ideal”
wear condition with a load of 2.84N.

Compared to the 2.16N load, the WC-12wt%Co weae tas increased by

approximately 43%. This is expected since it il decumented that increasing

the load causes an increase in wear rate [10,24P1-

a7



Results

4.3.2.2 “No debris” wear condition

Three specimen were worn for approximately 120 sa@savith the wear debris
removed every 2.4 seconds thereby investigatingtfieet of the SiC grit wear on
the wear rate. Figure 4.10 shows an immediate sdagrease in the WC-
12wt%Co wear rate with time during the first 20 @ats, after which the wear
rate gradually slows down. No initial constant cegivas found compared to the
low load (see figure 4.6).
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Figure 4.10: Graph of the WC-12wt%Co wear rate usrdime for the “No

debris” wear condition under a 2.84N load.

4.3.2.3 “With debris” wear condition

Three specimen were worn for approximately 120 sgésoThe wear debris and
the same SiC paper were retained for the entire vasa per specimen. Figure
4.11 is a graph of WC-12wt%Co wear rate versus .tifrftee graph shows an
iImmediate decrease in WC-12wt%Co wear rate withetsmilar to the “No

debris” wear condition.
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Figure 4.11: Graph of the WC-12wt%Co wear rate uersime for the “With
debris” wear condition under 2.84N load.

4.3.2.4 Comparison of the three wear conditions

The effect of SiC grit wear and wear debris onW@-12wt%Co wear rate can be
observed from the graphs in figure 4.12. Therenisnamediate decrease in WC-
12wt%Co wear rate for the “No debris” and the “Witkebris” conditions
compared to the “Ideal” wear condition. This immnadi decrease is similar for
both conditions. From approximately 50 seconds odsyghe “With debris” wear
rate is slightly higher than the “No debris” weate. This is opposite from what
was expected since wear debris increase the effegtit diameter resulting in

decreased wear rates as seen in the low loadgesult
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Figure 4.12: Graph of WC-12wt%Co wear rate versoeetfor the load of 2.84N.

4.4 Microscopic Analysis

The wear scars of the WC-12wt%Co specimen wornafiproximately 10 and
120 seconds were examined using different micressofross-sections of the

120 seconds worn specimen were also examined.
4.4.1 Low Load (2.16N)

4.4.1.1 “Ideal” wear condition

SEM micrographs of the specimen worn for approxetyatl20 seconds are
shown in figures 4.13 to 4.15 (plan view) and feydr16 (cross-sections). SEM
micrographs of the specimen worn for approximatilyseconds are shown in
figures 4.17 and 4.18 (plan view). These microgsapow wear features
characteristic of WC-Co alloys. These featuresveear grooves formed by the

motion of the abrasive grits, formation of pits doematerial removal, material

50



Results

pile-up due to groove formation, cracking and seyexgmentation of WC grains.
The dominant mechanism is plowing leading to thenfion of grooves (see
figure 4.13). The sizes of the grooves vary froom6{o 51um. Smearing of the
material masked the microstructure in figure 4.3 Regions of high and low
groove density were found with each region displgysimilar wear features.
Figure 4.14 represents a typical high groove dgnsgion. Areas with low
groove density (figure 4.15) displayed extensivacking of the WC grains in
regions adjacent to the grooves. This feature wa®lpserved in the high groove
density regions (compare figure 4.14 to 4.15).Tleawfeatures are similar for
both the final (120 seconds) and initial (10 se®rslages of wear however the
grooves are fewer and shallower during the initialr stage. Areas with unworn

WC grains were also noted.

Figure 4.13: SEM micrograph of a WC-12wt%Co speaimeorn for
approximately 120 second under 2.16N load in “Ideaéar condition showing

wear grooves formed in varying directions.
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Figure 4.14: SEM micrograph of a WC-12wt%Co speaim&orn for

approximately 120 seconds under 2.16N load in “ld@aar condition showing
(@) narrow and (b) wide wear grooves. Pits, matepde-up, wear debris and
surface cracking occur within the grooves. Thesdules were typical for the
“Ideal” wear condition especially in areas with Higgroove density.
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Figure 4.15: SEM micrograph of a WC-12wt%Co speaim&orn for
approximately 120 seconds under 2.16N load in “ltleandition showing wear
groove, cracked WC grains and material pile-up. Seh&atures were specific to

areas with low groove density.
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Figure 4.16: SEM micrograph of a WC-12wt%Co speaimeorn for
approximately 120 seconds under 2.16N load in “lt@sear condition showing

(a) & (b) cracking of WC grains parallel to the wosurface, (b) chipping of the

worn layer and subsurface cracks.
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Figure 4.17: SEM micrograph of WC-12wt%Co specimem for approximately
10 seconds under 2.16N load in “Ideal” wear conalitishowing wear grooves,

material pile-up, wear debris and pits at low mdugation.

Material
pile-up

Figure 4.18: SEM micrograph of WC-12wt%Co specimem for approximately
10 seconds under 2.16N load in “Ideal” wear conalitishowing cracked WC
grains and material pile-up. The micrograph wasetakalong the edge of a

groove.
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4.4.1.2 “No debris” wear condition

SEM micrographs of specimens worn for approximalél) seconds are shown
in figures 4.19 and 4.20 (plan view) and figure14(2ross-section). An SEM
micrograph of WC-12wt%Co specimen worn for apprceadiely 10 seconds is
shown in figure 4.24. WC cracking and fragmentat®omore severe compared to
the “Ideal” wear condition (see figure 4.20). Thmrdnant wear features along the
edges of the grooves were cracking and fragmentafio®VC grains (figure 4.20).
Cracking also occurred inside the grooves (figui23¥ These features occur
because of Co removal by extrusion. Co removalddadrelieved compressive
stresses in the WC grains causing them to crack. tuCo removal, the WC

grains are more visible in figure 4.20.

Cracking
Pit
Wear
groove
Material
pile-up

Figure 4.19: SEM micrograph of a WC-12wt%Co speaimeorn for
approximately 120 seconds under 2.16N load in “Nabrés” wear condition
showing a narrow wear groove, cracks, pits and malt@ile-up.
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Figure 4.20: SEM micrograph of a WC-12wt%Co speaimeorn for
approximately 120 seconds under 2.16N load in “Nebres” wear condition
showing severely cracked WC grains, WC grain fragmeand pits. The
micrograph was taken along the edge of a grooverapdesents typical wear of

the “No debris” condition.

Figure 4.21: SEM micrograph of a WC-12wt%Co speaimeorn for
approximately 120 seconds under 2.16N load in “Nebres” wear condition

showing partial detachment of the surface layer.
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Figure 4.22: SEM micrograph a WC-12wt%Co specimemwior approximately
10 seconds under 2.16N load in “No debris” wear dition showing wear

groove, cracks perpendicular to the wear grooves pand material pile-up.

4.4.1.3 “With debris” wear condition

SEM micrographs of WC-12wt%Co specimen worn for ragpnately 120
seconds are shown in figures 4.23 and 4.24 (plew)vand figures 4.25 and 4.26
(cross-sections). SEM micrographs of specimen wkm approximately 10
seconds are shown in figures 4.27 and 4.28. Therdorhwear features along the
edge of the grooves were cracking and fragmentatibWC grains which
probably occurred due to binder removal by abrasiggon of fragments of
abrasive and carbide grains [22]. Cracking was als®erved inside the grooves
(figure 4.23). Figure 4.28 shows that SiC grits dad always groove the material

as there were areas of unworn WC grains.
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groove

Figure 4.23: SEM micrograph of a WC-12wt%Co speaimeorn for
approximately 120 seconds under 2.16N load in “Widbris” wear condition
showing a large wear groove, cracked WC grains pedicular to the groove,

pits and material pile-up.
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Figure 4.24: SEM micrograph of a WC-12wt%Co speaim&orn for
approximately 120 seconds under 2.16N load in “Widbris” wear condition

showing severely cracked WC grains and WC graigrfrants. The micrograph

was taken along the edge of a groove and repredgpisal wear features of the

“With debris condition.
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Figure 4.25: SEM micrograph of a WC-12wt%Co speaimeorn for
approximately 120 seconds under 2.16N load in “Wi#bris” wear condition
showing subsurface cracking.

Figure 4.26: An SEM micrograph of a WC-12wt%Co spea worn for
approximately 120 seconds under 2.16N load in “Wi#bris” wear condition

showing a large subsurface crack.
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Figure 4.27: SEM micrograph of a WC-12wt%Co speaimeorn for
approximately 10 seconds under 2.16N load in “Wd#bris” wear condition

showing wear groove and pits.
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Figure 4.28: SEM micrograph of a WC-12wt%Co speaimeorn for

approximately 10 seconds under 2.16N load in “Wid#bris” wear condition
showing selectively cracked WC grain and areaswfarn WC grains.
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To show that the chipping was not caused duringjcseng of the specimen, a
cross section was prepared from a polished specam@éSEM micrographs taken

(see figure 4.29). A clean cut is obtained.

9526 20KV {¥n WDI3

Figure 4.29: SEM micrograph of the cross sectioragfolished WC-12wt%Co

specimen.

4.4.2 High load (2.84N)

4.4.2.1 “Ideal” wear condition

SEM micrographs of WC-12wt%Co specimen worn for ragpnately 120

seconds are shown in figures 4.30 and 4.31 (plaw)vand figure 4.32 (cross-
section). SEM micrograph of WC-12wt%Co specimennfor approximately 10
seconds is shown in figure 4.33 (plan view). Simi#ear features to those
observed under the 2.16N load were observed. Thesteires are the wear
grooves formed by the motion of the abrasive gfitsmation of pits due to
material removal, material pile-up from the matemeamoved during groove
formation, cracking of WC grains and fragmented @f@ins. Groove formation,
cracking (inside and along the edge of the grooees) fragmentation of WC

grains were dominant wear features.
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Figure 4.30: SEM micrograph of a WC-12wt%Co speaimeorn for

approximately 120 seconds under 2.84N load in thdedl” wear condition

showing a groove, material pile-up and cracks parpeular to the wear groove.

Figure 4.31: SEM micrograph of a WC-12wt%Co speaim&orn for
approximately 120 seconds under 2.84N load in th#edl” wear condition
showing cracked WC grains and fragmented WC graliie micrograph was

taken along the edge of a groove.
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Figure 4.32: SEM micrograph of a WC-12wt%Co speaim&orn for

approximately 120 seconds under 2.84N load in thdedl” wear condition

showing fragmented WC grains in surface layer doatfim.
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pile-up

Wear
groove

g429 20KV {va NDLI
Figure 4.33: SEM micrograph of a WC-12wt%Co speaim&orn for
approximately 10 seconds under 2.84N load in thdedl” wear condition

showing a wear groove, material pile-up and crack¢@ grains. The micrograph

was taken along the edge of a groove.
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4.4.2.2 “No debris” wear condition

SEM micrographs of WC-12wt%Co specimen worn for $80onds are shown in
figures 4.34 and 4.35 (plan view) and figure 4.2Bogs-section). A SEM
micrograph of a WC-12wt%Co specimen worn for 10osés is shown in figure
4.37 (plan view). The wear features are similathtwse observed at 2.16N for the
same wear condition and the dominant features weyeving, severe cracking

and fragmentation of WC grains.

Material
pile-up

Pit

-'. -a‘j
Figure 4.34: SEM micrograph of a WC-12wt%Co speaimeorn for

approximately 120 seconds under 2.84N load in tNe Hebris” wear condition

showing a large groove, cracks perpendicular to tjieove, pits and material

pile-up.
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Figure 4.35: SEM micrograph of a WC-12wt%Co speaim&orn for

approximately 120 seconds under 2.84N load in tRe tebris” wear condition
showing severely cracked WC grains, pits and frageteWC grains.

8829 20KV

Figure 4.36: SEM micrograph of a WC-12wt%Co speaimeorn for

approximately 120 seconds under 2.84N load in tRe tebris” wear condition

showing subsurface cracking.
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Figure 4.37: SEM micrograph of a WC-12wt%Co speaim&orn for
approximately 10 seconds under 2.84N load in the ‘tbris” wear condition

showing a wear groove, cracked WC grains, pits maderial pile-up.

4.4.2.3 “With debris” wear condition

SEM micrographs of WC-12wt%Co specimen worn for $806onds are shown in
figures 4.38 and 4.39 (plan view) and figure 4.4ogs-section). A SEM
micrograph of a WC-12wt%Co specimen worn for 12@oses is shown in
figures 4.41 (plan view). The wear features aralamto those observed at 2.16N
for the same wear condition and the dominant featwere grooving, severe

cracking and fragmentation of WC grains.
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Figure 4.38: SEM micrograph of a WC-12wt%Co speaim&orn for

approximately 120 seconds under 2.84N load in Wh&th debris” wear condition

showing a large groove, pits, material pile-up asuface cracking within the

groove.
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Figure 4.39: SEM micrograph of a WC-12wt%Co speaimeorn for
approximately 120 seconds under 2.84N load in Wth debris” wear condition

showing severely cracked WC grains and fragment€dgvdins. The micrograph

was taken along the edge of a groove.
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Figure 4.40: SEM micrograph of a WC-12wt%Co speaimeorn for
approximately 120 seconds under 2.84N load in ¥&tH debris” wear condition
showing a large subsurface crack similar to thatfed at low load for the same

wear condition.

Material

pile-up
— Wear
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Figure 4.41: SEM micrograph of a WC-12wt%Co speaimeorn for
approximately 10 seconds under 2.84N load in th&HWebris” wear condition

showing a wear groove, severely cracked WC gramsmaaterial pile-up.
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4.5 Analysis of SiC abrasive paper

The SiC abrasive paper used during the “No delwvesdr conditions was analysed

before and after wear using different microscopes.
4.5.1 SIiC abrasive paper before wear

The average SIC abrasive grit size was measurettiqse4.2.1) as being
251+112um with a hardness of 2400kg/mrihe WC-12wt%Co wear rate is
affected by the shape of the SiC grits as thisierftes the depth and width of the

grooves formed [10]. Figure 4.42 shows micrograpihgnworn SiC abrasive grit

paper. The shape of the grits is irregular and &ngu

Figure 4.42: (a) Plan view of an unworn SiC abraspaper taken with a stereo

microscope and (b) SEM micrograph of a tilted sickv.
4.5.2 SIC abrasive paper after wear

Figure 4.43 shows a SIC paper before and after @ampproximately 70
seconds at 2.16N load. Figure 4.44 shows a SiCrpeqa for approximately 24

seconds at 2.84N load.

70



Results

Figure 4.43: (a) Unworn SiC abrasive paper and @fjer approximately 70

seconds of wear. Highlighted region depicts worih gr
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Removed
grit

Figure 4.44: SiC abrasive paper worn for approxigigt24 seconds. The grit was

removed near the center of the SiC abrasive paper.

From the microscopic investigations it was obseyed the SiC grits were worn
as the wear test progressed. However quantitatieg/sis on the worn grits was
not possible as cracks had been detected on ¢ritee mew and unused abrasive
paper. In addition the difficulty in locating tharae grit before and after wear also

limited this analysis.
4.6 Analysis of the wear debris

The wear debris was collected and analysed eveérys@conds under the “No
debris” wear conditions at 2.16N and 2.84N loadss Tvas done by inverting and

gently tapping the SiC abrasive paper after a test.
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4.6.1 Low load (2.16N)

Wear debris shown in figure 4.45 was collectedradfgroximately 2.4, 12, 36,
49 and 51 seconds, analysed by SEM and the pasimte calculated using an

image analyzer.

t = 36 seconds t = 49 seconds

t =51 seconds

Figure 4.45: Samples of wear debris collected #&edent time intervals during a

wear test showing a difference in debris partiéi and amount for 2.16N load.

The amount of debris decreased as the time pragteksreby limiting analysis at
longer time periods. The decrease occurs due tading off of the SiC grits after
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the angular asperities of the fresh grit have bhbeemoved during the initial wear
stages. This blunting of the SiC grits limits gviéar by the hardmetal specimen.

The size of the debris is tabulated in table 415 &@verage SiC grit size of the
fresh abrasive paper as calculated in sections281 + 112um.

Table 4.5: Size of the wear debris collected duviregrr under 2.16N load.

Time 2.4 seconds 12 secondgs 36 seconds 49 segonds dhtlsec

Median 209 pm 153 pm 149 ym 125 pm 127 pm

Mean 231£117pm|  166x78um  160+81lum  143+x75um  141+69um

Table 4.5 shows that the mean size of the weaisisdmoved decreased as wear
progressed. After approximately 2.4 seconds (ne. wear cycle), the mean size
of the debris removed was close to an average &iGige. From figure 4.46, the
mean of the debris size (at 2.4 seconds) is grélaaer the median implying that
there are more debris particles larger than theageecompared to debris particles
smaller than the average. This was true for aletiperiods. Most of the wear
debris collected at approximately 51 seconds (&gdrd6) was less than the

average SiC grit size.
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Figure 4.46: Graph of cumulative frequency versze ®f wear debris collected
for the “No debris” condition under 2.16N load aft2.4 and 51 seconds.

4.5.2 High load (2.84N)

Wear debris was collected after approximately 22, 24, 49 and 51 seconds,
analysed in the SEM (figure 4.47) and the parscte determined.

75



Results

= ]

NG

100vm ND14 ==

8972 26KV 1800 D15
time = 24 seconds time = 49 sesond

time = 51 seconds

Figure 4.47: Samples of wear debris collected dyianwear test at different time
intervals showing a difference in debris size f@4N load.

From figure 4.47, there is a reduction in the simed amount of the wear debris
collected from the abrasive paper as wear progiegdes is probably due to the
rounding off of the SIiC grits after asperities oésh grit have been removed
during the initial wear stages. This lead to a otidn in the WC-12wt%Co wear
rate. Table 4.6 shows the wear debris particle aizifferent time intervals.

76



Results

Table 4.6: Size of the wear debris collected duviregr under 2.84N load.

Time 2.4 seconds 12 seconds 24 secohds 49 sedonds obhtisec

Median 186 pum 160 pm 152 pm 138 um 130 um

Mean 203£99um| 170£81pm 163180ur[n 158+84um  139+74um

The average debris sizes were close (within experiad error) to those observed
at the low load (2.16N) (compare tables 4.5 and. &&ure 4.48 shows the
cumulative frequency versus size of the wear detuises for debris collected
after 2.4 and 51 seconds. The distribution of thierid is similar to that observed
for debris collected at low load. There was morbridegreater than the average

SIC grit size at 2.4 seconds compared to 51 seconds
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Figure 4.48: Graph of cumulative frequency versus size of the wear debris
collected for the “No debris” condition under 2.84bad after approximately 2.4
and 51 seconds.

The graph of WC-12wt%Co wear rate versus time fmthdoads is plotted in

figure 4.49. Initially the wear rate at 2.84N loedhigher than the wear rate at
2.16N load. This is expected since it is well doeated that increasing the load
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causes an increase in wear rate [10]. After apprately 17 seconds, the wear
rates are similar within error. After approximat&§ seconds, the wear rate starts
to be higher at lower load than at higher load. 3ize of the wear debris removed
is similar at this time periods for both loads thé amount of debris removed was

slightly less for 2.84N load compared to 2.16N load

—4— 2.16N No debris —#—2.84N No debris

Wear rate x 10 (cm3/sec)

0 20 40 60 80 100 120 140
Time (sec)

Figure 4.49: Graph of WC-12wt%Co wear rate versimset under 2.16N and
2.84N for the “No debris” conditions.

78



