Int J Adv Manuf Technol (2016) 85:2597-2605
DOI 10.1007/s00170-015-8140-9

@ CrossMark

ORIGINAL ARTICLE

Microstructures and high-temperature wear performances
of cathodic arc ion plating on YT14 cutting tool

Kong Dejun'? - Guo Haoyuan'

Received: 17 September 2015 / Accepted: 12 November 2015 /Published online: 20 November 2015

© Springer-Verlag London 2015

Abstract A layer of titanium carbon nitride (TiCN) coating was
deposited on YT14 cutting tool by a cathodic arc ion plating
(CAIP); the friction-wear behaviors of TiICN coating at the tem-
peratures of 200, 300, and 400 °C were investigated by a
high-temperature friction-wear tester. The results show that a
metallurgical bonding is formed at the TiCN coating interface,
of which the bonding strength is 58.15 N measured by scratch
test. The average coefficient of friction (COF) of TiCN coating at
the temperatures of 200, 300, and 400 °C is 0.2931, 0.5252, and
0.4114, respectively; the wear rates increase gradually with the
wear temperatures. The TiO, that is produced during the wear
improves the lubrication of the coating; the wear mechanisms are
primarily composed of oxidation wear, abrasive wear, and adhe-
sive wear, accompanied by slight fatigue wear.

Keywords TiCN coating - Cathodic arc ion plating (CAIP) -
High-temperature wear - Plane scan analysis - Line scan -
Analysis

1 Introduction

With the development of high speed, high precision, dry cut-
ting, etc., surface coating technology is a main way of improv-
ing effectively cutting tool performance [ 1], which significant-
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ly increases the efficiency of a wide range of manufacturing
operations with intermittent and heavy cutting [2]. Titanium
nitride (TiN) and titanium carbide (TiC) coatings with high
hardness, high wear resistance, and chemical stability are
widely used on the machine manufacturing [3, 4]; compared
with the TiN and TiC coatings, titanium carbon nitride (TiCN)
coating with the excellences of TiC and TiN coatings
possessing lower coefficient of friction (COF) and higher wear
resistance has already been known for some decades and was
introduced to the market in the mid-1980s [5—8]. The TiCN
coating is a solid solution of TiN and TiC with the advantages
such as superior chemical stability, high wear resistance,
strong oxidation resistance, and low COF, which make them
a good candidate for cutting tool materials [9]. However, met-
al cutting is a complex process that involved with the interac-
tion of tools and machined surfaces [10]; the TiCN coating has
a lower COF than an uncoated one under similar cutting con-
ditions, exhibiting good cutting performance and economies.
The TiCN coating has a great significance of further improv-
ing the production efficiency and extending service life of the
cutting tools [11-14]; researches have investigated the appli-
cations of TiCN coating at China and abroad, but little has
been reported about the friction and wear mechanism of TiCN
coating, especially the wear characteristics at different high
temperatures. A TiCN coating was deposited on YT14 cutting
tool by cathode arc ion plating (CAIP); the surface-interface
morphologies, distributions of chemical elements, and phases
of the TiCN coating were analyzed with a SEM, energy dis-
persive spectrometer (EDS), and X-ray diffractometer (XRD),
respectively, and bonding strength of the TiCN coating was
quantitatively characterized with a scratch test. The
friction-wear behaviors of the coating at the temperatures of
200, 300, and 400 °C were investigated with a
high-temperature friction-wear tester, which provided an ex-
perimental basis for the investigation of the friction behaviors
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and wear mechanism of TiCN coating on the YT14 cutting
tools at high temperatures.

2 Experiment

The substrate material was a YT14 cutting tool with the chem-
ical compositions as follows (mass, %): tungsten carbide
(WC) 78, TiC 14, and Co 8. The samples were polished with
#80—+#2000 sandpapers in turn and polished to mirror with
diamond grinding paste. Before being put into the vacuum
chamber, the samples were cleaned with pure acetone on an
ultrasonic oscillation for 10 min and dried for the deposition in
a PVT coating system. To deposit TiCN coating, the industrial
high-purity CH, and N, were used as the working gases and
the Ti with the purity of 99.99 % was used as a target. The
deposition parameters were shown as follows: vacuum of 3 x
1072 Pa, deposition temperature of 500 °C, and deposition
time of 60 min. After annealing at 180 °C for 2 h, the coating
samples were cleaned with acetone on a KQ2200DE-type
CNC ultrasonic cleaner, then cleaned with ultrasonic deion-
ized water, and dried with a hair dryer; the required samples
were obtained. The high-temperature friction and wear prop-
erties of TiCN coating were analyzed on a HT-1000-type
high-temperature friction-wear tester. The friction mode was
sliding friction, and the grinding material was a ceramic ball
(SizNy) with the diameter of 5 mm. The test parameters were
shown as follows: wear temperatures of 200, 300, and 400 °C,
respectively; speed of 500 rpm; rotation radius of 5 mm; and
load of 5 N. The test temperatures and COFs were measured
by computer; at the same time, the real-time graphics was
displayed and the related data were stored. Bonding strength
of the coating was measured quantitatively on a
WS-2005-type film adhesion automatic scratch tester; the
measurement method was acoustic emission, and the scratch
parameters were load of 100 N, loading speed of 50 N/min,
and scratch length of 6 mm. The morphologies and plane
scans of the TiCN coating after high-temperature wear were
observed with a JSUPRASS-type field emission scanning
electron microscopy (FESEM) and its configured EDS, re-
spectively, and the phases of the coating were analyzed with
a D/max2500PC-type XRD.

3 Result analysis and discussion

3.1 Surface morphologies and EDS analysis

The coating surface appeared as a few continuous and uniform
blue grays with a certain roughness; there were a few black
holes and white light particles, which grew with island pattern,

as shown in Fig. la. There was a light-shade interface between
the TiCN coating and substrate. The coating thickness was
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about 1.75 um, as shown in Fig. 1b; the transition layer was
smooth at the bonding interface; and the coating and substrate
were closely integrated to form a metallurgical bonding,
which improved bonding strength of the coating. The coating
appeared as fine compact structures without cracking; the co-
lumnar crystal morphology was not obvious. The EDS anal-
ysis result of the TiCN coating was shown in Fig. lc; the
coating was mainly composed of Ti, C, N, and O atoms with
the mass fractions (mass, %) as follows: Ti 57.61, C 17.44, N
21.78,and O 2.15, and the atom fractions (at, %) were Ti 27.1,
C 34.75,N 35.12, and O 3.03. There were a small number of
O atoms; this was because the O atoms were absorbed on the
coating surface when exposed in the air.

3.2 XRD analysis

Figure 2a shows the XRD analysis result of the YT14 sub-
strate and TiCN coating at normal temperature. The diffraction
peaks of WC, TiC, and Co had been detected in the substrate,
which were the compositions of YT14 cutting tool sintered by
the hard phases of WC, TiC, and the binder of Co. The dif-
fraction peaks of TiCN, TiN, TiC, and TiO, were detected in
the coating, which was mainly composed of Ti, N, and C,
containing a small number of O atoms, which was consistent
with the EDS analysis result in Fig. 1c. The C existed in the
forms of TiC and polluted C; the N existed in the forms of TiN
and TiCN; and the Ti existed in the forms of TiN, TiC, and
TiO,. The forming of TICN was that the N position of TiN was
partly replaced by C atoms to form a substitutional solid so-
lution structure with face-centered cubic (FCC) of 6-NaCl,
and the C atoms entered into the TiN lattices at a solid solution
way, producing an elastic strain field. The C atoms were the
center of the elastic strain field; when the dislocation move-
ment appeared near the C atoms, the larger resistance force
was produced, improving microhardness of the TiCN coating
[15, 16]. Since the lattice constant of TiN was slightly smaller
than that of TiC coating, the lattice constant of the TiCN coat-
ing was between TiN and TiC coatings. The TiCN coating had
a strong preferential growth along the direction of crystal face
(111); this was because the crystal face (111) was the dense
face and the TiCN coating was preferentially grown at the
direction of crystal face (111), which had a significant effect
on the enhancing of the coating microhardness. Figure 2b
shows the XRD analysis results of the coatings at different
temperatures. There were TiCN, TiC, TiN, and TiO, phases
at the temperatures of 200, 300, and 400 °C, without new
phases, indicating that the phases only changed in the quantity
and no new substances were produced during the wear. The
diffraction peak of TiCN phase in the coating was still very
strong, which indicated that the coating had not been
completely oxidized at 400 °C and still had the ability of
resisting high-temperature oxidation.
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Fig. 1 Surface-interface morphologies and EDS analysis of TiCN coating. a Surface morphology. b Interface morphology. ¢ EDS analysis

3.3 Bonding strength

The bonding strength of the TiCN coating was assessed with
an automatic scratch method, the load of the coating spalling
was determined with emission signals, and the interfacial
bonding strength was characterized with the critical load.
Figure 3a shows the scratch morphology of TiCN coating.
The TiCN coating had a good binding ability with the bonding
strength of 58.15 N, as shown in Fig. 3b. This was because ion
bombardment with high energy activated the atoms on the
substrate surface, and the diffusion and displacement pro-
duced a metallurgical bonding at the interface, improving
the coating density.

3.4 COFs and wear rate

Figure 4a shows the relationship between the COFs of the
coating and wear time under the load of 5 N at the tempera-
tures of 200, 300, and 400 °C. The friction process of TiCN
coating was divided into running-in period and stable stage;
the COFs did not fluctuate at the wear end, which indicated
that the coating did not fail after wear. In the running-in peri-
od, the COF of the TiCN coating was presented bigger, due to
its surface roughness. When the temperatures increased, the
coating hardness reduced, resulting in increasing of the COFs.
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(a) Phases of TiCN coating and substrate at normal temperature

As the wear time increased to 5 min, the TiO, compounds
were produced to act as a lubricant in sliding wear situations
[17]; the COF decreased and was stable in stable stage. The
COF of the TiCN coating was the lowest at 200 °C, and the
average COF of the coating was 0.2931 within 30 min. The
running-in period was short, and the COF rapidly increased;
the average value was 0.7123, because the microconvex body
on the coating surface made the friction force sharply increase
at the contact initial stage of friction pair. The average COF
was 0.2838 at the stable stage, decreasing by 60.16 %, com-
pared with that at the running-in period; this was because the
transition layer of amorphous C had a role of reducing COFs
on the friction surface. The average COF of the coating was
0.5252 within 30 min at 300 °C, increasing by 79.19 % com-
pared with that at 200 °C. In addition, the average COF of the
coating increased sharply to 0.5711 in the running-in period,
decreasing by 19.82 % compared with that at 200 °C, while
that of the coating in the stable stage was 0.4851, increasing
by 70.93 %; this was because the hardness of the coating
decreased with the temperature increasing and the COF of
the TiCN coating increased under dry friction condition. The
average COF of the TiCN coating within 30 min was 0.4114;
compared with those at 200 and 300 °C, the COF of the
coating increased by 40.36 % and decreased by 21.67 %, re-
spectively. The average COF of the TiCN coating was 0.4305
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(b) Phases of TiCN coating at different high temperatures

Fig.2 XRD analysis of TiCN coating and substrate. a Phases of TiCN coating and substrate at normal temperature. b Phases of TiCN coating at different

high temperatures
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Fig. 3 Scratch morphology and bonding strength of TiCN coating. a Scratch morphology. b Interfacial bonding strength

in the running-in period at 400 °C, compared with that at
300 °C, the COF decreasing by 24.62 %. The fluctuation of
COF in the running-in period was larger; this was because the
TiCN coating existed roughness, the contact area of the
microconvex body was small, and the contact stress was big,
which resulted in the friction resistance increasing. After the
particle surface being worn, the actual contact area increased
gradually. The coating was gradually oxidized to form an ox-
ide film of TiO, during the friction at high temperatures,
which played a role of lubrication and antifriction; therefore,
the COFs decreased slowly and tended to be gentle. The av-
erage COF of the coating was 0.3998 at the stable stage, and
the fluctuation of the COFs was small, which indicated that
the coating had a good lubricating effect, improving abrasive
wear and adhesive abrasion resistance. Figure 4b shows the
relationship between wear rates and high temperatures. The
wear rate of the coating at 200, 300, and 400 °C was 0.005,
0.011, and 0.019 nm*/N, respectively, indicating that the wear
rates of the TiCN coating increased with the temperatures; this
is because the TiCN coating was softened and oxidized, and
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(a) COFs vs wear time

the grinding ball produced macrocutting friction on the oxi-
dized coating and formed the furrow surface, which increased
the wear rates of the coatings. From the above analyses, the
COFs of the TiCN coating increased with the temperature
increasing and the wear rates also increased with the temper-
ature at the range of 200400 °C.

3.5 Plane scan analysis of worn scar
3.5.1 Plane scan analysis of worn scar at 200 °C

Figure 5a shows the plane scanned position of worn scar at
200 °C. The wear on the coating surface was slight, and the
wear rate was smaller. There was a small amount of debris
accumulated on both sides of worn scar, which came from the
two aspects: (1) the discharge of debris was aggregated on
both sides of worn scar and (2) the coating surface produced
plastic flowing during the reciprocating wear under high pres-
sure. Figure 5b shows the EDS analysis result of the worn scar
with the mass fractions (mass,%) as follows: Ti 54.54, C
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Fig. 4 COFs and wear rate. a COFs versus wear time. b Wear rates versus temperatures
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Fig. 5 Plane scans of worn scar on TiCN coating at 200 °C. a Scanned position. b Result of plane scan. ¢ Ti content. d C content. e N content. f O

content. g Si content

15.78, N 19.16, O 10.26, and Si 0.26, and the atom fractions
(at, %)were as follows: Ti 25.42, C 29.41, N 30.16, O 14.35,
and Si0.21. The contents of Ti, C, and N atoms of the worn
scar had declined compared with those of original sample.
The plane scans of Ti, C, and N elements in Fig. 5c—e were
dim, which indicated that the atom fractions decreased on
the worn scar. The content of O atom on the worn scar
increased from 3.03 to 14.35 %, which was brighter, show-
ing that the content of O atoms increased. The TiCN coat-
ing was slightly oxidized during the wear, as shown in
Fig. 5f. A small number of Si atoms were also detected
on the worn scar, which indicated that the surface of the
grinding ball was stunk on the worn scar and gathered on
the worn scar with the form of worn debris, as shown in

Fig. 5g. The W and Co atoms were not detected, indicating
that the TiCN coating was not worn out at 200 °C.

3.5.2 Analysis of wear scar surface at 300 °C

Figure 6a shows the plane scanned position of worn scar at
300 °C. The cutting effect of grinding ball was obvious, the
worn scar of the TiCN coating was wider, and the wear was
more serious than that at 200 °C, which belonged to abrasive
wear. Figure 6b shows the EDS analysis result of the worn
scar with the mass fractions (mass, %) as follows: Ti 55.94, C
14.37, N 15.24, O 14.17, and Si 0.28; and the atom fractions
(at, %) were as follows: Ti 26.81, C 27.55, N 25.04, O 20.37,
and Si 0.23. The contents of N, C, and Ti decreased compared
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Fig. 6 Plane scans of worn scar on TiCN coating at 300 °C. a Scanned position. b Result of plane scan. ¢ Ti content. d C content. e N content. f O
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with those at 200 °C, and the plane scans of Ti, C, and Ti
elements in Fig. 6c—e were darker, which indicated that the
atom fractions on the worn scar were further decreased. But
the content of O element increased from 14.35 to 20.37 %,
which was expressed with the brighter zone of the O atom on
the worn scar, as shown in Fig. 6f, showing that the TiCN
coating occurred more serious oxidation wear and abrasive
wear. The presence of Si atom was due to the transmission
of the grinding ball to the coating surface, as shown in Fig. 6g.

3.5.3 Plane scan analysis of worn scar at 400 °C
Figure 7a shows the plane scanned position of worn scar at

400 °C, compared with those at 200 and 300 °C, the edge of
worn scar appeared a few rough furrows. This was because the
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coating maintained the corresponding hardness at the temper-
ature and was equivalent to the stabile polishing wear. More-
over, the grinding ball acted on the oxidized and softened
coating, forming a relatively rough worn scar. The plane scan
result of worn scar was shown in Fig. 7b; the mass fractions
(mass, %) were Ti 45.86, C 14.37, N 15.99, O 23.43, and Si
0.35, and the atom fractions (at, %) were Ti 20.02, C 25.10, N
23.94, 0 30.68, and Si 0.26. The worn scar had clear traces of
spalling at the wear direction; the wear was heavily worn with
the black belts at the edges of worn scar. In addition, the other
zones were relatively uniform, which was due to spalling of
the coating particles, resulting in a plough cutting effect, as
shown in Fig. 7c—e. The plane scan of O element was brighter
than those at 200 and 300 °C, showing that the TiCN coating
was further oxidized with the temperatures increasing and
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generated more TiO, films, acting as the effect of lubricant  element was also brighter than that at 200 and 300 °C, which
and antiabrasion, as shown in Fig. 7f. The plane scan of Si  indicated that the wear of grinding ball was more serious with
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(a) Compacted debris (b) Debris adhesion (c) Fish shape debris
Fig. 8 Worn morphologies of the TiCN coating at 200 °C. a Compacted debris. b Debris adhesion. ¢ Fish shape debris
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Fig. 9 Worm morphologies of TiCN coating at 300 °C. a Furrows. b Abrasion wear. ¢ Fatigue wear

the temperature increasing and was transferred to the coating
surface, as shown in Fig. 7g.

3.6 Mechanisms of friction and wear

Figure 8a shows the worn morphology of the TiCN coating at
200 °C; the worn scar surface was rougher, which was divided
into the debris-compacted zone and debris adhesive zone. The
formation of compacted debris zone was that the contact stress
increased at the center of friction track, the worn debris was
polished and compacted to accumulate in the center of worn
scar, and the entire zone was rough. There were a lot of debris
layers accumulating on the debris adhesion zone, appearing as
the densely scaly debris at the rubbing direction, as shown in
Fig. 8b. This was mainly because more debris were produced
during the wear and the debris were not completely discharged
friction track, forming a tongue-shaped adhesive with the
moving of friction pair, showing an adhesive wear mecha-
nism, as shown in Fig. 8c, which involved plastic grooving
and chipping of the coating or coating detachment.

Figure 9a shows the morphology of the worn scar of the
TiCN coating at 300 °C. Compared with that at 200 °C, the
wear of the coating increased and the surface was rougher.
There were a large number of worn debris layers that stayed
and many fine furrows at the center of worn scar. There were
smaller grinding grains acting as a role of macrocutting,
shown in Fig. 9b; the furrow morphologies showed an obvi-
ous abrasion wear mechanism, which was responsible for the
removal of material in the absence of coating detachment,

(a) Tongue sticking

Mag= 500KX SignalA=SE2  WD= 73mm  EMT=15.00KV

(b) Plastic deformation

depending on the hardness of the coating at a scale relevant
to the contact stresses introduced by the asperities during the
wear. A lot of white and bright colored oxide particles were
produced during the wear; the oxidation products were mainly
composed of TiO,, which acted as the effect of lubrication and
antifriction. The coating occurred as brittle fracture, and an
amount of debris was formed by the fracture damages; under
the bigger circulated friction stress, the large particles on the
coating surface occurred as the fatigue fracture and gradually
expanded, showing fatigue wear mechanism [18], as shown in
Fig. 9¢. The coating produced fatigue cracking and detach-
ment, caused by the substrate hardness and toughness under
localized contact stresses during the wear.

Figure 10a shows the worn morphology of TiCN coating at
400 °C. The coating wear was very serious; there was an
amount of wear debris on the worn scar. The large debris
adhered on the coating surface was a tongue, showing adhe-
sive wear mechanism. The coating also occurred as the plastic
deformation, as shown in Fig. 10b; this was because the hard-
ness of the friction ball material (SizN4) was about 16 GPa
[19], resulting in the plastic deformation of the coating when
the friction pairs on the softened TiCN coating. The coating
oxidation at 400 °C was more serious and produced the TiO,
with white bright color adhered on the worn scar. The oxida-
tion wear was the oxidation of TiCN coating at temperatures
over 300 °C [20], because TiO, species occurred on the coat-
ing surface, causing the coating strength to reduce, which
showed obvious oxidation wear mechanism, as shown in
Fig. 10c.

= 1000KX SignalA=SE2  WD=73mm  EHT=16.00kV

(c) Oxide particles

Fig. 10 Worn morphologies of the AITiN coating at 400 °C. a Tongue sticking. b Plastic deformation. ¢ Oxide particles
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4 Conclusions
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The atoms of Ti, C, and N are closely bonded at the
interface of the coating-substrate, forming a metallurgi-
cal bonding with the bonding strength of 58.15 N.

The average COFs of TiCN coating at 200, 300, and
400 °C are 0.2931, 0.5252, and 0.4114, respectively,
which increase firstly and then decrease with the temper-
ature, and the wear rates gradually increase with the tem-
perature, in which the TiO, plays the effect of lubrication
and antifriction.

The oxidation of TiCN coating is more serious with the
temperature; the wear mechanisms of TiCN coating at
high temperatures are primarily composed of oxidation
wear, abrasive wear, and adhesive wear, accompanied by
slight fatigue wear.
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