Results and Discussion

4. RESULTS AND DISCUSSION

4.1 Sample characterization

Sample characterization before the tests was dodetect any manufacturing flaws
and factors that may influence the tests. This@aegresents results on the WC grain
size, Co mean free path, hardness and densityeoiM@-12wt%Co samples. The
results will be compared to those given by the 8apBOART LONGYEAR to
compare the quality measurements (see Table 4diheSof these properties are
known to affect the abrasive wear. Below is a tgpimicrograph of the WC-
12wt%Co alloy used for this project.

Figure 4.1: Microstructure of WC-12wt%Co. The graygular particles are hard
WC grains and the dark material between the WCrgrés Co.
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Table 4.1: Nominal properties of WC-12wt%Co fromART LONGYEAR.

Hardness (HV) 1200
WC grain size ({m) 1.9
Density (g/cr) 14.33
Thermal expansion coefficient (£4X) 6.4
Abrasion Resistance (¢ 1.2
Fracture toughness (MPaf 15.6

4.1.1 Vickers hardness

WC-Co alloys are known to be hard and brittle. Hverage of 10 measurements
using an indentation load of 30Kgf was used to rdeitee the hardness of the WC-
12wt%Co. The mean value obtained was 1160 + 13.5MHKh is close to the value

listed in table 4.1.

4.1.2 WC grain size and Co mean free path

The mean WC grain size and the Co mean free pa&hgiaen in table 4.2 and
illustrated graphically in Figures 4.2 and 4.3. Tihedians were determined from
Figures 4.2 and 4.3 to obtain the WC grain sizethedcobalt mean free path while
the averages indicates the mean values. The avér@ggrain size given by BOART
LONGYEAR is 1.9um, which is close to the measured mean value iheTaB.
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Table 4.2: Mean WC grain size and Co mean free paBi#NC-12wt%Co.

WC grain size|{m) Mean free pathuyfn)

Median 1.55+1.04 0.40+0.039
Average 2.03+1.04 0.53+0.039
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Figure 4.2: WC grain size distribution of the WOat20Co alloy.
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Figure 4.3: Mean free path distribution of the W@at%Co alloy.
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4.1.3 Density

The density was measured using the Archimedes iplinas described in section
3.2.3. Table 4.3 shows the density measuremenfg@fL2wt%Co taken from three
samples. The average density value measured i$dldri which is close to the

value given in table 4.1.

Table 4.3: Density measurements of WC-12wt%Co .alloy

Wtair(@) | Wtwae(@) | Density (g/cr)
Sample 1 4.90 4.58 14.31
Sample 2 3.47 3.24 14.10
Sample 3 4.96 4.63 14.03
Average 14.15+ 0.16

4.2  Abrasive wear response

Abrasive wear tests were performed on 80-grit Siasive paper using a 2-body
sliding wear apparatus on samples before and #ftemal shock as described in

section 3.4.
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4.2.1 Effect of thermal shock temperature on abrasive waer
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Figure 4.4: Effect of thermal shock temperatureatstant 60 thermal shock cycles

on the mass loss rate of WC-12wt%Co.

The data shows an initial high mass loss rate dutire first 40 seconds, which
increases with increasing temperature, see Figdrelditially the abrasive particles
are sharp and angular and so the stress is highetibe initial high wear rate for all
the tests. With regard to increases with increasengperature, the surface layer may
have been damaged by depletion of cobalt, cracksxmtation on and below the
surface which results in this high wear rate atlibginning. SEM analysis, which is
described in Section 4.3, verified the random cotbeppletion.
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Eventually the rate of mass loss converges fothallsamples. This implies that the
specimens have only been damaged down to a cextiaiace depth and once the
damaged layer has been removed during abrasiospetimens wear at the same
rate. The damaged surface depth differs becauseothergence of the wear rates is
not simultaneous. This implies that from a certdapth, the samples subjected to
thermal shock behave in the same way as the samlesut thermal shock. The

time required for the convergence increases witbressing thermal shock

temperature suggesting that the damaged layerasesan depth with temperature.

The increase in wear rate at the beginning of &% is higher when going from
800°C to 1000°C than from 600°C to 800°C. Theseyssgthat the severest damage
occurred at 1000°C. Previous studies by Xiao HaB| [ghowed that the cobalt
becomes lava-like at 1000°C and retains this stracdown to room temperature.
This may result in high losses during abrasive w€ansequently higher cumulative
mass losses were observed for samples subjectetheional shock at that

temperature, see Figure 4.5.

0.03 4{ ——NOT.S —=—600C ——800C o 1000C

0.02

0.01 ~

Cumulative mass loss(g)

0 50 100 150 200
Cumulative time (sec)

Figure 4.5: Effect of thermal shock temperatureatstant 60 thermal shock cycles

on the mass loss of WC-12wt%Co
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This initial high mass loss response is magnifiedsibly hundreds of times when
drill bits are subjected to severe thermal shodk @ear simultaneously in industry
and for many more cycles than those tested hem.daka of the mass loss per time

graphs are given in Appendix B.

4.2.2 Effect of thermal shock cycles on abrasive ae
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Figure 4.6: Effect of thermal shock cycles at cansthermal shock temperature of
800°C on the mass loss rate of WC-12wt%Co.

An initial high mass loss is observed when the dasare subjected to thermal shock
cycles at constant temperature (see Figure 4.6)eMer there is no significant mass
loss difference with respect to thermal shock cgcléhis may suggest that the
difference in thermal shock cycles was not largeugh to cause a difference in wear
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rate. Figure 4.7 shows a graph of cumulative mass Versus cumulative time where
again there is no significant difference when vagythermal shock cycles. Next
sections will try to explain effects of these babavs by analyzing the samples after

thermal shock.
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Figure 4.7: Effect of thermal shock cycles at cansthermal shock temperature of

800°C on the cumulative mass loss of WC-12wt%Co.

4.2.3 Abraded surface layer analysis

Using the density of the material, 14.15 gldbtained in this project) and assuming
that the density of the surface remains the sarter #tiermal shock (although it

certainly does not), the volume loss was measuited a7 seconds of abrasive wear,
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I.e. when the wear rate was highest. Then, th&utlegs of the layer removed in ~7
sec was calculated by dividing the volume loss t®y d@rea in contact with the SiC
abrasive. This was done because the initial highsn@ss that was observed after ~7
seconds will be repeated over and over duringimfgilwhere thermal shock and
abrasive wear occur at the same time. These assalyse done on the area that was
previously polished. The test area of the specimas “Lx b ~ 30crfi’ which is the
phase that was originally polished; refer to Figdt8. Although in industry the
material is subjected to more severe conditions tih@se applied here i.e. longer

drilling times. Table 4.4 and Figure 4.8 report tbsults of these calculations.

Table 4.4: Mass loss and the thickness of layeiored during the initial ~7 seconds
of abrasion, assuming the density of the lost rm&ge 14.33g/cthand 14.15g/cth

Mass loss after ¥ Thickness layer Thickness layer
seconds (g) removed (um) removed (um)
density214.33g/ci | Density=14.15g/cn
No T.S (20°C) 0.0033 = 0.00058 7.68 7.85
600°C (60 cycles) 0.0040 = 0.001 9.30 9.42
800°C (60 cycles)] 0.0043 +0.001R 10.00 10.13
800°C (80 cycles)] 0.0043 + 0.00058 10.00 10.13
800°C (100 cycles) 0.0043 + 0.00058 10.00 10.13
1000°C (60 cycles) 0.0057 + 0.0012 13.26 13.43
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Figure 4.8: Effect of temperature and number ofritne shock cycles at the thickness

of the layer removed after the initial ~7 secondalmfsion.

Table 4.4 and Figure 4.8 show that at 1000°C tlokeist layer was removed after ~7

sec.
The thickness of the layer removed after 180 sexamrd at the end of the test was

also measured (see Table 4.5). From Table 4.Xxle#&s that as temperature increases

so does the thickness of the removed layer.
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Table 4.5: Mass loss and thickness of removed lafter 180 sec.

Mass loss after Removed layer Differences in
180 sec () thickness (um) '[ﬁirglgr:/:sdsl?g(z)
No T.S (20°C) 0.018 + 0.001 41.87 0

600°C (60 cycles) | 0.019 + 0.0015 44.97 3.1
800°C (60 cycles) | 0.020 + 0.0017 46.52 4.65
800°C (80 cycles) | 0.019 + 0.0036 44.20 233
800°C (100 cycles)| 0.020 + 0.0012 47.30 543
1000°C (60 cycles)| 0.022 +0.0027 51.17 9.30

Attempts were made to calculate the thickness efdfiected layer after thermal
shock, (see Figure 4.9 and Table 4.6). This wa® dgncalculating the volume lost
up to the time the curve of a heat treated sammiwarge with the non-heat treated
sample. These calculations were done consideriagtmvergence of the graphs in
Figures 4.4 and 4.6. The differences in volume et translated into differences in

affected layer thickness, see Table 4.6.

The results of these calculations show values waremot consistent with the results
in Table 4.5. This suggests that the damaged lagsrnot of consistent thickness.
This inconsistency will be explained in the nexttsms by analyzing the damaged
layer using the microscopy. For 800°C (100 cyclkasyl 1000°C (100 cycles) the
curves converge with the curve of the non-treatedpde after 180 seconds, so no
calculations could be done. This implies that aséhconditions, the affected layer

had not been removed completely after 180 sec.
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Originally polished
surfaces

A
Removed —IL g\;

layer

No thermal shock After thermal shock

Figure 4.9: Schematic representation of the thisknef material removed during
wear. A is the removed layer in samples withoutntia¢ shock and A” is the removed
layer which was not affected by thermal shock dmdkhess B — thickness A" =

affected layer by thermal shock.
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Table 4.6: Mass loss at the time the curve of & lreated samples converges with

the curve of the non-heat treated samples and tzka affected layer.

Mass loss at theDamaged Affected layer
convergence point (g) thickness (um) (Lm)
No T.S (20°C) 0.015 + 0.0015 35.59
600°C (60 cycles) 0.015 + 0.0015 35.59 ’
No T.S (20°C) 0.017 = 0.0015 39.54
2.33
800°C (60 cycles) 0.018 + 0.0012 41.87
No T.S (20°C) 0.0157 + 0.0036 36.52
800°C (80 cycles) 0.016 + 0.0012 37.22 01
No T.S (20°C) >0.018 +0.001 > 41.87
800°C (100 cycles)| =>0.020 £0.0012 > 47.30 #
No T.S (20°C) > 0.018 + 0.001 > 41.87
1000°C (60 cycles)| = 0.022 +0.0027 >51.17 #

# = Impossible to calculate because they convafies 180 sec.

However, after thermal shock the affected layers expected to contain oxides,
porosity and areas depleted of cobalt, thereftwe density should be lower than the
original density of the sample and so the volum&t lwould be higher than the

calculated values. This implies that the removecktiesses calculated from heated
samples are lower than the actual thicknesseshvghiggest that the effect of thermal

shock is larger than what is shown from Tables 4.3, 4.6 and Figure 4.8.
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4.2.4 SEM analysis of wear scars

This analysis was done to observe possible diffterenn the wear scars in samples
exposed to different heat treatments. SEM micrdggapere taken on samples after
180 seconds of abrasive wear. No obvious differenoeuld be detected when
comparing micrographs from different thermal shocksditions. All the samples

showed grooves, pits, and cracks on the WC graihigh are expected after abrasive
wear. This may be because after 180 seconds ofiabravear the wear rate was
approximately the same for all the samples. Exasnpte shown in Figures 4.10 to
4.12. Arrows in all the micrographs indicate sonighe wear features that where

observed after abrasive wear.
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Figure 4.10: SEM micrograph after abrasive weaMé€-12wt%Co without thermal
shock, showing grooves, pits and cracks that anmpegralicular to the abrasive

grooves.
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Figure 4.11: SEM micrograph after abrasive weaMé€-12wt%Co after 60 thermal
shock cycles at 600 with similar features observed on sample withthgrmal

shock.

8453 20KV 1¥m WD2S

Figure 4.12: SEM micrograph after abrasive weaW#€-12wt%Co after 60 thermal

shock cycles at 80T with similar features as observed in Figure 4.11.
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4.3 Surface analysis

This section compares samples of WC-12wt%Co sudgetd different thermal
shocks to those not subjected to thermal shocktirgjarfrom low to high
magnification. As stated before two different thafrshocks routines where done i.e.
varying the number of thermal shock cycles at amtstemperature and varying the
thermal shock temperature at a constant numbeyaé< (see Tables 3.1 and 3.2 in
Chapter 3).

4.3.1 Surface analysis of samples subjected to thermal

shock

Results on samples subjected to temperatures GiC6@EDO°C and 1000°C for 30
seconds in air then quenched in cold water areusssz in this section. The heat
treatment was repeated 60 times at each tempematdr80 and 100 times at 800°C.
Microscopic investigations of the surface layerwad that the cobalt was selectively
removed and the surface appeared stained (seeBigLir3 to 4.29). The depletion of
cobalt was found to be random and this was confirimethe EDS and microprobe

analysis from all samples tested.

4.3.1.1 Effect of thermal shock temperature

The analyses were done using the stereomicroscipy.surface of the samples
(which was originally polished) became discolorédrahermal shock i.e. the surface
appears stained. The discolourization increaseth@gemperature increased. The

surfaces are shown in the stereo-micrographs iaré&4.13 to 4.16. The concentric
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marks on the surface could be water marks whicméor when the sample was
heated up again; this is because during thermalkspmcedure, the samples where

not dried up for the next thermal shock cycle.

Figure 4.13: Micrograph of WC-12wt%Co before thetmsiaock.

Figure 4.14: Micrograph of WC-12wt%Co after sertds60 cycles of thermal shock

at 600°C showing concentric marks around the middlége specimen
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Figure 4.16: Micrograph of WC-12wt%Co after 60 ®glof thermal shock at
1000°C.

Figure 4.15 and 4.16 shows dark lines that apmebetfine cracks on the surface of
the sample. This is an indication of surface cratiks to thermal shock as was also
observed by most of the authors discussed in Chapte
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60 cycles of thermal shock at 600°C

Figure 4.17 (a) and (b) are SEM micrographs takeheacentre and the edge of the
sample. Figure 4.17 (b) shows white spots on théaca of the material, which

appear to be particles. See section 4.3.2.1 fdysisan the white spots.

»

Figure 4.17: SEM micrographs of sample subjectethéwmal shock for 60 cycles at
600°C, (a) micrograph near the edge, (b) micrograplthe centre.
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60 cycles of thermal shock at 800°C

Circled areas in Figure 4.18 (a) and (b) indicqagions of random cobalt removal.

These random removals of cobalt were confirmed gushe EDS (see Section

4.3.2.2). The white spots shown in Figure 4.17 was® observed in this thermal

shock condition and appeared to be more at theecémn the edge. The reason for
having white spots more in the centre is not kna®ge Figure 4.19 (a) and (b).

)
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Figure 4.18: SEM micrographs of sample subjectethéwmal shock for 60 cycles at
800°C. (a) Shows voids and the black horizonta Isa charging effect in the SEM,

(b) shows cobalt depletion and white spots.

57



Results and Discussion

Figure 4.19: SEM micrographs of sample subjectethéwmal shock for 60 cycles at
800°C, (a) near the edge of the surface with lebgewparticles, (b) taken at the
centre. It shows white round spots covering thréase which are particles.

60 cycles of thermal shock at 1000°C

The main difference between this test and the mdstthe tests is that the

microstructure was difficult to see, since almds tvhole surface was covered with
white particles, see Figures 4.20 and 4.21. A lgloieur was observed during and
after the tests in this thermal shock conditione Téolour change suggests the

formation of an oxide layer on the surface.
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Figure 4.20: SEM micrographs of sample treated @0°C for 60 cycles a) is
covered with a layer b) closer view showing that thyer appears to consist of a
high density of white particles, joined to eachewth
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Figure 4.21: Micrograph of one of the areas of Hanple treated at 1000°C for 60
cycles where less white spots were detected, magdy the edges. This micrograph
shows a thin covering layer that reduces the Migjbof the microstructure.

Summary

Random voids between the WC grains appeared thallests but fewer found at 60
cycles of thermal shock at 600°C i.e. at the lowwksetmal shock temperature. The
density of the white particles and the discolor@atobserved on the surface
increased when increasing the heating temperaMimgng industries do not use
100% clean water to flush away crushed rocks dutiiling. Therefore it is possible
that the water used may contain foreign elemekésdalcium. Thus the formations of
white particles or other chemical reaction prodwes possible; see Section 4.3.2.2
for further analysis on white particles. Feint sgd cracks are observed in this
investigation and were also observed by other asthooted in the literature review
[2]. The voids might have been generated in theesamy the surface cracks are
generated, i.e. differences in contraction betwteninterior and the surface of the
material or different thermal expansion behavioetween the WC and the Co

resulting in the Co to vacate to the surface.
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4.3.1.2 Effect of thermal shock cycles

Samples are compared after thermal shock whenngyie thermal shock cycles
(60, 80, and 100 cycles) at a heat treatment teatyoerof 800°C (see Figures 4.22 to
4.24). These micrographs where acquired usingtdre@microscopy. As the thermal
shock cycles increased, discolorization of theasi@$ increased but to a lesser degree

than when varying the heating temperatures.

Figure 4.22: Micrograph of WC-12wt%Co after 60 thed shock cycles at 800°C.
Details of this thermal shock condition where presd in section 4.3.1.1.

61



Results and Discussion

Figure 4.24: Micrograph of WC-12wt%Co after 100rin@l shock cycles at 800°C.

60 cycles of thermal shock at 800°C

The features observed on these samples have allesely described in section
4.3.1.1.
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80 cycles of thermal shock at 800°C

The degree of discolouration increased comparedotoe of the previous tests
discussed (60 cycles of thermal shock at 600°C @éhdycles of thermal shock at
800°C). Areas of cobalt removal, which are now lusters, can be seen in Figures
4.25 and 4.26(a). Figure 4.26(b) shows white pagion the surface which were

observed mostly in the centre of the specimen.

Figure 4.25: SEM micrographs (near the edge) of W€-12wt%Co sample after
being subjected to 80 cycles of thermal shock 8f@0Cobalt has been selectively
‘removed’ from the alloy surface. The circled ar@a (a) is shown at high

magnification in (b).
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Figure 4.26: SEM micrographs of sample treated @°& for 80 cycles, a) is taken
near the edge with clusters of voids between thegvdis b) taken in the middle of
the specimen with white particles.
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100 cycles of thermal shock at 800°C

The same cobalt depletion and white particles wéserved as previously described
with a higher concentration of white particles cawvg the surface, refer to Figure

4.27 and 428.

Figure 4.27: SEM micrograph from near the edgehaf surface of a WC-12wt%Co

sample after being subjected to thermal shock 88@dor 100 cycles.

Figure 4.28: SEM micrograph showing white partg®ntaining calcium observed

in the middle of the sample.
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Figure 4.29: SEM micrographs of sample treated @& for 100 cycles near the
edge. (a) Shows voids between the WC grains, ie soeas in (b) some of the grains

are covered with a thin layer.

Random voids and centralised white particles onsilndace where also observed
when varying the thermal shock cycles but it idiclit to say if the density varied.

Figure 4.29 (b) showed a thin layer covering thargg, which may be a stain, or an
oxide layer. The other interesting observation e centralised white particles

observed on the surface.
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4.3.1.3 Surface Oxidation

The next investigation was the possibility of oxitemation as samples of WC-
12wt%Co where subjected to temperatures of°60@B0CC and 1000C. Other
authors observed oxidation on WC-Co at temperatasdew as 50 with only two
oxides forming at temperatures ranging from ®D@o 1000C, namely WQ and
CoWO, [23-25].

EDS analysis revealed oxygen on the surface ahallsamples after thermal shock
(see Figure 4.30). This suggests possible oxidmdton. No oxygen peaks where
observed on cross-sections of samples after theshwdk far from the surface, as
shown by EDS in section 4.3.3.

The mass of WC-Co is known to change as oxidatmmmeases [31]. This section
reports if and how the mass changed as a resuhensial shock possibly due to
oxide formation. Table 4.7 lists the mass chang&Vai-12wt%Co from before to

after thermal shock.
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Table 4.7: Mass change of samples after thermatisho

Mass before (g)| Mass after T.S(Q) Differences (Q)
600°C-60cycles 4.526 4.526 -0
800°C-60cycles 3.865 3.865 -0
800°C-80cycles 4.357 4.357 -0
800°C-100cycles | 4.133 4.135 1 0.002
1000°C-60cycles | 4.257 4.268 1 0.011

This table shows only a slight increase in maser&0 thermal shock cycles at

1000C and 100 thermal shock cycles at 8D0This suggests the presence of a
possible thin oxide layer after those tests. At°83Q00 cycles the test showed that a
little oxidation occurred with the mass increased@02g while there was no mass
increase at 80C-60 and 808C-80 cycles. Therefore the thin layer that was olexk

on the SEM after 100 cycles at 8@and 60 cycles at 1000 (see Figures 4.21 and

4.29) was probably a layer of oxide.

Figure 4.31 shows an experiment carried out toioonthe formation of oxide. A
sample of WC-12wt%Co was subjected to 20 thermatlsttycles at 80C; the
sample was heated for 5 minutes at each cycleré&igi8l B and D show a blue
oxide layer of WQ covering the whole surface with a considerably hgitape
change when compared to the original sample. Tlaagd of shape observed was
due to oxide formation and swelling of the new gha#ich occurs at areas of high

stress concentration [26].
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Figure 4.30: EDS spectrum of a sample subjecte@Otaycles of thermal shock at

1000C. The spectrum shows an oxygen peak, suggestrngekence of oxides.
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—

Figure 4.31: Shape change of a rectangular samgleWe-12wt%Co after 20
thermal shock cycles at 88D of 5 minutes each. A and B are the top viewsenil
and D are the side views. A and C shows the ind@lpe of the sample i.e. before
thermal shock, while B and D represent the shafer gtiermal shock.

The oxide layer was found to be approximately 2thiok and the weight of the
sample increased considerably after thermal shddke measurements were
approximated using a ruler after removing one sifléhe oxidized layer to have a
clear view of both. i.e. non-oxidized solid bloakdaoxidized layer. The original size
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of the specimen was 10x5x6 mm plates, implying tmy a small solid block was

left non-oxidized after thermal shock.

4.3.1.4 Crack formation on the surface

Previous investigations by other authors showed shaface cracks are formed
during the drilling operation as a result of thekrshock [2,23,24]. Some of the
surface cracks are called snake skin or reptile skacks. These cracks can lead to

catastrophic fracture [2].

In this investigation no clear surface cracks waserved which suggests that the
cracks can be nucleated only by numbers of heatyetes much larger than those
carried out in this investigation or maybe the thar shock procedure followed in

this project was insufficient. However some faimtface cracks are reported here.

Figures 4.32 and 4.33 show the surface crackswbet found after the tests. These
were observed in all the tests done: 600°C forygdes, 800°C for 60,80,100 cycles
and 1000°C for 60 cycles. It was reported afteegtigating the micrographs below
that the cracks prefer to propagate through thddsiphase or along the WC grain
boundary. Cobalt is tough and less hard comparadeedVC, which could make it

the weakest link during crack formation.
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Figure 4.32: Voids on WC-12wt%Co after thermal d¢hokhe circled area in (a) is
shown at high magnification in (b). The white Isteows the direction of what could

possibly be feint crack.

Figure 4.33: Voids on the surface of a thermallpated sample, with path parallel
to the white line.
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4.3.2EDS analysis

These tests were done to confirm the cobalt deplesind to identify the white
particles observed when investigating the surfatescribed in section 4.3.1.1 and

4.3.2.2. Figures 4.34 to 4.36 show the microstmecand the EDS spectra of WC-
12wt%Co without thermal shock.

Figure 4.34: SEM micrograph of WC-12wt%Co withdwtrimal shock with numbers
on the grains corresponding to the EDS spectraguarés 4.35 and 4.36. Spots 1 and

3 are expected to have spectra with high Co peakisspots 2 and 4 with high WC
peaks.
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Figure 4.35: EDS spectrum of spot 1 in Fig. 4.3dwimg a high Co peak. Spot 1 and
3 showed the same spectrum peaks.
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Figure 4.36: EDS spectrum of spot 4 with high a &dkp The grey angular particles
are hard WC grains and the dark material betwees YWiC grains is cobalt (See
figure 4.34).

4.3.2.1 Cobalt removal

Random removal of cobalt caused by thermal shock waestigated by using the
EDS spot analysis. This cobalt depletion was oleskemr all the tests, i.e. varying the
thermal shock temperature and varying the therimadls cycles. Figures 4.37 to 4.39

confirm that there is random missing cobalt in ewthe WC grains.

Regardless of all this analysis, the spot EDS itsveoy conclusive as it can detect

phases that are overlapping, and interacting phdegs in the specimen can also be
detected
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Figure 4.37: SEM micrographs of WC-12wt%Co after tB@rmal shock cycles at
1000°having spot numbers corresponding to the speatfégures 4.45 and 4.46.
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Figure 4.38: EDS spectrum of spot 1. The spectruows a large amount of W in and
around the void with a low cobalt peak. This implidat cobalt binder has been

removed.
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Figure 4.39: EDS spectrum of spot 2. The spectiuows a large amount of Co. This
was expected because the spot is mostly on their@erband partly on the WC

grains.

4.3.2.2 White particles observed after thermal shdc

The white particles reported in sections 4.3.1d 413.1.2 where analyzed using the
EDS. Peaks of calcium were found in the EDS speltten the surface of the
samples. The calcium was probably in solution intewg39], and that water
containing calcium was used for quenching. Spot am@d analysis on the surfaces

was done to understand this calcium formation Esgeres 4.40 and 4.41).

The samples of WC-12wt%Co were heated to°6@0@B0CC and 1000C, and then
guenched in room temperature water. The water gndiag the surface of the
samples must have boiled immediately on contadt tieé sample since the boiling
temperature of water is 100, i.e. very low compared to the temperature of the
samples, as the water boiled it produced bubblesadér vapour. While the water
vapour found its way out of the water, the calciunsolution precipitated on to the
surface of the samples when the water vaporizef T38is may explain the increase
of white particles with increasing temperature lbseathe boiling of water at the
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surface and the formation of bubbles must have bmene intense at higher

temperatures (see Figures 4.42 to 4.46). Figui@ shéws an area that was analyzed
at four spots.

Za kL 5. 880 Sk BBEE1 Z6

Figure 4.40: SEM micrograph of WC-12wt%Co after #@rmal shock cycles at
1000°C showing white spot formation.
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Figure 4.41: EDS spectrum of spot 1, Ca, Co andeékp are visible.
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Spot 2 of Figure 4.40 gave a similar spectrum abigure 4.41. Spot 3 and 4 in

Figure 4.40 showed high peaks of W with no Ca andp€aks. Area EDS analysis

were also done on the samples after thermal steockrhpare the peaks of calcium.
The comparisons were done on the thermal shockeenye and the number of

thermal shocks increases. The EDS spectra showthigatalcium peaks increase as
the thermal shock temperature increases (see Bigui, 4.43 and 4.46). However
the same cannot be said for varying the thermatlsbgcles at 800°C as the spectra
show peaks of calcium of equal intensity at 60280 100 cycles of thermal shock
(see Figures 4.43-4.45).
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Figure 4.42: EDS spectrum of sample after 60 cyofdhermal shocks at 600°C.
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Figure 4.43: EDS spectrum of sample after 60 cyafahermal shocks at 800°C.
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Figure 4.44: EDS spectrum of sample after 80 cyafahermal shocks at 800°C.
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Figure 4.45: EDS spectrum of sample after 100 syofehermal shocks at 800°C.
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Figure 4.46: EDS spectrum of sample after 60 cyofdhermal shocks at 1000°C.
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These spectra show an interesting observation pfex peak being lower than the
Co peak after 60 cycles at 600°C and 800°C butnbedaigher after 80 and 100
cycles at 800°C and 60 cycles at 1000°C. This whSen suggests increasing

oxidation with increasing temperature.

4.3.3 Analysis of cross-section

The cross-sections of all samples were analyzeassess the depth of the surface
damage done by thermal shock. Some authors obseraets on cross-sectional

polished samples after thermal shock and wearg[3, 1

4.3.3.1 Cobalt depletion

Figures 4.47(a) to (c) are SEM micrographs revealgabssible removal of binder
phase along the edges of the samples subjecte@ ttrefmal shock cycles at 600°C
and 800°C. This is consistent with evidence fromdbrasive wear graphs in section
4.2 where the damaged edges observed here maybesterated the wear rate only
at the beginning of the tests. An oxide layer atghrface of the specimen would be
brittle and porous and could therefore be easilgowed during wear as it was the

case in Section 4.2.1.
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Affected laye

Figure 4.47: SEM micrographs of the cross-sectibfM&-12wt%Co at the edge. (a)
is as received, (b) is after 60 cycles of therntedck at 600°C and (c) is after 60

cycles of thermal shock at 800°C, showing possifiected layer near the edge.
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EDS analysis of a sample after thermal shock wag @m a polished cross-section to
study if the affected layer in Figure 4.47C was tlueobalt depletion. However, the
EDS spectra showed approximately the same Co paaksity throughout the
material, thus no cobalt depletion could be detkasing the EDS. See Figures 4.49
to 4.52. This was also observed by other authors ¥dund no visible cobalt
depletion after rock drilling on samples affectgdtbermal shock using the EDS [2,
16].
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Figure 4.48: Same micrograph as in figure 4.47&)owing square boxes where the

area EDS spectra were taken.
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Figure 4.49: EDS spectrum of area A.

400
360
320
280
240
200
160
120

20

404

mco+3ICcon

Co

=

Co W

Co ]

0

0,000

3.000 6.000 9.000  12.000  15.000  18.000

=3

Figure 4.50: EDS spectrum of area B.
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Figure 4.51: EDS spectrum of area C
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Figure 4.52: EDS spectrum of area D

4.3.3.2 Damaged edges after thermal shock

Further analysis of the cross-sectioned samples #fermal shock was done to find
any features that would affect the wear rate. Ia ghoject, SEM examination after
thermal shock of the cross-sections revealed crpekallel to the surface, cracked
WC grains, that weakens the surface in higher dethr@n in samples without thermal
shock. All the cracks observed appear to have fdrinethe subsurface layer 1

micron from the surface. See Figures 4.53 to 40b68hese features.

It is known from previous investigations that aface with a partially depleted
binder phase weakens the surface, thus increasengvéar rate when the sample is
exposed to wear [16]. This feature was found irthe tests done (60, 80, and 100
thermal shock cycles at 800°C, 60 thermal shoclkesyat 600°C and 1000°C).
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Figure 4.53: Crack in one grain of WC on the eddesample after 100 cycles of
thermal shock at 800°C which will promote more naedtal interlocking between

the rough surface and the SiC abrasive paper thasease the wear rate.

Figure 4.54: Crack along the edge of sample aft@rcgcles of thermal shock at
1000°C which can lower the surface fracture strengind promote crack

propagation during abrasive wear.
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IS
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Figure 4.56: Voids between the WC grains after y€les of thermal shock at 800°C,
near the edge. This can also increase the wearlmt@eakening the edge.
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Figure 4.57: WC grains after 60 cycles of thermabak at 1000°C showing possible
cracked grains, which can be easily removed duwegr.

e, BEE

Figure 4.58: SEM micrograph of a cross-section ra@ cycles of thermal shock at
1000°C showing signs of round grains after therslabck. This may decrease the
hardness of the material by decreasing the corngnithe WC-12wt%Co.
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Rounded grains can be due to increased solubilityy@ in Co at high temperature.
The higher solubility affects the corners of the \W@&ins, which would dissolve first.

4.3.3.3 Microprobe analysis

The electron microprobe was used to establish tmeposition near the edge of
cross-sectioned specimens (see Section 3.5.4 foe metails about microprobe

analysis). This was done to confirm the cobalt éigph observed during the SEM
surface and cross-sectional analysis, since the &ia$/sis of the cross-section had
not shown cobalt depletion after thermal shock.this investigation Tungsten,

Cobalt, Carbon and Oxygen were the only elemerasrsed and the results were
measured in weight percent then converted to atgeicent. Two scans were done
on each sample as stated in section 3.5.4 (seecHgh0).

v : . w s et - e
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Figure 4.59: Micrograph of a cross-section showimgp lines followed during the
microprobe scans.
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The scanning proceeded from 50 microns before tlge éo the surface of the
sample; therefore 0 micron in the graph represtmgsstarting point. From figures
4.61 to 4.66, the W and C percent increase andedsertogether because they are
bonded in WC and this is clear in the atomic % guati. Depletion of Co can
possibly be observed by having low Co peaks neaetlye and maybe higher on the
edge due to migration. The O in the patterns rbestue to surface oxidation, which
was also observed, using EDS. Some of the linesschowed possible WC
decarburization only at the edge after thermal khoe. the W and the C patterns
where observed to be parallel up to the edge bat thee edge they stopped being
parallel. Decarburization happens when oxygen seacth C in WC and forms
carbon monoxide, which is a gas and is lost; lep\iWC poor of C. The
decarburization reactions in this case will be:
Inferred

2WC + O— CO + W,C

The depth of depletion could not be determinedabse it is random.
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Figure 4.60: Line-scan of elements in weight perdeom sample without thermal
shock.
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Figure 4.61: Line-scans of elements in atomic perédeom sample without thermal
shock. No cobalt depletion was observed at eitgrafd (b). High carbon and
oxygen at the edge was in the bakelite resin.
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Figure 4.62: Line-scans in element atomic percdtarég0 cycles of thermal shock at
600°C. On (a) the W and the C lines appear diffdyeinom about 5 microns from

the edge. The high Co peak at the surfacgafbOmay suggest Co migration to the
surface and the oxygen peak increase near the sdggests oxidation. No cobalt
depletion was observed on (b), but some Co seetnavi® migrated to the surface.
The possibility of decarburization of about 3 mitsois observed near the edge

because the W and C line scans have changed. Bt @eaks is higher from about
4 microns below the edge, which suggest oxide fiooma
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Figure 4.63: Line-scans in element atomic percdtarab0 cycles of thermal shock at
800°C. No decarburization was observed in (a),littee scanned through a large WC
grain of about 10um near the edge. The at% of €issistently higher than the at%

of W. On (b) the W and the C lines are parallellthe start of the Bakelite(in which
the sample was mounted i.e. no decarburizatiohseored.
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Figure 4.64: Line-scans in element atomic percdtare80 cycles of thermal shock at
800°C. Three points from the edge in (a) show lagimic percentages of oxygen
and carbon implying that they were acquired frora thakelite. The composition of
the bakelite is approximately 78% carbon, 18% oryged 5% hydrogen. From
about 3 microns from the edge of both Figure 4.54ad (b) the scans where

acquired on Bakelite. The W and the C patterns arallel until the start of the
Bakelite.
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Figure 4.65: Line-scans in element atomic percdtaral00 cycles of thermal shock
at 800°C. From about 4 microns from the edge airBg4.65 (a) Bakelite position
because both the W and the Co are zero atomic %dddarburization is observed.
From about 6 microns from the edge of figure 4.6bthe W and C lines scans

appear differently which may suggest decarburizatbWC, i.e. formation of M.
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Figure 4.66: Line-scans in element atomic percdtera0 cycles of thermal shock at
1000°C. The W and the C lines in figure 4.66(a) esgppdifferently at about 10

microns from the edge, which may indicate decadatidon. No decarburization is

observed at (b) i.e. the W and the C line scan®apfhe same until the start of the
Bakelite, which is about 3 microns from the edge.
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4.4 Effect of immersing WC-12wt%Co in water

WC-Co is known to exhibit corrosion pits when imset in water [4]. Some authors
associate pitting with contamination in the WC-@jch acts as a driving force for
corrosion. This investigation on the effect of wat@s done to explain observations
after quenching WC-12wt%Co in water, where calcitontaining particles were
observed. WC-12wt%Co was immersed in room tempegatater for 12 hours. The

surface was then observed using an SEM (see Figusédo 4.69).

The surface looked slightly etched; it is knownttih&C is corroded by alkalis (e.g.
NaOH or KOH in Murakami’'s solution) and these may gresent in water. White
particles similar to those observed after thermiabck (Section 4.3.2.1) were
observed after allowing the water to dry on thdeme, which confirms that the white
particles are related to salts that were in satutiothe water and were left on the

surface when the water evaporated.
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G— o  e— 0
Unaffected area Affected area

Figure 4.67: Surface appearance of WC-12wt%Co dfe#ng immersed in cold water
for 12 hours, area to the right looks etched (a#dcarea) while the other(to the left) is

still unaffected by water. The etched areas wergloan after immersing in water.

Figure 4.68: Closer view of the surface of WC-12@®4mmersed in cold water.
The surface looks etched.
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Figure 4.69: WC-12wt%Co alloy immersed in cold waté/hite particles are

observed. This surface looks similar to those a@@rcycles of thermal shock at
600°C, 800°C and 1000°C.
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