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Abstract

Triangular(TPGN 160308 WC-6 wt.%Co inserts having different average grain sizeand 3u.m) were submitted to surface
roughening either by wet etching with Murakami’s reagent or by a heat treatment in the hot filament chemical vapour deposition
(HFCVD) reactor. The heat treatment was performed in a monohydrogen-rich atmosphere at substrate temperatures as high as
1000 °C. Scanning electron microscopy and energy-dispersive spectroscopy showed that this pre-treatment led to surface
roughening of the as-ground inserts and to a lower surface Co concentration. Prior to deposition, all inserts were etched with an
acid solution of hydrogen peroxide. Diamond coatings were deposited by HFCVD. The coated inserts were tested by dry
machining of aluminum-matrix composit@l-10%Al,0;) bars. Turning test results indicated that a proper combination of
substrate pretreatment and microstructure can significantly improve tool life.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Nevertheless, PCD tools cannot be made with complex
cutting edge geometries. Therefore, diamond films

Metal—matrix compositedMMCs) are a class of deposited by chemical vapour depositiéGVD), due
materials consisting of a high-performance non-metallic t0 their outstanding wear resistance, look very promising
phase, |ncorp0rated into a conventional englneenng in the ImpOI’tant market of difficult-to-machine materials
material. This is a monolithic alloy and the reinforce- [3—6l, including the MMCs. . _
ment may be: graphite, silicon carbid&iC), boron, The most suitable substrate material for producing
aluminum oxide(AlO5), or refractory metalgd]. diamond coated tools is cobalt-cemented tungsten car-

Aluminum-based MMCs, reinforced with either Sic  Pide (WC—Co). However, the cobalt binder, which
or AlO, have attracted the attention of automotive Provides additional toughness to the tool, is hostile to
companies, dealing with components such as brake diskgliamond adhesiofv—9. As a consequence, it is impos-
and drums, pistons, and cylinder liners. At present, Sible to deposit adherent diamond coatings onto untreat-
brake components with improved thermal stability, ther- €0 WC—Co tools unless surface cobalt is removed.
mal conductivity, and wear resistance, are in an advancedVloreover, a significant factor for the adhesion of CVD
state of developmenk2]. However, both the extreme diamond to WC—Co substrates is the mechanical inter-

short life and poor performance of conventional carbide !0cking occurring at the coating—carbide interfda€).
cutting tools cause high costs for MMCs machining. Therefore, a substrate pretreatment, for both significantly

Reasonable tool life can be obtained only by using more "€ducing the surface Co concentration and achieving a
expensive polycrystalline diamondPCD) products. ~ Proper interface roughness, represents a crucial step in
the coating process. Its effectiveness in increasing adhe-
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Table 1
Chemical compositions and properties of WC—Co substrates

WC-Co Nominal composition Density Hardness Transverse Coercivity
grain size (wt.%) (g/cm®) (HV10) strength(MPa) (Oe)

1 WC-5.8%C0-0.2%VC-0.2%TaC 14.91 1740 3350 275

3 WC—-6%Co 14.96 1445 3538 135

In this work, we have studied the effect of substrate colour pyrometefLand Infrared model RP 22 Under
pretreatment and grain size on the wear resistance ofthese conditions, no diamond crystals nucleated at the
diamond coated WC-Co inserts in the dry turning of substrate surface, likely due to both the low methane

aluming/aluminum composites. concentration and the high substrate temperature. Fol-
lowing the heat treatment, the inserts were etched for

2. Experimental details 10 s with the H Q+H, SO, solution and rinsed with
deionized water.

2.1. Substrates and pretreatments The substrates were marked with a numbeither 1

or 3, according to the average grain SiZellowed by

Two sets of WC-CdWC-6 wt.%C0 cutting inserts g capital letter(M or T) with a number according to
(TPGN 160308 with fine (1 pm) and medium(3 p.m) the type of pretreatments, as listed in Table 2.
average grain sizes, supplied by F..L.M.S. Sgéazola All the substrates were analyzed by scanning electron
d'Ossola, Italy, were used as substrates. Nominal chem- microscopy (SEM, Leica Cambridge Stereoscan 360,
ical compositions, density, hardness and coercivity of with LaB, source, and energy-dispersive spectroscopy
these sintered materials are given in Table 1. (EDS, Link eXL II).

The as-ground substrates were rinsed with acetone
and ethanol. Since adhesion strength may be improved?.2. Diamond deposition
by increasing the interfacial area between film and
substrate[10], the inserts were chemically or thermally Process conditions, indicated as A, ensuring a depo-
pretreated under the conditions listed in Table 2. The sition rate as high as 1450.2 wm/h, were employed.
chemical etchingM) comprised a two-step procedure. The gas phase was a mixture of hydrogen and methane
A first etching, using Murakami's reagen10 g with a CH,/H, volume ratio fixed at 1.5%, activated
Ks[FE(CN)gl +10 g KOH+100 ml of watey, was by a carburized Ta filamertl cn? area held at 2300
carried out for 1 or 10 min in a ultrasonic vessel, °C and at 8 mm from the substrate surface. The total
followed by rinsing with deionized water. The second pressure of the gas mixture in the reactor was 36 Torr
etching step was performed using an acid solution of with a flow rate of 300 standard céymin. Substrate
hydrogen peroxidé€3 ml 96 wt.% H, SQ+88 ml 40% temperature was 780 and deposition time either 8 or
m/v H,0,), for 5 or 10 s, to remove Co from the 16 h. Other process conditior(@ndicated as B were
surface. The substrates were then rinsed again withused to coat one fine-grained substrate, pretreated

deionized water. The thermal pretreatmeit) first according to the M10 procedure. These conditions gave
comprised 1 or 3 h heat treatment in the hot filament rise to a slower deposition rate, down to 0458.05
chemical vapour depositiofHFCVD) reactor [11], wm/h. In this case, both a lower methane concentration

using a 0.5% CH/H, atmosphere and 100C substrate  (0.5% by volumé and a lower filament temperature
temperature. The total pressure was in the 9-36 Torr(2180°C) were used.

range and the gas phase was activated by a tantalum The CVD coated inserts are listed in Table 3, as well
filament heated up to 235%C, as measured by a two- as the thickness of the diamond coatings.

Table 2

Chemical and thermal pretreatments of WC—Co substrates

M10 10 min etching with Murakami's reagént 10 s etching with H G+ H,SO,?

M1 1 min etching with Murakami’s reageht 5 s etching with H Q+H,SO,°

T9 3 h heat treatment in the HFCVD reactor, using a 0.5% @H,/H, atmospherdfilament temperature 2350°C, substrate
temperature-1000°C, total gas pressuze9 Torr) +10 s etching with H @+ H,SO/

T18 1 h heat treatment in the HFCVD reactor, using a 0.5% @H,/H, atmospheréfilament temperature 2350°C, substrate
temperature- 1000°C, total gas pressutel8 Torn + 10 s etching with H @+ H,SO/°

T36 3 h heat treatment in the HFCVD reactor, using a 0.5% @H,/H, atmospherdfilament temperature 2350°C, substrate

temperature- 1000°C, total gas pressute36 Torn + 10 s etching with H @+ H,SO/°

210 g Ks[Fe&(CN)¢] +10 g KOH+100 ml of water.
b3 ml 96 wt.% H, SQ-+88 ml 40% m'v H.O..
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Table 3
CVD diamond coated WC-Co inserts
Insert Substrate Pretreatmenit Process Deposition Film

grain size(pum) condition$ time (h) thickness(um)
1M10_A8 1 M10 A 8 11
1M10_Al6 1 M10 A 16 23
1M10_B40 1 M10 B 40 24
3M10_Al6 3 M10 A 16 23
3M1_A16 3 M1 A 16 24
3T9_A16 3 T9 A 16 28
3T18_Al6 3 T18 A 16 23
3T36_Al6 3 T36 A 16 26

@ According to Table 2.

P A, 1.5+ 0.2 um/h deposition rat€1.5% CH,/H,); B, 0.55+0.05 um/h (0.5% CH,/H ).

Fig. 1. SEM micrograph showing the typical microstructure of a 6061
Al alloy reinforced with 10%A} Q (W6A.10A.T6 by Duralcah

MAG= X 5.00 K PHOTO- 4

= 25 mm

Fig. 2. SEM micrograph showing the surface morphology of the
ground rake face of as-received WC—Co inserts.

Diamond films were characterized by SEM and micro-
Raman spectroscopy. Raman measurements were per-
formed in back-scattering geometry at room temperature
by using a Dilor XY triple spectrometer equipped with
a liquid nitrogen cooled charge coupled device detector
and an adapted Olympus microscope. The spectra were
excited with an Ar lasek514.5 nm, 3 mW focused
onto a spot of 1lum in diameter. The scattered light
was not analyzed in polarization. The spectral resolution
was 0.5 cnt! . The lines of a neon lamp were used for
frequency scale calibration. Diamond film thickness was
measured by infrared interferometry, using a BioRad
FTS 40A Spectrometer.

2.3. MMC machining: turning tests

In order to check their cutting performance, the
diamond coated inserts were used to machine
W6A.10A.T6 MMC bars(6061 Al alloy reinforced with
10% AlL,O,) supplied by Duralcan(Canada. Fig. 1
shows the typical microstructure of the W6A.10A.T6
MMC material. The workpiece size was 230 mm in
diameter and 480 mm in length. Prior to the turning
tests, a 1 mm thick external layer of the workpiece was
removed due to the lower density of the,ALO particles,
as evidenced by SEM analysis of the bar cross-section.

Dry turning tests were performed using a SAG 210
Graziano machine and the triangular inserts were
installed on a Sandvik CTGPR2525K16 tool holder. The
following cutting conditions were employed: cutting
speedp.=480 m/min; feed ratef=0.4 mnyrev; depth
of cut, DOC=1.5 mm.

The flank wear of the inserts was estimated by SEM
at selected time interval§10 and 15 min. Prior to
SEM analysis, the inserts were cleaned in a 6 M NaOH
solution to remove Al alloy from the cutting edge.

For comparison purposes, PGBolydiam 4 by Cafro
S.rl., ltaly) inserts with the same geometry were also
tested.



130 R. Polini et al. / Surface and Coatings Technology 166 (2003) 127-134

Fig. 3. SEM micrograph showing the typical flank surface morphol-
ogy of as-received WC—Co inserts.

3. Results and discussion

3.1. Characterization of pretreated substrates

Fig. 2 shows the typical smooth surface of the rake
face of an as-ground insert. Co concentration measured ﬁ‘f 2
by EDS was 5.8-0.2 wt.%. Fig. 3 shows the flank [
morphology of 3pum grained substrates before any
pretreatment. The micrograph shows the typical micro- |
structure of as-sintered WC—Co inserts and indicates
that the flanks of as-received specimens were not sub-Fig. 4. Surface morphologies of im- (panel & and 3um-grained
mitted to any grinding treatment. A similar flank mor- (panel b WC_—Co su_bstrgtes chemically pretreated _using Murakami’s
phology was observed for fine-grained substrates, theirrfggtﬁ;'glo min etching imgand H, O+ H2S0; solution(10 s etch-
sole difference being the average size of WC grains. '

Fig. 4 shows the surface morphologies of M10-
pretreated substrates with different WC grain sizes. Both
the rake face and the flank exhibited the same morphol-
ogy. The M10 pretreatment induced surface corrugation - Skl QK W- 16 m MG 10.0 K PHOTC- 20
due to carbide chemical attack by the alkaline solution &
of potassium ferricyanide. After the first etching step,
a=2.5 um thick WC surface layer was removed, as
determined by substrate weight logk2]. This weight v
loss was independent of the substrate grain size, thus
confirming previous data from our laboratof$1-13. "
The second etching step with,H,®H,SO, did allow
the reduction of surface Co concentration to a level |
below the detection limit of the EDS technique. Fig. 5 ¢
shows the surface morphology of a 83m grained
substrate submitted to the M1 pre-treatment. After the &

surface layer was approximately 0.2—Qu8n, as esti-

mated by the insert weight loss. It is worth noting that
the surface roughness produced by 1 min etching with —
Murakami's reagent in the ultrasonic vessel was com- Fig. 5. Surface morphology of gm-grained WC—Co substrates sub-

parabl? to the one obtained after 10 min etCh‘_ingm_' mitted to 1 min etching with Murakami’s reagent and 5 s etching with
pare Fig. 5 to Fig. 4h Therefore, a longer etching time  H,0,+H,S0, solution.
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observed when Murakami's etching was performed. In
fact, as already discussed in a previous paper and
evidenced by X-ray diffraction datid 1], the T-pretreat-
ment led to the recrystallization of the outermost layer
of WC grains, strained by the grinding treatment. This
surface recrystallization of WC is attributed to local
high temperatures caused by both H-atoms recombina-
tion at the substrate surface and release of the stored
strain energy. Both these effects could have determined
the surface temperature much higher than that measured
by the thermocoupldé1000 °C). Panels a—c of Fig. 6
also show that similar surface morphologies were
observed after 1 h thermal treatment at 18 Torr total
pressure as well as after 3 h at 36 Torr. Following the
T9, T18 and T36 treatments, the surface Co concentra-
tions revealed by EDS were in the 0.5-0.9 wt.% range.
This fact indicates that the high surface temperatures
developed during the thermal treatment caused binder
phase removal either by Co direct evaporation or for-
mation of volatile compounds. However, in order to
further reduce the surface Co level, it was decided to
etch the thermal treated substrates with EH®1,SO,
prior to deposition. After this wet etching step, surface
Co concentration was below 0.2 wt.%.

Fig. 7 shows the SEM micrograph of the flank of 3-
pwm grained substrates after the T-pretreatment. It is
worth noting that the thermal treatment induced different
changes in the WC grains which were not submitted to
the grinding treatment. In fact, due to the absence of
strain-related defects, the thermal treatment alone could
not activate a nucleation and growth mechanism of new,
stress-free grains. Therefore, the sole observed effect
was the growth of WC grains, whose average size
became larger as illustrated by comparing Fig. 7 to Fig.

& mm

Fig. 6. Rake face morphologies of@n-grained WC—-Co substrates
submitted to thermal pretreatment in 0.5% ZH, atmosphere using
different total gas phase pressures and treatment tif@esl h, 9
Torr; (b) 1 h, 18 Torr;(c) 3 h, 36 Torr(substrate temperatus€1000
°C; filament temperature 2350°C).

significant increase of surface roughening. Moreover,
the surface Co concentration was again below the EDS
detection limit, even if the duration of the second etching
step with B G+H,SO, was 5 s only. |

Fig. 6 shows the surface morphology of the rake face
of 3-um sized substrates submitted to {fganel a, T18
(panel b and T36(panel 0 thermal treatments. These
treatments induced surface corrugation of the rake faceig. 7. Typical flank morphology of &m-grained WC—Co substrates
but through a different mechanism from the one submitted to thermal pretreatment.
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Fig. 8. Coating morphologies of 28m- (sample 1M10_A16, panel
a) and 11um-thick (sample 1M10_A8, panelkdiamond films.

3.2. Diamond coating characterization

Fig. 8 shows the SEM micrographs of diamond films
deposited for 8 and 16 h on WC-Co inserts submitted
to the two-step chemical etchingsamples 1M10_AS8
and 1M10_A16. Thicker films deposited for longer
times using 1.5% CH (Fig. 89 showed a similar
morphology to those obtained with 0.5% ¢H . Further-
more, they showed larger diamond grains with respect
to the film deposited for 8 h using 1.5% GHsample
1M10_AS8, Fig. 8b. Moreover, the surface morphology
of the diamond films was independent of the substrate
pretreatment and WC grain size, thus indicating that
film microstructure was mainly controlled by the thick-
ness of the diamond coating. However, as it will be
discussed later, tool life, strictly linked to the diamond
adhesion level, depends on a proper combination of
substrate surface morphology, produced by the different
pretreatments, and WC grain size.

Fig. 9 shows the Raman spectra of the diamond
coatings deposited using either A or B process condi-
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Fig. 9. Raman spectra of diamond films deposited onto WC—-Co
inserts using process conditions (A.5 wm/h, 1.5% CH , filament
T=2300°C) and B(0.55um/h, 0.5% CH , filamen'=2180°C).

at 1338 cm! . The frequency of this peak was /616
blue shifted with respect to natural diamofii332.4
cm™* at atmospheric pressure and°25 thus indicating

a 2.2 GPa residual compressive stress in the deposited
diamond [14,19. The quality of diamond deposited
using either 1.5% CIH or 0.5% CH was very good, as
confirmed by the low intensity of the broad band
centered at approximately 1550 ci , attributable to
sp?-carbon. However, the quality of the diamond depos-
ited using B CVD process parametdi®.5% CH, and
lower filament temperatupewas slightly higher.

3.3. Turning tests

All flank wear values, measured after 10 and 15 min
of dry turning Al-10%A} O, MMC, are reported in Fig.
10. It is worth noting that the tool coated with a less
thick film (11 wm, 1M10_A8 sampleshowed a severe
flank wear after 10 min machining, approaching 0.5

500 -

400

300

200 -

Flank wear (um)

100

Fig. 10. Flank wear values of all tested inserts after 10 and 15 min

tions. The first-order Raman diamond peak was presenthigh speed dry turning of Al-10%Al © MMC.
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Sample 1M10_B40 showed, after both 10 and 15 min
turning, flank wear values slightly smaller than those
shown by both 1M10_A16 and PCDFig. 10). This
fact might be ascribed to the higher quality of the
diamond deposited using a slower growth rate. In fact,
the slightly smaller amount of 8p -carbon evidenced by
Raman spectroscopfFig. 9) could be responsible for
the observed better wear resistance.

Diamond coated 3um grained inserts exhibited, on
average, a poorer performance with respect to chemi-
cally pretreated fine-grained1M) inserts. However,
their performance was found to depend on the substrate
pretreatment and cutting time. In fact, after 10 min
turning, chemically pretreated3M) samples showed
flank wear values comparable to those of fine-grained
inserts coated with diamond films with same thickness,
and to PCD as well. The data in Fig. 10 also point out
that 1 min etching with Murakami’'s reagent was suffi-
cient to ensure a very good adhesion of the coating. In
fact, the 3M1_A16 sample exhibited a flank wear lower
than 400pm after 15 min turning and comparable to
the wear of 3M10_A16 tool, although this was etched
for a longer time and it was submitted to same deposition
conditions.

Diamond coated 3u.m-grained inserts, which under-
(b) went thermal pretreatmen€8T) prior to CVD, showed
cutting performance which were independent of the
specific thermal pretreatmertif9, T18 or T36, Table
2). However, the flank wear after 10 min turning was
approximately 30Qum on average, i.e. larger than those
exhibited by chemically pretreated substrat€3v)
whose wear after the same machining time was in the
240+ 20 pm range. Nevertheless, after 15 min machin-
ing, the wear levels were comparalf@30—350um) to
3M coated tools, which, in turn, exhibited a worse
behaviour than both fine-grainéddM) and PCD inserts.
Therefore, even if the corrugation of the Co-free surface
of 3M- and 3T-substrates was larger than or comparable
to that of fine-grained tool{1M), the lower cutting
performance exhibited by Jum-sized coated inserts
Fig. 11. Flank wear of 1M10_A&panel 3, 1M10_A16 (panel b, suggests that substrate grain size plays an important role
andPCD triangular insertépanel O after 10 min hlgh Speed dl'y in determining the func“ona' propernes Of d|am0nd
turning of Al-10%Ab0; MMC. coated WC—Co tools. In fact, substrates with finer

microstructure should ensure better performance due to

k ) i e their larger hardness. This trend was confirmed by fine-
diamond coating was deposited on a similarly pretreated g aineqd inserts coated with thick diamond films, which

fine-grained surface, showed a much lower wear, COM-ere the sole tools showing flank wear values compa-
parable to PCD_1 and PCD_2 tools. These data clearly spie to PCD after 15 min dry turning.

put into evidence the crucial role of coating thickness
in determining the tool life under specific machining )
conditions. 4. Conclusions

Fig. 11 shows the flank wear of the above mentioned
inserts after 10 min machining. Although the measured The results showed that the performance of diamond
flank wear of 1IM10_A16 and PCD tools was compara- coated WC—Co tools in dry machining highly abrasive
ble, the PCD flank exhibited a much more regular wear materials such as MMCs depends on a proper combi-
profile (Fig. 110. nation of substrate microstructure, surface pretreatment,

mm. In contrast, 1IM10_A16 insert, whose @& thick
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CVD process parameters and thickness of the depositecdReferences

film.

Specifically, it was found that the finer the WC grain
size, the longer the tool life of coated inserts, which
were chemically etched. Both 1 and 10 min etching
times with Murakami’'s reagent were sufficient to
achieve a proper substrate surface corrugation and a

consequent good adhesion level.

Regarding the thermal treatment, satisfactory tool life
was obtained with 3um-grained WC-Co substrates
only. This kind of pretreatment would allow to reduce
the use of hazardous chemicals and to consequently
reduce environmental issues insofar as large scale pro-

ductions of WC-Co coated parts are concerned.
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