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Tribological behavior and wear mechanisms
of Ti-C : H/TIiC/TiCN/TiN/Ti coatings when sliding
against steel, bronze and aluminum alloy rods
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Tixe-C : H coatings of differing thicknesses and with various titanium concentrations were
deposited on tungsten carbide disks by unbalanced magnetron sputtering. The mechanical
properties, microstructure, and adhesion strength of these coating were measured. The
tribology properties of the coatings against AISI 1045 steel, AA7075, AA6061 aluminum
alloy, and bronze rods were tested by an oscillation sliding test machine with a line-contact
wear mode under dry conditions. The microhardness of Ti,-C : H coatings increased with
an increasing Ti concentration. The optimum coatings are composed of an intermediate
layer of TiC/TiCN/TiN/Ti and a top layer of Ti,e,-C : H with x < 20%. These coatings have an
excellent wear resistance and a low friction coefficient when paired with a carbon steel or
copper alloy. These pairs are marked by the mildly wear of the counterbodies of AISI 1045
steel and bronze. The coatings are less suitable for oscillation with the aluminum alloy
under dry conditions due to severe adhesion damage. © 2001 Kluwer Academic Publishers

1. Introduction minum alloy, AA 6061 aluminum alloy and with bronze
According to precursory investigations, diamond likerods by a reciprocating test machine. The optimum
carbon (DLC) or amorphous hydrogenated carborcoating films are determined as a function of Ti con-
(a-C: H) possesses an extreme hardness (200Gsentration, coating thickness, and coating composition.
10000 HV) depending on the deposition methods and
conditions [1, 2]. These carbon films also have ex-
tremely low friction and high wear resistance on sliding
interface [3—7]. They have been successfully used as2. Experiment
low load protective for magnetic and optical disks be-2.1. Specimens preparation
cause of these characteristics [8, 9]. The DLC coatingl he materials used for the upper specimens in the SRV
adhesion has been improved by both a graded trans{Schwingung Reibungund Verschleiss) oscillation fric-
tion from TiN-TiCN layer to amorphous hydrogenated tion and wear tester were AISI 1045 steel (Hv 286,
carbon layer [10] and a multiple stack of metal/DLC 50 g), AA 6061-T651 (Hv 136, 50 g), AA7075-T651
and carbide/DLC nanolayers [11]. A recent investiga-(Hv 258, 50 g) aluminum alloy, and bronze (Hv 261,
tion presented a functionally gradient design using &0 g) rods. The substrate material of the lower speci-
gradual metal/ceramic/DLC transition in which load men was a tungsten carbide (WC) bulk disk (Hv 1740,
support and adhesion strength were improved [12-14F0 g). The rod specimens were machined and cut off
Furthermore, some studies have advocated metal doplirectly from round AISI 1045 steel, AA 6061-T651,
ing of the DLC layer to reduce the internal stress ofAA7075-T651 aluminum alloy, and bronze rods. Their
DLC coating [15-17]. surfaces were then mechanically polished to a rough-
A potential coating for a film should be multicompo- ness of Ra- 0.32 um. The WC bulk disk was a pow-
nent and multilayer because they perform better thaer metallurgy sintered part containing 6 wt% Co. The
single layer coatings and they also contain attractiveaverage size of WC particle was aroun& @m. The
properties of different materials as shown in variousfully mixed powder of WC and Co were compressed to
single protective layers. a density of 14.73 gcn, followed by a pre-sinter at
This study investigates the wear and friction behaviot600-1000C for 30 min., and then sintered in a vacuum
of the graded intermediate layer of TiC/TICN/TiN/Ti for 2—3 hour at 1450-150C [18]. All the specimens
combined with various Ti concentration of Ti-C:H were fabricated to a shape suitable for the SRV holder.
coatings in contact with AISI 1045 steel, AA7075 alu- After all, these specimens were ultrasonically cleaned
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in acetone, and were kept in an electric-dryer to prevenpoisoned target surface to produce g,FC : H layer.

the surface from pollution again. OEM control allows the deposition of films with the
required metal composition formed by monitoring the
ratio, x%, of target “poisoning” in the relative intensity

2.2. Coatings deposition of the selected titanium emission line reference to

Coatings were deposited on tungsten carbide (WC) bulhe intensity from a non-poised target. The final
disks based on a technique using an unbalanced ma§@mposition of the Tk,-C: H coating will depend on
netron (UBM) sputtering (UDP- 450, Teer Coatings, !€ degree of this target poisoning by the hyo.lr.ocarbon_
UK) process and a closed-loop optical emission montable I displays the parameters of deposition. The
itoring (OEM) control system. Sputtering was per- €oating films consist of Ti,-C:H with x=10%,
formed in an Ar atmosphere and ind GH, wereused  20%, and 30% target “poisoning” levels with various
as reaction gases. For instance, the process of coatiffjn thickness. A intermediate layer TiC/TICN/TiN/Ti
Ti-C : H/ITIC/TICN/TiN/Ti/substrate deposition is as With 2.6um thickness was deposited on the WC
following: substrat_e under the ;E,L-C_):H topcoats (case_s 1-9).

First a layer of Ti of about 0.km thick is deposited !N addition, a gradual TaosC : H/Tiz0sC : H/ Tizoos-
on each of the specimens. After deposition of the TiC : H/Ti/substrate (case 10), an intermediate layer
layer, nitrogen is introduced to produce a layer of TiN. TIC/TICN/TiN/Ti/substrate (case 12), and a gradual
Then, GH, is introduced gradually to produce a TICN fopcoat of Tige-C : H/Tizg-C : HTizge-C :H with
layer. After then, gradually turn off provision of the ni- intermediate layer TiC/TICN/TIN/Ti (case 11) were
trogen and increase the flow 0§18, at the same time to deposited on the WC substrate as shown in Table 1.
produce a TiC layer. Finally, the 8, flow is further
increased gradually to cause more poisoning of the
Ti target. An optical emission spectrometer is used2.3. Test apparatus
to measure the intensity of Ti emission from one of The microhardness and elastic deformation energy of
the targets. The £, flow is then admitted through a the coating flms were measured by a nanoindenta-
piezoelectric valve until the intensity of the emissiontion tester (Fischer Fischeroscopy H100B, Germany).
line has dropped to a pre-selected value. The spedderein, the force at initial contact was 0.4 mN, time be-
trometer and the piezoelectric valve are then switchedween two load steps was 1 sec., total time for loading
into a closed -loop system to stabilize partial pressuravas 39 sec., and the force at final contact was 100 mN.
of the reactive gas at this level. As a result, the Ti metaln this work, for each case, 5 to 10 indents were per-
and hydrocarbon is sputtered simultaneously from théormed.

A diamond stylus of diameter 300m was driven
across the coatings to determine the coating-to-
substrate adhesion at a continuously increased loading
rate d 1 N s~X. The nominal maximum load was 70 N.
Each case was subjected to five scratch tests to deter-

TABLE | The depositions parameters for thgdkiC : H coatings

Parameters T4-C : H coatings

mine critical loads for coating adhesion valuation.

Reaction gases N& CoHz .

Chamber pressure (Pa) 1 Wear tests were also performed using a SRV tester

Bias voltage (V) —-50 (Optimol, Germany). The configuration of the SRV test

Zifgetbcwtfe”t QY wreq) 1‘;0 machine consisted of a fixed lower specimen supporter
amber temperatur .

Deposition ratem/hn) 5 and a replaceable upper specimen holder. The upper

specimen was a rod, while the lower specimen was a

TABLE Il Film thickness, hardness, elastic recovery energy, and elements composition of various coatings

TIC/TICN/ Elastic

Ti tgrgeF Ti-C; *H TiN/Ti deformation Elements composition (at %)
Case poisoning thickness thickness Hardness energy
No. (%) (um) (1em) (Kg/mn?) (%) Ti C N (o]
1 10 15 25 1390 75.2 35 90.2 2.8 35
2 10 25 25 931 78.4 35 90.2 2.8 35
3 10 35 25 801 81.3 35 90.2 2.8 35
4 20 15 25 1579 72.0 7.7 82.6 3.2 6.5
5 20 25 25 1399 72.2 7.7 82.6 3.2 6.5
6 20 35 25 1244 77.0 7.7 82.6 3.2 6.5
7 30 15 25 2946 58.9 34.4 58.9 4.1 2.6
8 30 25 25 2743 53.4 34.4 58.9 4.1 2.6
9 30 35 25 2486 55.7 34.4 58.9 4.1 2.6
10 graded 5.0 0 980 78.7 35 90.2 2.8 35

30— 20— 10
11 graded 25 25 1468 78.5 35 90.2 2.8 35

30— 20— 10
i 0 5.0 2983 548  ----- e e e
we  ----- mmeee e 1740  meeee mmmee eeeee aeees




constant 1mm stroke, 100 N normal load, a 24-min.
Applicd load test duration (144 m sliding distance), and a 50 Hz fre-
l quency were employed. The maximum depth of the
T wear scars on the Iow_er test contacted disk was mea-
Oscillating holder sured by a surface profilometer (Kosake SE30H, Japan)
' - with a precision of+0.005um at a magnification
of x10°. All tests were performed twice, and three dif-
ferent measurements were taken from each pass of the
tests. Then, each of the six measurements from the same
test was averaged and shown as the measured results in
this work.

Lower specimen

Drriving mador Force transducer | holder

Bl Upper specimen: rod  {diameter: 15 mm
length: 22 mmi)
Lower specimen:  disk (diameter: 24 mm

% S 2.4. Observation equipment

The worn surface, fracture mechanism, constitution and

Figure 1 SRV wear test machine. metallographic structure of the coating layer were ob-
served by a scanning electron microscope (SEM), X-ray
mapping (wavelength dispersive spectrometer (WDS)

diskinthistest. Fig. 1 displays the dimensions of the tes&ind energy dispersive spectrometer (EDS)) and Raman

specimens and a schematic diagram of the experimeinstrument, respectively.

set up.

The arrangement of a rod mated with a disk formed

a rod-on-disk line contact wear mode. The tests wer@. Results

performed at room temperature, atmospheric pressur8,1. Raman spectra

and under unlubricated conditions. The relative humid-The Raman spectra of ,5;-C : H film has two broad

ity of the laboratory was about 45-55%. In addition, apeaks near 1385 cm and 1579 cm?. It is reported

Figure 2 The typical cross section fractures okekiC : H/TiC/TICN/TiN/Ti coatings with differntx% level, (a)x = 10%, (b)x = 20%, (c)x = 30%,
and of (d) graded Ti-C : H coating fromx = 30% tox = 10% (from substrate to top surface), respectively.
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that graphite-like carbon shows Raman peaks nea &%
1360 cnt! and 1600 cm!, whereas no significant

narmal inad

hiction foree

peak is found near 1550 crhwhich is said to appear 1 T ikt
in amorphous-like carbon [19, 20]. Therefor, based on
these results, the Fi-C : H films are estimated to be
mainly composed of amorphous-like carbon. : CE

B0.0 —

newtons
=
1]
=

Iric. coedl

3.2. Coating microstructure

Fig. 2a—d depict the typical scanning electron photomi-
crographs of fracture sections of,3}C : H coatings, T
produced at different levels of Ti target “poisoning”. = L |
In these figures, microstructure of,d4-C : H coatings
changed when varying the% values. Fig. 2a and b il W
illustrate the typical microstructures of coatings with g <= TV a0
x=10% andx =20% of poisoning level, represent- a0 gz B4 a6 a8 10
ing two parts, respectively. One part is an intermediate
layer (TiC/TICN/TiN/Ti) possessing a well-developed
columnar structure Wlth,free growth of columns from and friction coefficient vs. scratch track distance &bd¢200-109%-C : H

the substrate. Meanwhile, the other part,oFC:H  coating (case 10).

coating appears quite dense in which the amorphous

structure expands from intermediate layer to the coat-

ing surface. If the coating hags=30% level, the 3.3. Hardness and adhesion strength
microstructure of TigeC : H coating changed into a Table Il reveals that the microhardness and the elastic
columnar structure, expanding from the intermediatedeformation energy of the coating films are in opposi-
layer to the coating surface (Fig. 2c). Fig. 2d displayedion to each other. That is, the microhardness increases
the graded T,-C : H films which poisoning level grad- and the elastic deformation decreases with an increase
ually from 30% to 10%. Table Il lists the composition in the Ti-metal concentration (increasirgp level). In-

of the Tike,-C : H coatings with varying ratios of tar- deed, the microhardness of the films significantly in-
get “poisoning” as analyzed by WDS. The=10%  creases when the 4b-C : H coatings are at = 30%
andx = 20% poisoning levels indicate that the coatingslevel. Such an increase is attributed to the structural al-
contain approximately 90% and 82% of carbon atomicteration (described in Section 3.1) and the formation of
respectively. However, at=30% poisoning level, the larger amounts of hard titanium carbide clusters in the
percentage of carbon atomic markedly decreases t80ft Tixe,-C : H matrix [21].

59% while the percentage of titanium atomic signif- The adhesion strength strongly correlates with the
icantly increases to 34%. Obviously, the,J#C:H  coating composition and Ti concentration according to
coatings with differentx% level values may lead to the scratch test results (see Table Ill). The friction co-
a difference in film mechanical properties, and tribo-efficients were recorded continuously during the tests.
logical behavior. The following sections more closely The scratch results indicate that there are three types of
examine these phenomena. adhesion strength at different coating films.

M Ll o1

scratch track distance,cm

Figure 3 Typical scratch testing showed normal load, frictional force,

TABLE 111 The friction coefficient (F¢) before the coating spallation, friction coefficieRt) after coating spallation failure, and critical load (Lc)
of scratch test. The wear deptb) and the friction coefficientR) of the coating disks sliding against the 1045 sté&®i,(Fs), the bronze Dy, Fp),
the aluminum alloy 7075057, Fa7), and the aluminum alloy 606 DG, Fa6) of SRV test. Wear on disk is measured in depth

Scratch test SRV test

Friction coefficient Critical Wear depthufm) Friction coefficient
Case - load (N)
No. Fc = Lc Ds Dp Da7 Das Fs Fp Faz Fas
1 0.07 >70 1.9 1.8 4.2 2.6 0.32 0.35 0.51 0.67
2 0.07 >70 1.5 1.5 5.1 3.0 0.34 0.31 0.49 0.66
3 0.06 >70 2.5 2.4 5.0 6.0 0.35 0.33 0.47 0.59
4 0.06 >70 2.2 2.2 4.1 3.0 0.30 0.32 0.50 0.63
5 0.07 >70 2.2 2.3 4.5 4.0 0.28 0.33 0.51 0.60
6 0.06 - >70 2.9 2.7 4.9 6.0 0.28 0.29 0.53 0.58
7 0.21 0.22 62 5.3 2.7 3.3 35 1.44 0.70 0.53 0.67
8 0.18 0.21 61 5.4 3.0 4.0 4.8 1.26 0.67 0.58 0.71
9 0.19 0.27 56 6.1 3.6 4.5 6.1 1.06 0.64 0.59 0.71
10 0.06 0.09 23 1.8 2.6 55 55 0.27 0.30 0.50 0.64
11 0.06 ---- >70 2.8 1.9 6.0 6.1 0.32 0.32 0.48 0.64
12 0.17 0.24 21 4.1 3.4 6.0 5.8 0.71 0.65 0.52 0.70
WC 3.2 2.7 0.0 0.0 0.95 1.04 0.72 0.61
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The first type of typical failure pertained to the coefficient that forms a lower shear stress between the
TIiC/TICN/TIN/Ti (case 12) and the Jdwr200-100  CONtact surfaces. Therefore, the shear stress cannot in-
—C : Hcoatings (case 10). The coatings exhibited a higlluce coating failure during the wear test. On the other
mean value of 0.17 (case 12) friction coefficients and &hand, the maximum wear depth and high friction co-
low mean value of 0.06 (case 10) friction coefficientsefficients of 0.71-1.44 against 1045 steel and of 0.64—
before the coatings’ spallation. Both their mean val-0.69 against bronze for the ¥j-C: H coatings with
ues of friction coefficients increased (see Table Ill) af-x = 30% level (cases 7-9) and TiC/TiCN/TiN/Ti coat-
ter the coatings spallation. Fig. 3 illustrates the typicaling (case 12) against 1045 steel rods and bronze rods.
curves (case 10) of the normal load, frictional force,and The coatings with Ti,-C:H with x=10% and
friction coefficient vs. scratch track distance. The fric-x =20% have good wear resistance and low fric-
tion coefficient and fluctuation increased as the coatingion coefficient in contact with 1045 steel and bronze
spalled. The critical load (Lc) of the coating films is rods as compared with the WC substrate. Conversely,
defined as the load applied when the substrate startedtie Tioo-C:H coatings (cases 7-9) and the TiC/
to be revealed in the scratch track. Case 10 and casBCN/TiN/Ti coating (case 12) have poor wear resis-
12 have relatively low critical loads of Le 23 N and tance and high friction coefficients even though these
Lc=21 N as listed in Table Ill. Deposited coatings coatings are harder than the others.
generate a large internal stress at lower temperatures, Table Ill demonstrates that the coating thickness in-
whichincreases as the coating thickness expands, yieldluences the wear resistance as all of thg,IC: H
ing a poor adhesion to the coatings. The second type afoatings with 15um thickness were worn out after
typical failure occurred when the 3bi-C : H coatings  their tests. In addition, all of the the#i-C : H coat-
combined with the intermediate TiC/TiCN/TiN/Ticoat- ings with 3.5um thickness have a deeper wear depth on
ing (cases 7-9). These coatings displayed high meathe coated disks. However, the films with 2.6 thick-
friction coefficients of 0.18-0.21 (see Table Il) but the ness andk = 10% level (case 2) exhibit the optimum
adhesion strength improved corresponding to the highvear resistance.
critical load 62 N, 61 N, and 56 N of each case. The
Tixe,—C : H/TIC/TICN/TIN/Ti coatings withx =10%
andx =20% levels (cases 1-6 and 11) did not revealsliding direction
any crack, flaking, or tearing on scratch channel anC e
ridges of the coatings. Allthe measured scratch depth of
the coatings were aboudlum—16 ymandallhadlow |
mean friction coefficients that were about 0.06-0.07
(see Table IIl) throughout the scratch tests. This phe
nomenon is attributed to (1) the multilayer design of the §
Tixe-C : HITIC/TICN/TiIN/Ti coatings which decreased
the internal stress; (2) the better energy absorption o
the top coating Tk,-C : H due to greater elastic defor-
mation and low friction force between the contact sur-
face. Hence, crack, flaking, or tearing of the coatings is
avoided.

The coating Tjy,—C : Hwithoutan intermediate layer
(casel0) and the coating TiC/TiCN/TiN/Ti without top @)
layer of Tik,-C:H (case 12) display the worst adhe-
sion strength. The coatings (cases 7_9) with h|gh Ti- | kVv:20.0  Tiit:0.0 Take-off:33.4 Dat Type:SUTWRes:134  Tc:40
concentration also have higher friction coefficients that |F8:803 Lsec:9
caused lower adhesion strength. The optimum coating| ¢
composition is an intermediate layer and top layer of
Tixe-C : H with X = 10% andx = 20% levels.

Ti

3.4. Characterization of wear and friction
3.4.1. Coatings against 1045 steel

and bronze
Friction coefficients were also continuously recorded
during the SRV tests and the wear results and mean val;
ues of friction coefficients are classified in Table Ill. The

Tixe-C : H coatings withx = 10% andx = 20% levels T
(cases 1-6) and Jgor200-109-C : H (cases 10 and 11)
have a lower wear depth on the coating and low fric- -

tion coefficients of about 0.27—0.35 against a 1045 stee|— % 2% 300 480 500 600 700 880 900 100§
rod and about 0.29-0.35 against a bronze rod. Case 10 (b)

shows that good wear resistance does not correspo_nd ;%ure 4 (2) Typical wear surface of Ji,-C : H coating withx = 10%
poor adhesion S_trength- but can be attributed to a !'neﬁrx = 20%, sliding against AIS| 1045 steel rod, (b) corresponding EDS
contact mode with a low normal load and a low friction analysis of (a).
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3.4.2. Coatings in contact with 7075 Al
and 6061 Al

The 7075Al/coating and 6061Al/coating sliding wear
pairs displayed similar wear mechanisms independent
of their hardness. All of the coatings have high friction
coefficients (Table IIl) with large fluctuation (a range
about 0.4-0.8 for each wear pair) against 7075 Al and
6061 Al rods. Furthermore, all the coatings have severe
wear (Table I1I) sliding against the 7075 and the 6061

Figure 5 Typical wear surface of %i,-C: H coating withx =10% or
X = 20%, sliding against bronze rod.

sliding direction
-+

Figure 6 Typical SEM photomicrograph of wear scar on (a) AlSI 1045
steel rod, (b) bronze rod, sliding agains{s}iC : H coating withx = 10
orx =20 level.
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Figure 7 (a) Typical SEM photomicrograph of wear scar on AISI 1045
steel rod, and (b) EDS analysis of (a), sliding againgtefiC: H or
Tiz00-C : H coatings after wear testing for 30 seconds.

aluminum alloy. The severe wear and the high friction
coefficient because the adhesion behavior took place
on the contact surfaces between the coating film and
the Al rod under dry conditions. It may be due to the
aluminum alloy with low melting point, easily softened
in contact surface and adhered to coated disk which
formed a large and lapped transfer layer that induced
severe wear between thgkiC : H and the 7075Al or
6061 Al contact surfaces. Conversely, the WC substrate
has excellent wear resistance against aluminum alloy
(zero wear on WC substrate).

4. Wear mechanism
4.1, Tiye,-C:H/1045 steel and Tiye,-C: H/
bronze wear pairs
The tribological behavior of coatings can be classified
into two groups.
Group 1: Tixe-C:H coatings withx =10% and
X =20% levels (cases 1-6, 10, and 11) in which the
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Figure 8 (a) Typical SEM photomicrograph of wear scar on AlSI 1045
steel rod, and (b) EDS analysis of (a), sliding againgtefiC : H or
Ti200-C : H coatings after wear testing for 5 min.

Figure 9 (a) Typical SEM photomicrograph of wear scar on AISI 1045
steel rod, and (b) EDS analysis of (a), sliding againgtoiC: H or
Ti200-C : H coatings after wear testing for 10 min.

traces of friction coefficients are smooth and low inthe 1045 steel rod and the bronze rod. Fig. 6a and b
value. In addition, no wear debris and wear particledisplay the typical wear scars of the 1045 steel rod and
were observed in and out on the wear scar of the coatetthe bronze rod (sliding against case 11), respectively.
disk. Fig. 4a and b illustrate the typical tribological be- In addition, original machining marks of the 1045 steel
havior (case 10, sliding against 1045 steel): the wearod or the bronze rod can be clearly observed below
surface only had light rubbing traces and pits withoutthe transfer layer. Friction behavior between the coated
any wear debris. Fig. 4b presents the EDS analysis codisk and this protective film on the 1045 steel rod
responding to wear scar of Fig. 4a, which indicates thabr the bronze rod accounts for the positive effect on
no Fe element transfer occurred from the counterbodyhe tribological behavior because of a protective trans-
1045 steel rod. The similar wear and friction behaviorfer layer formed on the 1045 steel rod or the bronze
occurred against the bronze rod that has a low coeffirod.

cient of friction (see Table lll). The typical wear surface A different testing time analyzed the triboligical be-
as shown in Fig. 5 (case 10, sliding against bronze rodhpavior between the contact surfaces of these wear pairs
displays only some mild rubbing traces but no wear deto discover why the coatings and the counterbodies
bris on the wear scar of the coated disk. There was low1045 steel rod and bronze rod) wore so mildly dur-
wear depth on the coating film (see Table IlI) while ing the wear tests. Fig. 7a displays the typical wear
the EDS analysis of Fig. 5 verified that no elementscar of the 1045 steel (sliding against case 11) after
adhesion to the coating film from the bronze rod wastesting 30 seconds. Some local contact surfaces of the
found. On the other hand, a transfer layer formed orl045 steel rod had been plastic deformed which showed
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sliding direction
B

(b) (b)

Figure 10 (a) Typical SEM photomicrograph of wear scar on thgydt Figure 11 (a) Typical SEM photomicrograph of wear scar on AlSI
C: Hcoatings, and (b) WDS Fe map of (a), sliding against AISI 1045 steell045 steel rod, and (b) WDS Ti map of (a), sliding againggefiC : H
after testing for 50 seconds. coatings after wear testing for 50 seconds.

a smoother contact surface than the origin-machining Group 2: The friction coefficient against the 1045
surface. No element transfer occurred from coated diskteel or the bronze shows a high value (as shown in
to the wear scar on the 1045 steel rod as verified by EDSable 11I) whenx =30% in Tix,-C : H coatings (case
analysis of wear region of Fig. 7a as shown in Fig. 7b.7—9) or TiC/TiCN/TiN/Ti coating (case 12). This sug-
The wear scar of 1045 steel rod formed a transferredyests that adhesive wear occurs under dry conditions.
layer as shown in Fig 8a after 5 minutes of testing. TheThe wear test of short testing times was also performed
EDS analysis of Fig. 8a verifies that the transferredo confirm that adhesion took place between the con-
layer is a rich-carbon transferred layer composed of dact surfaces of these wear pairs. The maximum worn
high amount of carbon as illustrated in Fig. 8b. Thedepth on a coated disk was only dm (case 8, not
transferred layer regions were enlarged as displayed iworn out Tioe-C : H coating with 2.5:m) and the wear
Fig. 9a after 10 minutes of testing. The EDS analysis okcar has ferric element adhesion from the counterbody
the transferred layer regions displayed that the amourt045 steel rod, as verified by SEM photomicrographs
of carbon content decreased as the amount of Titaniurand WDS Fe element mapping in Fig.10a and b, for
and Oxygen increased as shown in Fig. 9b (comparethe typical wear pair of BeC : H/1045 steel after
with Fig. 8b). Finally, at the end of this experiment af- 50 seconds of testing. Fig. 11a shows SEM photomi-
ter 24 min the EDS analysis of Fig. 6a displayed thatcrograph of 1045 steel rod worn scar, and Fig. 11b
the transferred layer consists of 20.5% (atomic) carbonshows the corresponding WDS Ti element mapping
42% oxygen, 27.3% Ti, and 10.2% Fe. Therefore, itsof Fig. 11a which reveals that the Ti element of the
carbon content became stable at about 20% (atom) ifizge-C : H coating film transferred to the 1045 steel
the transferred layer. Obviously, a carbon-rich layer wasod worn scar. A typical wear scar of the coating (case
formed on the counterbody 1045 steel rod which sup42: TiC/TiCN/TiN/Ti) sliding against the 1045 steel af-
plied a solid lubricant effected avoid the contact sur-ter testing 24 min. displayed in Fig. 12a displays a black
faces from a severe adhesion damage. The similar trcompacted layer and some bright wear particles on the
bological behavior occurred to the coating/ bronze rodscar. The EDS analysis in Fig. 12b reveals that these
wear pairs compacted layers and particles are a mixture of oxides
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o K 24.29 48.44 0©0.0851 1.110&8 0D.2409 1.001%
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(b)

Figure 12 (a) Typical SEM photomicrograph of wear scar on TiC/ |
TiCN/TiN/Ti coating, and (b) EDS analysis of (a), sliding against AlSI
1045 steel rod after testing for 24 min.

sliding directio
«

Figure 14 Typical SEM photomicrograph of Al transferred layer was
formed on coating (case 3) for coating sliding against aluminum alloy
(AA7075) after testing for (a) 3 seconds, for (b) 15 seconds, and for
(c) 1 min.

from the two counterparts. The above analysis reveals
thatthe 1045 steel/3jy-C : H coating or the 1045 steel/
TIC/TICN/TIN/Ti sliding pairs were damaged due to
strong adhesive and tribo-oxidative wear. This dam-
age is attributed to the fact that a low carbon content
cannot supply an adequate amount of solid lubricant

Acc X Spel M . s B8 K . .
_,qu?:".l' ooty A for the wear pairs. Similar wear and friction occurred

for coatings (cases 7-9, and 12) against the bronze.

Figure 13 Typical SEM photomicrograph of wear scar on Tic/Ticn/ Fig. 13a di_splays th_e typical wear scar of Coating_
TiN/Ti coating, sliding against bronze rod after testing for 24 min. (case 12) sliding against the bronze. The EDS analysis
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sists of 34.39% (atomic) oxygen, 54.58% Al, 8.6% C
and 2.43% Ti. Therefore, the Al transferred layer on
the coating did not provide the protective effect for the
coated disk, and severe damage on coating surface was
thus produced by the adhesion process.

The wear mechanism for the 7075Al/coating or the
6061/coating sliding wear pairs can be summarized as
follows: a transferred layer formed on the coating. The
thickness of the transferred material over the coating
increased during the wear process. The tribochemical
reaction occurred on the contact surfaces and a mixed
process of adhesion wear and oxidation wear occurred.
Reciprocating sliding along with a high and large range
fluctuation of the friction force through the wear test
caused delamination and spallation of the transferred
layer together with a catastrophic fracture in the
coating.

5. Conclusion
Tixe-C : H coatings with different contents of Titanium
metal, coating thickness, and composition significantly
differinterms of tribological properties and wear mech-
anisms. The following conclusions are based on the re-
sults in this study:
1. The composition of Ti,-C : H/TIC/TICN/TiN/Ti
with x = 10% andk = 20% level are the optimum coat-
ing designs for improvement of adhesion strength.
2. The optimum coating for wear resistance and fric-
tion against a 1045 steel or a bronze rod igoiC : H
() coating with 2.5um thickness. The Ti,-C : H coatings
with x = 10% andx = 20% have good tribology prop-
Figure 15 (a) Typical worn surface of coating (case 3), and (b) magnified erties and also display very little counterbody wear. In
of (a)-, for coating sliding against aluminum alloy (AA 7075) after testing contrast, even though it is harder, the(o[-iC ‘H coat-
24 min. ings atx =30% or TiC/TiCN/TiN/Ti coating show a
_ , , _ high friction coefficient and poor wear resistance.
of Fig. 1_3a reveals it consists of 8.4% (at(_)mlc) carbon, 3 Although the 6061 Al rod is not as hard as the 7075
4.4% nitrogen, 25.8% oxygen, 18.7% Ti, and 42.7%| rod, severe adhesion damage occurs for all the wear
Cu. pairs of the 6061 Al or the 7075Al rod sliding against
the coated disk. This damage results in delamination
. and spallation of the transfered layer together with a
4.2. Tix,-C:H/7075 Al and Tixe,-C: H/6061 Al catastrophic fracture in the coating.
~wear pairs _ 4. Ti1peC : H or Tixges-C : H coatings with good tri-
Fig. 14a, b, and c display the SEM photomicrographs ofyo|ogy characteristics can be employed as a coating pair

the transfer layer that formed on the coated disk (case 3jith a carbon steel or copper alloy under dry conditions.
from the counterbody 7075 Al after 3 seconds, 15 seCHgwever, it is less suitable to rub with aluminum alloy

onds, and 1 min. of testing, respectively. The transfegnger dry conditions.
layer formed on the Ti,-C : H coating when wear tests

were initially performed as shown in Fig. 14a. Then, the

transferred layer was enlarged and covered the-Ti  Acknowledgment

C: H coating as shown in Fig. 14b. Fig. 14c illustratedThe authors would like to thank the National Science
that some wear debris formed, delaminated, and spalledouncil of the Republic of China for financially sup-

from the transferred layer, while Fig. 15a indicates thaborting this research under Contract No. NSC 87-2212-
the worn surface of the coated disk (case 3oHiC :H  E006-046 and Cho Chang Tsung Foundation of Edu-
coating with 3.5.m thickness) after 24 min. test. The catjon for their financial support. Grateful thanks are

Al-transfer layer (black regions) that covered the WOrNgpecially dedicated to Mr. C. T. Wu for deposition.
coating and some local regions of transferred layer was
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W(C substrate (bright regions, as indicated by an arrow
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