UDC 620.178.16:621.921.34-488:621.793.3

Kong Dejun*, Zhao Wen, Zhang Ling

School of Mechanical Engineering, Changzhou University,
Changzhou, China

*kong-dejun@163.com

Friction-wear behaviors of chemical vapor
deposited diamond films at high temperatures

A diamond film was deposited on YT14 hard alloy cutting tool using a
chemical vapor deposition. The coefficients of friction and wear behaviors of the
obtained diamond films at 500, 600, and 700 °C were investigated using a high
temperature tribological tester. The results show that the C of diamond film is fully
released at 700 °C, generating CO and CO,. The (220) plane of diamond film is oxi-
dized fully at 500 °C, while the (110) plane of diamond film is oxidized at 700 °C. The
average coefficients of friction of diamond film at 500, 600 and 700 °C are 0.55, 0.49,
and 0.48, respectively, the wear mechanism is primarily oxidation wear, adhesive wear
and abrasive wear, accompanied with fatigue wear.

Keywords: chemical vapor deposition (CVD), diamond film, coeffi-
cient of friction, high temperature, friction and wear, wear mechanism.

INTRODUCTION

Diamond film has many advantages such as high hardness [1],
wear resistance [2], high thermal stability [3], and etc., which is extensively used
on cutting tools [4, 5]. In this case, understanding the wear characteristics of coat-
ings at high temperatures is essential for advanced manufacturing engineering [6—
9]. The diamond film is inert at normal temperature, while it is oxidized at high
temperature, which leads to failing and destroys the protected cutting tools [10-11]
due to its chemical reactions [12]. The working temperature of chemical vapor
deposited diamond film is nearly equaled to that of the natural diamonds, which is
oxidized at 800-900 °C. The oxidation temperature and rates of chemical vapor
deposited diamond film are associated with the defects on its surface, such as dis-
location, impurities, twins etc., which cause oxidation resistance of chemical vapor
deposited diamond film lower than that of natural diamond [13—15]. The friction-
wear performances of diamond film have been extensively studied, Qian et al. [16]
reported that the diamond film with the binder of magnesium carbonate behaved a
higher wear resistance than that of diamond film with cobalt binder; Konicek et al.
[17] investigated the frictional properties of ultrananocrystalline diamond film; Sun
et al. [18] discovered that the nano-diamond was far superior than the single-pose
nano-diamond; Shabani et al. [19] found the average COF of diamond film was
0.64. However, the friction-wear behaviors of chemical vapor deposited diamond
film at high temperatures have rarely reported. In this study, a diamond film was
deposited on YT14 hard alloy with using a chemical vapor deposition (CVD), the
COF of obtained film was investigated using a high temperature tribological tester.
The surface morphologies, chemical elements, and phases of worn tracks were
analyzed using a scanning electron microscope (SEM), energy dispersive
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spectroscope (EDS), and X-ray diffraction (XRD), respectively, which provided an
experimental basis for the chemical vapor deposited diamond film applying on the
surface modification of cutting tools.

EXPERIMENTAL

The substrate was marketed YT14 hard alloy cutting tool with the following
chemical composition (wt %): WC 78, TiC 14, Co 8. The samples were polished
by 80#, 120#, 200# and 600# sandpapers and metallographic sandpaper,
respectively. The samples were cleaned with pure acetone in an ultrasonic oscilla-
tion for 10 min and were dried before being putted into the configured chemical va-
por deposited chamber. The deposition procedure was shown as followed: (1) carbon
source gas — CH, (corresponding to 0.5-10 vol %) — and H, was bubbled into a
vacuum deposition chamber (2). The huge of —CHj; interacted with each other at
the high temperature of 800 °C and low pressure of 4.3x10° Pa, then C was linked
with each other via covalent bonds. (3) With the deposition continuing, the
diamond nucleation was formed on the substrate surface and the H in the
nucleation was replaced by —CHs. (4) The deposition of diamond film was
finished. The friction-wear test of diamond film was conducted on a HT-1000 type
high temperature tribological tester, the wear parameters: friction mode of sliding,
tribo—pair ceramic balls (Si3N4) with the diameter of 6 mm, load of 3 N, rotating
speed of 500 rpm, rotation radius of 5 mm, respective test temperatures: 500, 600,
and 700 °C. After the wear tests, the samples were cleaned in alcohol to remove the
dust, and rinsed with deionized water for 15 min and dried using a heater. The
morphologies, chemical elements, and phases of worn tracks were analyzed using a
JSM-6360LA type SEM, its configured EDS and D/max type XRD, respectively.

ANALYSIS AND DISCUSSION OF RESULTS

Morphologies, AFM, EDS analysis and mechanical properties
of diamond films

Figure 1, a shows the morphologies of diamond film surface. The film was
continuously dense, and there were no uncoated pits, which was credited to be
great protected film. Figure 1, b shows the morphologies of film interface. The film
was smooth, no distinguished peaks, showing that the diamond was deposited on
the substrate, and there was a divided layer between the film and the substrate, of
which the upper layer was the diamond film with the thickness ~600 nm, and the
low layer was the substrate. The AFM topography of diamond film with the size of
10000%10000 nm is shown in Fig. 1, c¢. The surface roughness S, of diamond film
was 79.2 nm, which meant the film was smooth. The EDS analysis result of
diamond film is shown in Fig. 1, d, the mass fractions (wt %): C — 52.49, Ti —
12.67 and W — 34.85; and the corresponding atom fractions (at %): C — 86.84, Ti —
5.26, and W — 7.90. The film was primarily composed of C, while the W and Ti
came from chemical elements of substrate, measured by X-ray penetrating the film.

XRD analysis

Figure 2 shows the XRD patterns of diamond film at normal temperature, 500,
600, and 700 °C. In Fig. 2, a, the peaks at 20 = 44.1°, 75.4° represented the
diffraction plane (111) and (220) of diamond film, respectively [20]. This meant
the diamond film had complete crystal structure and its lattice parameters were
consistent with natural diamond. The (111) plane was more intense than the (220)
plane, which revealed that the crystal shape was the (111) plane. Therefore, the
diamond film began to oxidize partially, the (220) plane primarily was oxidized at
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500 °C. The peaks in Fig. 2, ¢ were similar with those in Fig. 2, b, revealing that
the rest (111) plane was not oxidized at 600 °C. There was only the WO; in the
XRD patterns of diamond film at 700 °C in Fig. 2, d, showing that the diamond
film was oxidized fully, the WC in the substrate was oxidized as well and produced
WO;. The W had a strong affinity to the O, and the Gibbs free energy required for
forming the WO; was lower than that of TiO,, therefore, the oxides were primarily
WO; [21]. The reactions were shown as follows:

2WC + 50, = 2WO; + 2CO,1; (1)

WC +20,=WO;+ CO?. 2)
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Fig. 1. Surface (@) and interface (b) morphologies, AFM (c) and EDS (d) analysis of diamond
film.

Analysis of COFs

Figure 3 shows the relationship between the COFs of diamond films and wear
time at 500, 600, 700 °C. At 500 °C, the average COF in the running-in period and
stable period was 0.54 and 0.56, respectively, which was nearly close to the aver-
age COF of 0.55 in the overall wear period. This was because the film was not
completely oxidized, which made it difficult to be worn out. At 600 °C, the average
COF of diamond film was 0.49, decreased by 10.91 %, when compared with that at
500 °C. The average COF at the running-in period was 0.54, which was the same
as that at 500 °C, whereas the COF at stable period was 0.47, decreased by
12.96 %. The gathered debris on the worn track increased the shearing stress,
which caused the COFs to fluctuate at the stable period. At 700 °C, the diamond
film was completely oxidized and produced a large amount of CO, and CO at
700 °C, the average COF of diamond film was 0.48, while that in the running-in

ISSN 0203-3119. Haomeepoi mamepianu, 2019, Ne 2 41



period was 0.50, decreased by 7.40 % compared with that at 500 °C. With the wear
continuing, the CO, and CO oxides increased, decreasing friction resistance; the
fluctuation of COFs at 600 and 700 °C tended to across each other. With the in-
crease of wear temperature, the average COFs of diamond film decreased, because
the film didn’t reach the oxidation temperature at 500 °C and was still intact. At
600 °C, the diamond film started to oxide partly on the worn track. After the sur-
face particles disappearing, the actual contacted area increased, the COF began to
decline slowly and tended to be stable. At 700 °C, the diamond film was oxidized
fully in few minute, the tribopair of Si;Ny ball directly contacted with substrate, the
COF curve became smooth.
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Fig. 2. XRD patterns of diamond films at normal temperature (a), 500 (b), 600 (c), 700 (d) °C.
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Fig. 3. COFs of diamond films vs wear time at different temperatures: 500 (Z), 600 (2), 700
(3) °C.

Plane scans of worn track

Figure 4, a shows the plane scanned position of worn track at 500 °C. The film
surface wore slightly, classified as slight adhesion wear. The plane scan result of
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worn track is shown in Fig. 4, b. The mass fractions (wt %): C — 68.82, O — 13.93,
Ti—3.12, and W — 13.12; and the corresponding atom fractions (at %): C — 84.78,
O —-12.88, Ti— 1.22, and W — 1.12. Figure 4, ¢ shows that the C content was low
on the worn track, and the wear was processed in the diamond film. Moreover, the
O was detected on the worn tracks, and the O-rich regions appeared, as shown in
Fig. 4, f. The W and Ti came from the chemical elements of substrate, as shown in
Figs. 4, d and e.
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Fig. 4. Plane scans of worn track on diamond films after wearing at 500 °C: plane scanned posi-
tion (a), result of plane scans (b), C (¢), W (d), Ti (e), O (f) content.

Figure 5, a shows the plane scanned position of worn track at 600 °C. The wear
was more serious than that at 500 °C. The plane scan result of worn track is shown
in Fig. 5, b. The mass fraction (wt %): C — 69.71, O — 13.80, Ti — 2.47, and W —
14.39; and the corresponding atom fractions (at %): C — 85.04, O — 12.82, Ti —
0.94, and W — 1.20. The plane scan result of worn track at 600 °C was similar with
that at 500 °C. It can be seen from Fig. 5, ¢ that there was a little C element in worn
track, and it gathered at non-wearing area that meant the diamond film was not
oxidized seriously, the film was still intact and the chemical vapor deposited dia-
mond film exhibited good oxidation resistance and wear resistance. In Figs. 5, d
and e the colors of W and Ti at worn track were darker than them at non-wearing
areas. Because the diamond film at worn track became thinner and X-ray of EDS
could measure the substrate materials easily. Therefore, W and Ti enriched at worn
track. The oxidation behavior at high temperature mainly occurred at worn track,
so there was much O element at worn track, as shown in Fig. 5, f.

Figure 6, a shows the plane scanned position of worn track at 700 °C. Some
furrows appeared at the center of worn track. The plane scan result of worn track is
shown in Fig. 6, . The mass fraction (wt %): C—11.15, O —22.99, Ti — 10.75, and
W —55.11; and the corresponding atom fraction (at %): C —31.97, O —49.44, Ti —
7.71, and W — 10.88. The C content on the worn track declined greatly compared
with that at 600 °C, as shown in Fig. 6, c. This further explained the decreasing of
C atom fraction on the worn track, the diamond film was completely oxidized, and
the rest C existed in the form of TiC came from the substrate. The O content in-
creased from 13.80 to 22.99 %, this was because the spalled debris that adhered on
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the worn track was oxidized at 700 °C. Furthermore, the contents of W and Ti also
increased significantly compared with that at 600 °C, as shown in Figs. 6, d and e,
revealing that the substrate was exposed in the air and the diamond film was com-
pletely oxidized at 700 °C, the diamond film was failed due to oxidation.
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Fig. 5. Plane scans of worn track on diamond films after wearing at 600 °C: plane scanned posi-
tion (a), result of plane scans (b), C (¢), W (d), Ti (e), O (f) content.
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Fig. 6. Plane scans of worn track on diamond films after wearing at 700 °C: plane scanned posi-
tion (a), result of plane scans (), C (c), W (d), Ti (e), O (f) content.

Wear mechanism

Figure 7, a shows the worn morphology with the low magnification at 500 °C.
As it was shown, some debris formed the small and numerous adhesion zones. The
worn tracks were divided into debris adhesion and debris compaction. Figure 7, b

44 http://stmj.org.ua



shows the worn morphology with the high magnification. The debris was produced
and adhered on the worn surface in the wear test, which was not discharged and
continuously compact under the cycle loads to form rough surface, revealing that
the wear mechanism was primarily adhesion wear.
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Fig. 7. Morphologies of worn track on diamond film at 500 °C: low (&) and high (b) magnifica-
tion.

Figure 8, a shows the worn morphology with the low magnification at 600 °C,
it could be seen that some debris formed a large adhesion zone. Because the softer
debris at 600 °C was helpful to form continual adhesion zone. Figure 8, b shows
the worn morphology with the high magnification. The brittle fractures of diamond
film were found on the worn track, showing that the fatigue stress led to cracking
on the diamond film under the circular contact, and the cracks expanded gradually.
Therefore, the diamond film produced the fracture phenomenon, showing a fatigue
wear. The oxidation occurred preferentially on the grain boundaries at high
temperatures, leaving a porous structure [22]. The SEM images further show that
the rigid faces of diamond grains were retained after oxidation [23], some debris
were dragged by the tribo—pair and stayed on the film surface.

a b

Fig. 8. Morphologies of worn track on diamond film at 600 °C: low (a) and high (b) magnifica-
tion.

Figure 9, a shows the worn morphology with the low magnification at 700 °C,
and according to Fig. 6, ¢, the diamond film was completely oxidized. Figure 9, b
shows the worn morphology with the high magnification. There were only massive
WO; particles adhered on the diamond film surface, the diamond film was fully
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oxidized and generated CO and CO,. The WC on the substrate was reacted with the
0O, to produce the WO;, which generated an amount of hard flaking debris during
the brittle breaking under the load. During the oxidation, the O etched away the
weak bonds of C on the grain boundaries and local defects. The C was evaporated
from the defects and the non-diamond phase when the chemical vapor deposited
diamond film was oxidized. Therefore, the WO; particles were formed on the
substrate to accelerate the wear, the wear mechanism was abrasive wear. From the
above analyses, the wear mechanism of diamond film at 700 °C was oxidation
wear and abrasive wear, accompanied with adhesive wear and fatigue wear.
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Fig. 9. Morphologies of worn track on diamond film at 700 °C: low (a) and high (b) magnifica-
tion.
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CONCLUSIONS

At 500, 600 and 700 °C, the average COFs of diamond film are 0.55, 0.49 and
0.48, respectively, showing that the COFs decrease with the temperatures
increasing.

The diamond film is oxidized completely at 700 °C, and generates CO and CO,,
which presents the film is failed.

The wear mechanism of diamond film at high temperature is primarily oxida-
tion wear, adhesive wear and abrasive wear, accompanied with fatigue.
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Koedghiyiecum mepms i xapaxmep 3HOCY aimasHux WIiGOK, HAHECEHUX HA pi-
arcyyuutl incmpymenm 3 meepooeo cnnagy YT14 memooom ximiunozo ocadcents 3 napogoi gasu,
00ciddCceHo gucokomemnepamypHum mpubomempom npu memnepamypi 500, 600 i 700 C.
Pesynomamu nokazanu, wo eyeneyv armasnoi niieku nosnicmio einenuti npu 700 °C i ymeoproe
cnonyku CO i CO,. ITnowuna (220) anmasnoi nuiexku oxucmoemvcs npu 500 C, a niowuny
(110) — npu 700 °C. Cepeoni xoepiyichmu mepms armasnoi naisku npu 500, 600 i 700 C cma-
nognams 0,55, 0,49 i 0,48 6ionosiono, mexanizmom 3HOCy € NEPeBANCHO 3HOC, BUKTUKAHULL OKUC-
JIeHHAM, | ADPA3USHUL SHOC, WO CYNPOBOOHCYEMBCA 6MOMHUM | A02E3IUHUM SHOCOM.

Knrwuoei cnoea: ximiune ocadoicenHs 3 napoeoi ¢pasu, aimasma niiska,
Koegiyicnm mepms, 8UCOKA MeMNepamypa, mepms i 3HOC, MeXaAHi3M 3HOC).

Kosgppuyuenm mpenus u xapaxmep usnoca aimasHuix nieHOK, HAHECEHHbIX
Ha pexcywuti uHCmpymenm u3z meep0o2o cniaséa YT14 memooom Xumuueckozo ocancoeHus u3
naposoti ¢aswl, ObLAU UCCIEO0BAHBI BLICOKOMEMNEPAMYPHBIM MPUOOMEMPOM NPU MeMNepamype
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500, 600 u 700 C. Pesynomamsl noKasaau, ymo y2iepoo aiMA3Hol NAeHKU NOIHOCMbIO c8000-
den npu 700 °C u obpasyem coedunenus CO u CO,. IInockocms (220) armasHou nieuKu oKuc-
asiemes npu 500 °C, a nrockocmo (110) — npu 700 °C. Cpednue koa¢hpuyuenmor mpenus aimas-
nou nuenxu npu 500, 600 u 700 °C cocmasnaiom 0,55, 0,49 u 0,48 coomeéemcmeenno, mexanus-
MOM USHOCA ABNAEMCA 2NABHBIM 00PA3OM USHOC, GbI36AHHBII OKUCTIEHUEM, U ADPA3UBHBLI USHOC,
CONPOBONHCOAEMBIIL YCIMATOCHIHBIM U AO2€3UOHHBIM USHOCOM.

Knrouesvie cnosa: xumuueckoe ocaxcoenue usz napoeozl qbasbz, AJIMA3HAA
NnJjleHKa, Koaqbqbuuuenm mperus, 6blCOKAs memnepamypa, mpenue u U3HOC, MeXaHusm U3Hocda.
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