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This work employs the PVD process to deposit coatings of single layer TiN, binary layer TiN/TiCN, mul-
tilayer TIN\TI\TiN, and sequenced TiN\TICN\TiN multilayer coatings with variable individual TiN-layer
and TiCN-layer thicknesses on tungsten carbide disks and inserts.

Also investigated are the fracture mechanisms and the influence of sequence and thickness of these coat-
ings on cylinder-on-disk, line-contact wear mode and ball-on-disk, point-contact wear mode through
SRV reciprocating wear tests. Actual milling tests identify wear performance.

Experimental results indicate that the coating with a total thickness of Jum and layer sequence
TiN/TICN/TiN exhibits good wear resistance on SRV wear test and milling test. The thickest multilayer
TiN/Ti/TiN coating, although having the highest hardness, has the worst wear resistance for all tests. No-
tably zero-wear performance was observed for all coating disks under cutting fluid lubricated condition
due to the transferred layers formed between the contact interface.

Keywords milling test, multilayer coatings, reciprocating weat ode arc deposition, indicating that the tool life was increased

zero-wear during dry force milling.
The researches of multilayer coatings in Ref 9 to 13 reveal
1. Introduction not only their superior performance over comparable single-

layer coatings, but also the attractive properties of different ma-
terials which they contain in a single protective layer. In fact,
some multicomponent and multilayer coatings have already
?)een found to be commercially usable, such as TiN/TiC/TiN
(Ref 14) produced by the “high temperature” chemical vapor
deposition (CVD) method. According to Leyland et al. (Ref

Ceramic coatings are used extensively not only to fulfill the
requirement of enhanced wear resistance for many application
of surface engineering, but also to enhance the service life o
working tools and machine parts. For example, TiN is an exten-

sively used coating in industrial applications (Ref 1, 2). Having ; ! ) ! .
become the standard use for cutting tools, forming tools, andls)' first generation coatings, such as TiN, are already widely

machine parts for many years, this coating serves as a protec?S€d: whereas second generation coatings, such as TiCN and

tive layer for tools due to its wear and corrosion resistance. Bull 1'/N» @re highly promising for certain “niche” wear applica-
and Jones (Ref 3) studied multilayer coatings in the TiN sys- tloNns-
tem, demonstrating the excellent performance of composition- ~ Leyland et al. also envisaged a potential growth market for
ally and structurally modulated coatings in the system over thethird generation coatings, thatis, the multicomponent and mul-
conventional single-layer titanium nitride coating in tribologi- tilayer systems.
cal applications. In light of above developments, this work uses the physical
TiCN is renowned for its better oxidation resistance and hot vapor deposition (PVD) method to produce TiN, TiN/TiCN,
hardness than TiC (Ref 4-6). O. Knotek et al. (Ref 7) indicated TiN/Ti/TiN, and a series of TiN/TICN/TiN multilayer coatings
that the merits of TICN-coated carbide insert over other coat-with different coating sequences and thicknesses (Table 2).
ings such as TiN-coated inserts include its superior friction be- Also investigated herein is a series of tribological perfor-
havior in contact with steel and the high thermal transmission mances and fracture mechanisms of coatings on wear test and
coefficient of the coating. D’Errico and Chiara ( Ref 8) investi- actual milling cutting. The extent to which coating sequences
gated the binary layer TiN/TiCN on ceramic inserts by a cath- and thickness of TiN/TiICN/TiN multilayer coating influence
wear character is examined. In addition, wear tests are per-
Y.L.SuandW.H. Kao, Department of Mechanical Engineering, Na- formed under both dry and lubricated conditions; end milling
tional Cheng Kung University, Tainan, Taiwan. tests are carried out under dry cutting condition as well. The

Table 1 Nominal chemical compositions of the specimens

Composition, wt%

Specimens Fe C Si Mn P S Ni Cu Cr
1045 bal 0.46 0.24 0.75 0.02 0.01 0.06 0.05 0.21
52100 bal 1.03 0.22 0.31 0.01 0.01 0.07 0.06 1.39
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most appropriate multilayer coating for wear resistance is de-um, ultrasonically cleaned in acetone, and maintained in an

termined after the tests. electric dryer to prevent its surface from becoming polluted
again.
. . TheR, value of uncoated WC insert was ~Oi6; the sur-
2. Experimental Details face of the insert was not polished prior to deposition to avoid
changing the tool geometry.
2.1 Specimen Preparation and Coating Deposition The construction and sequence for multilayer coatings from

substrate to top are TiN/TICN/TiN, TiN/TICN/TiN/TiCN/TiN,

Coating layers were deposited on tungsten carbide (WC) i i rin iiN, TIN/TICN. and TiN as shown in Table 2

bulk disks and WC inserts using the HC 1000, multi-arc PVD " . ; .
(MAPVD) system (Hauzer Techno Coatings, Venlo, Holland). which were all erosned on substr_ates of WC b_ulk disk and in-
The materials of upper specimens for SRV test were AISI sert_s. Next, an interface layer of Ti aboutpmthlck was de-
1045 (cylinder) and AISI 52100 (ball) steels, whereas the mate-POSited between the substrate and the TiN layer to enhance the
rial of the lower specimen was WC bulk disk. Table 1 lists the @dhesionin this work (Ref 17, 18). Table 3 displays the process
chemical compositions of 1045 and 52100 steels. A WC bulk @nd parameters of deposition. Case 1 in Table 2 is a graded
disk is a powder metallurgy sintered part containing 6 wt% Co. Process coating. Partial pressure of @fadually increased
The average size of the WC particle was ~ns The fully from O to 4x 10-3mbar, and partial pressure of Yradually
mixed powders of WC and Co were compressed to a density ofdecreased from % 102 to 6x 10-3 mbar. The chamber total
14.73 cm3, followed by presintering at 600 to 1000 °C for 30 press was ¥ 10-2mbar.
min; the powders were then sintered in a vacuum for two to  The cylinder specimens were directly cut off from a milled
three hours at 1450 to 1500 °C (Ref 16). Then, the WC speci-round AISI 1045 steel and mechanically polished to a rough-
men was mechanically polished to a roughnes®,&40.008  nessoR,= 0.32. The 52100 steel balls were commercial prod-
ucts, conventionally used in ball bearings. All the specimens
were fabricated to a shape deemed appropriate for the SRV holder.

2.2 Hardness Tests

- i The hardness of the coating specimens was measured using
a Vickers microhardness tester (Matsuzawa MXF70) under a
load of 100 gf and 50 gf. Notably, the measured hardness is a
- mixture of the top layer, the medi-layers, and the substrate.

Table 2 Constructions and deposition sequences for
multilayer coating

Case No. Coating layers and sequences Thickness

1 3pumTiN + 2um TiCN + 2um TiN (graded) 7.0

2 3pumTiN + 1pm TiCN + 3um TiN 7.0

3 3pumTiN + 2um TiCN + 2um TiN 7.0

4 2pmTiN + 0.5um TiCN + 2um TiN 7.0

. . + 0.5um TiCN + 2um TiN
Fig.1 SRV wear test machine 5 2um TiN + 0.1um Ti + 2um TiN + 0.1um Ti 7.2

+ um TiN

6 2umTiN + 0.2um Ti + 2um TiN + 0.1um Ti 9.3
+ umTiN + 0.1um Ti + 3um TiN

7 3.5um TiN + 3.5um TiICN 7.0

8 7umTiN 7.0

9 Uncoated

Grater wear Table 3 Depositions parameters for the multilayer coatings

Parameters Single and multilayer of TIN - TiN/TICN
Partial pressure of Giimbar 4x10°3
Partial pressure of Nmbar 1x 1072 6x103
boundary wear Chamber pressure, mbar x1102 1x1072
f lank wear Bias voltage, V 120 120
Arc current, A 80 80
Chamber temperature, °C 400 400
Evaporation temperature, °C 400 400
Evaporation ratgym/h 4 4

Fig. 2 Wear profile of milling tool
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2.3 Wear Test angle, 5° axial rake angle, 11° clearance angle, 74° corner an-

Wi f d usi ilation. fricti CIgle, and 0.8 mm noise radius.
ear tests were periormed using an ascillation, friction, an In this experiment, a single-tooth laboratory cutting was

wear (SRV) reciprocating sliding machine (Optimal, Ger- 5o for the milling tests. The workpiece material was AlSI

many), as depicted in Fig. 1. The configuration of the SRV test 1 445 steel cubic with a dimension of 90 B0 mmx 90 mm

machine consists of a fixed lower specimen supporter and a r'®and a bulk hardness of ~HB182. The cutting parameters were

placeable upper specimen holo_ler. The upper specimen can be §.1 mm/tooth feed rate, 120 m/min cutting speed, 1.5 mm depth
ball or a cylinder block, depending on the holder type, while the ¢ cut, and 90° engaged angle. The total volume of steel being

lower specimen is a disk. Figure 1 displays the dimensions ofCut out was 14.58 10° mme. No cutting fluid was added
the test specimens and a schematic diagram of the experimentellmoughout the e.xperiment '

setup. Figure 2 llustrates the wear form of end mill cutters on mill-

_ The arrangement of a ball and a cylinder block mated with @4 test. The flank wear on the cutter was measured after each
disk formed a ball-on-disk point contact wear mode and a cyl- pass. Two cuttings were tested for each pass.
inder-on-disk line contact wear mode, respectively. The tests” precisely measure the width of the flank wear, a special

were performed at room temperature and atmospheric presgyre was manufactured to maintain the flank face horizontal.
sure. The relative humidity of the laboratory was about 45 to

55%. In addition, a constant 1 mm stroke, 100 N normal load, a
24 min test duration (144 m slide distance), and a 50 Hz fre-
quency were employed. Ascanning electron microscope (SEM) was used to observe
The lubricants used in this study included HD-150 (Chinese the worn surface of the multilayer coatings. Wavelength disper-
Petroleum Co.) and water-based cutting fluid (CF). HD-150 Sive spectrometry (WDS) and energy dispersive spectrometry
possesses a kinematic viscosity of 138.9 ¢St at 40 °C and 14.4EDS) were also used to determine the fracture mechanism.
cStat 100 °C, which contains sulfur and chlorine to form a sus-
tainability of high pressure. The water-based cutting fluid con- i ]
a1

2.5 Wear Surface Observation

tains neither sulfur nor chlorine; it has a specific gravity of
1.018 at 15 °C. The pH value of the 1 to 20 solution (diluted
with water for application) ranges from 8.9 to ~9.2.

The maximum depth of wear scars on a lower test contactec
disk was taken using a surface profilometer (Kosake SE30H, Ja
pan) with a precision a&f0.005um at a magnification of108.

Allthe tests were performed twice, and three different meas-
urements were taken from each pass of the tests. Then, each
the six measurements from the same tests were averaged and : { £ F
shown as the measurement results in this work. ) ’

2.4 Milling Test Fig. 4 The depth of wear scar on coating disks under HD-150

The machining center (MCV-610AP, Leadwell; Taiwan) IuPricated condition (ball on disk)
was used to perform this experiment. The tool holder was a
Sandvik commercial product, No. U-MAX R215.44-32A-15C,
with a diameter of 32 mm and four slots. The indexical WC in-
serts No. R215.44-15T308-15C-AAM, with ISO P30 applica- Cf
tion area, are also commercially available by Sandvik. An
assembly of the tool holder and the WC insert produced a mill-
ing tool having the geometrical configuration of 0° radial rake

Fig. 3 The depth of wear scar on coating disks under dry Fig. 5 Curve of friction coefficient during dry, cutting fluid
condition (cylinder on disk) (CF) and HD-150 lubricated conditions wear test
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3. Results and Discussion ple seizures shown by the (spike on the trace) occurred under
the dry condition for coating disk against steel cylinder (cylin-
o der-on-disk, line-contact wear mode). In addition, much noise
3.1 The Influences of Wear Type and Friction Trace under  \as also induced during the wear test. Figure 6(a) presents the
Dry and Lubricated Conditions on SRV Wear Test typical wear scars and original areas of multilayer coating sur-

Figures 3 and 4 summarize the different results of depth face. Figure 6(b) shows a magnification of Fig. 6(a), indicat-
measured from wear scars on the coating disk under dry (cylin/n9 that the worn surface was covered with red-brown oxide
der-on-disk, line-contact wear mode) and HD-150 lubricated Materials. _ o .
(ball-on-disk, point-contact wear mode) conditions, respec- OnN the other hand, the typical friction trace displays a
tively. According to the figures, cases 6 and 9 have the deepestM00th curve under the HD-150 |ubricated condition for
scars at either condition. The wear conditions can be classifiec0ating disk against steel ball (ball-on-disk, point-contact
into two groups according to wear resistance. Group 1 includesVear mode), as shown in Fig. 5. This typical worn surface is
cases 1, 2, 3, and 4, in which the variable individual thickness!0cal light rubbing and polish. As Fig. 7 shows, the rubbing
of TiN, TICN layers in the multilayer coatings (sequenced behaylor m_thls case is extremely mild, and.thls. rubbing sur-
TiN/TICN/TIN) are not influences of the wear resistance. face is attributed to the breakdown of lubrication, whether
Group 2 includes multilayers of TiN/Ti/TiN (cases 5 and 6), bi- fluid-film or bounda.ry..Therefo_r(-:t, results obtained from such
nary layer (case 7), single layer (case 8), and uncoated (case 9 smooth curve of fr_|ct|on coefflcilent and Ies§ wear should be
disks, which all have a poor wear resistance. The friction coef-attributed to the lubricant on cooling and lubrication.
ficient was continuously recorded during the tests. Figure 5  The typical friction trace reveals a small fluctuation under
summarizes typical results of dry and lubricated conditions. the CF lubricated condition for coating disk against steel ball

The friction trace displayed that a large fluctuation and multi- (ball-on-disk, point-contact wear mode), as shown in Fig. 5.
This fluctuation is due to a transferred layer being formed from

the tribochemical reaction of steel ball and to CF becoming a
protective layer on the lower coating disk. The fact that friction

behavior occurred between the protective film and the recipro-
cating sliding steel ball and induced a light rubbing trace on the
protective layer as shown in Fig. 14(a) accounts for why no
wear occurred upon the coating layer on the disk during the
tests. The next section describes this performance.

3.2 The Zero-Wear Operation under Cutting Fluid
Condition

The unique characteristic of wear performance carried out
under CF lubricated conditions is a zero-wear operation for all
coating disks (ball-on-disk, point-contact wear mode) except
the uncoated WC substrate. Figures 8(a) to (d) display the typi-
cal SEM micrograph results on the transferred layers on the
coating disk after test 15 s, 1 min, 5 min, and 24 min, respec-
tively. The transferred layers were formed on the coating disk,
as stated in section 3.1, when wear tests were operated initially,

(b)

Fig. 6 (a) Typical original and worn surface of a coating disk -
under dry condition (cylinder on disk). (b) Magnified worn-sur- Fig. 7 Typical worn surface of coating disk against steel ball
face micrograph of (a) under HD-150 lubricated condition
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as shown in Fig. 8(a). The transferred regions were then entemove the transferred layer after testing for 24 min; the pol-

larged, as shown in Fig. 8(b) and (c). Finally, a protective layer ished feature can be observed, as shown in Fig. 8(e). Figure 8(f)
was formed on each coating disk, as indicated in Fig. 8(d). Forpresents a clearer magnified micrograph of (e). In contrast, the
further analysis, the coating disks were leached in 100% HCl totransferred layer phenomenon did not occur on an uncoated

:.IJM':'W.

(a). _ (b)

(e)

Fig. 8 Typical transferred layers of coating disk against steel ball under CF lubricated condition after test (a) 15 s, (b) 3 min, &nd
(d) 24 min. (e) Polished feature of coating disk after test 24 min. (f) Magnification of (e) after leached in 100% HCI
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WC substrate under a cutting fluid (ball-on-disk, point-contact rials after the wear test. The wear scars on the coating disks be-

wear mode). The worn surface was rubbing traces and adhesiofore and after leaching in HCIl were compared. Figures 10(a),

of a few Fe elements, as shown in Fig. 9. (b), and (c) display the typical worn surface of coating disks
against 1045 steel cylinder under dry condition, EDS analysis

3.3 Adhesion Material and Wear-Scar Measurement Depth  of Fig 10(a), and profile crossing wear scars of Fig. 10(a), re-

. X i ) ;
This work also examines how an adhesion material pro- spectively, before the disks leached in 100% HCI. Figure 10(b)

duced by tribochemical reaction influences measurement
depth of the deepest wear scar on the coating disks under drg=
condition (cylinder-on-disk, line-contact wear mode). The g =

disks were leached in 100% HCI to remove the adhesion mate{ g% .___,-,_i_:-._"':[? o
..'.__'rj. e ]

Fe
(b)
N ._r'
3 e
.\"H'.' Lt . ot
|
0.5
(c)
b
() Fig. 10 (a) Typical wear scar of coating disks against steel cyl-
Fig. 9 (a) Wear scar of WC substrate against steel ball under cut- inder under dry condition before leached in 100% HCI. (b) Cor-
ting fluid lubricated condition and (b) corresponding Fe x-ray map- responding EDS analysis of (a). (c) Typical profile crossing
ping of (a) wear scar of (a)
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reveals that iron oxide adhered to the worn surface and inducedion, EDS analysis of Fig 11(a), and profile crossing worn scar
a rough curve and a few spikes on the profile, as shown in Fig.of Fig 11(a), respectively, after the disks were leached in 100%

10(c).

HCI. Figure 11(b) indicates that the major adhesion of iron ox-

Figures 11(a), (b), and (c) display the typical worn surface ide was eliminated from the worn surface. Comparing the pro-
of coating disks against 1045 steel cylinder under dry condi- files of Fig. 10(c) and Fig. 11(c) reveals that the deepest depth

L iwai S0y Preget Sy Famkainihgd fip
LEr YL b F | % Driash
Ti
!l
H |
i 1
] ]
| | |
| 2!
| .
f IT1
114
i
I. i
._..-hiﬂl 8-
o S. 358 held S ¥
Fa= iF o o] L

(b)

(©)

Fig. 11 (a) Typical wear scar of coating disks against steel cyl-
inder under dry condition after leached in 100% HCI. (b) Corre-
sponding EDS analysis of (a). (c) Typical profile crossing wear

scar of (a)
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of the wear scars is the same, indicating that the measurement
depth of the wear scars is convincing.

3.4 Milling Results

Under the same milling conditions in this test, the flank
wears of end mill cutter are illustrated in Fig. 12. The multilayer
coating with 7um thickness and sequence of TiN/TiCN/TiN
(cases 1, 2, 3, and 4) possessed the optimum wear resistance.
The binary layer coating TiN/TICN (case 7) is better than the
single-layer TiN (case 8) coating, while the single-layer TiN
coating is better than the uncoated tool (case 9). Furthermore,
the same result was found on the SRV test. In addition, of all
coatings, the multilayer coating TiN/Ti/TiN (case 6) had the
worst wear resistance. Moreover, all the coated tools have a
better wear resistance than the uncoated tools.

3.5 Relationship between the Wear Resistance against
the Coating Thickness and the Deposition Sequence

Table 4 summarizes the experimental results from the SRV
wear test and milling tests, revealing the influence of deposi-
tion sequences and coating thickness of the multilayer against
the wear resistance. The coating with sequence of
TiN/TICN/TIN and thickness of @m (cases 1, 2, 3, and 4) has
a better wear resistance. Therefore, the coatings with
TiN/TICN/TiN sequence (cases 1, 2, 3, and 4) are the most ap-
propriate coatings against wear.

Table 4 also displays the hardness of the specimens with
various combinations of the coating layers under the same WC
substrate. The coating hardness is obviously increased with an
increase of coating thickness. However, increasing the hard-
ness of a specimen does not always indicate a better wear resis-
tance since the residual stress that increased with coating
thickness yields a poor adhesion of the coating. According to
Arai et al. (Ref 19) , the adhesion strength of the coating layers
can be estimated from the radial and lateral cracks surrounding
the indentation. Figures 13(a) and (b) display the SEM mi-

Yo LM

Fig. 12 Flank wear on milling cutters under milling test
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crographs of indentations in cases 1 and 6, respectively. Thehe indentation, indicating that the coating is highly brittle and
surface fracture (Fig. 13a) was found to be a few cracks andhas poor adhesion in case 6. Therefore, the coating layer in case
slight coating detachment around the indentation, indicating 1 has a better adhesion strength than that in case 6. The failure
that the coating has a good adhesion in case 1. In contrast, Figype in other cases is similar in appearance as shown in Fig.
13(b) shows that there was severe and large area spall aroun@i3(a), case 1.

Table 4 Surface microhardness, depth of worn scar and flank wear on the coating specimens

Depth of wear scarpm Flank wear,
Coating thickness, Microhardness, HV dry CF HD-150 VB (milling cutter)

Case No pm 509 1009 (cylinderon disk)  (ball on disk) (ball on disk) mm
1 7.0 2320 2100 2.3 0 0.25 0.060
2 7.0 2270 2200 2.2 0 0.20 0.075
3 7.0 2360 2290 2.3 0 0.25 0.085
4 7.0 2640 2450 2.3 0 0.25 0.090
5 7.2 2490 2340 2.5 0 0.35 0.125
6 9.3 3150 2770 5.0 0 0.40 0.145
7 7.0 2830 2670 2.8 0 0.30 0.130
8 7.0 2660 2500 3.0 0 0.35 0.140
9 1774 3.2 0.3 0.50 0.180

(b)

Fig. 13 Failure types of (a) case 1 and (b) case 6 coatings after indentations

sliding direction} ———————y 37
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(b)

Fig. 14 (a) Transferred layer and particles on coating disk after testing 15 s. (b) Corresponding EDS analysis of (a)
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Consequently, the multilayer in case 6 is the worst case of alldebris locally marked after testing 15 s. Figure 14(b) displays
the multilayers under wear and milling tests, although it has thethe corresponding EDS analysis of the transferred layer and
highest hardness of all. particles, indicating that its major element is Fe element from
the steel ball. (3) The protective layer forms from the gradually
enlarged material of the transferred layer.

The typical worn feature between coating disks and steel
cylinder under dry condition is the typical tribochemical and
4.1 SRV Wear Test a)élhesion reactiog, as shown in Fig.ty1pS. In Fig. 15(a), the con-

The wear behavior occurs between the protective layer onglomeration adhesion to the worn coating surface is observed.
the coating disk and the reciprocating steel ball under CF lubri- Figure 15(b) indicates that the same conglomeration back
cated condition. Therefore, the zero-wear is substantiated bytransferred to the steel cylinder. The debris was created by tri-
this operation on coating disk. bochemical reaction between the wear pair. The debris color is

The overall protective layer process is described as follows: reddish brown, indicating that the major material of debris is
(1) Small particles of debris, produced from the tribochemical oxide FgO3 (Ref 20, 21), accompanied by a few adhesion ma-
reaction of steel ball and CF, form between the coating disk andterials from the coating surface. Figures 16 (a) and (b) illustrate
the reciprocating steel ball. (2) Tribochemical reaction accom- the micrographs of debris and corresponding EDS analysis, re-
panied with reciprocating motion joins the small particles to- spectively, revealing that the major tribochemical reaction is Fe
gether, forming the transferred layer. Figure 14(a) presents thedrom the steel cylinder. A mixture of adhesion and oxidation
transferred layer formation by connecting the small particles of was the major wear process.

4. Wear Mechanisms

Ti

! !

i f |

i ‘H H }.
(PR

| .
4 TR LY’ [ i
e R "’h.{mﬁulj b |

5 LB S.P00 kel
Fg=si1 ch FoS=

HET

(b)
Fig. 16 (a)Typical wear debris of coating disk against 1045 steel cylinder under dry condition and (b) corresponding EDS amlysis of (
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4.2 Milling Test the flank wear revealed the gradient wear profile for coated WC
inserts, while the uncoated WC insert had the precipitously

wear process between the coated and uncoated WC inserts. ThEO™M profile. Therefore, the wear of the coated tool that oc-

crater wear processes do not occur on the coated tools, in whicffU""€d only on the cutting edge at the beginning was then en-
larged. Those results could be attributed to the excellent wear

resistance of the coating layers.

The adhesive wear on the flank of binary-layer TiN/TICN
coated insert (case 7) is primarily a fracture mechanism, as
shown in Fig. 18(a) and (b), which corresponds to the mapping
of Fein (a). Figure 18(a) also includes some location coating on
the flank, removed by the adhered process and gradually deep-
wcai o st W it praTiy ening to the WC substrate.

On the other hand, the fracture mechanism attributed pri-
marily to adhesive wear can induce cracks on a single-layer
TiN coating. Figure 19 indicates that the flake and cracks frac-
ture are on the flank of a single-layer coated insert (case 8). For
further analysis, the coated WC inserts (case 8) were leached in
100% HCI to remove the adhered layer. The thermal crack nu-
Fig. 17 Schematic representation for the wear configuration of ~ cleation at aperture can be observed in a coating layer, and the
multilayer coated and uncoated WC insert crack propagates by joining the cracks between aperture and

Figure 17 depicts the typical configuration difference in the

(@) (b)

Fig. 18 (a) Adhesion wear of binary layer coated insert and (b) corresponding x-ray mapping of Fe in (a)

Fig. 19 Flank wear of single layer coated insert is flake and Fig. 20 A mechanism of the thermal crack nucleation at the
cracks fracture aperture in the coating layer
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aperture, as shown in Fig. 20. The fracture mechanism of a sin»
gle-layer (case 8) insert is shown in Fig. 21(a), which reveals
thermal cracks propagated along the direction perpendicular to
the cutting edge. Figure 21(b) shows fatigue cracks perpen-
dicular to the thermal cracks of Fig. 21(a). When these two
kinds of cracks react alternately, the coating layer is induced to
flake and breakdown. In contrast, the extent and amount of
thermal and fatigue cracks are much less for multilayer films
and binary-layer film than for single-layer TiN film. Further-
more, the multilayer films have a higher resistance than single-«
layer films in terms of the enlargement of the cracks caused by
the fatigue and thermal action.

5. Conclusions

Based on the results in this work, we can conclude:
Wear experiments indicate that among all the multilayer
coatings, fum- thick layers with sequence TiN/TICN/TIN
have the optimum wear resistance for the reciprocating
wear test.

Although the thickest multilayer TiN/Ti/TiN coating has
the highest hardness, the worst wear resistance occurs un-
der dry reciprocating sliding. This is attributed to the em-
brittlement and poor adhesion of the coating layer.

Milling test results indicate that multilayer TiN/TiCN/TiN
coatings have better wear resistance than the binary-layer
TiN/TiCN and the single-layer TiN coating. This enhanced
resistance is attributed to the thermal and fatigue cracks re-
duction for multilayer coatings.

The primary wear mechanism, for binary-layer TiN/TiCN
coated and multilayer TiN/TICN/TiN coated milling cut-
ters, is adhesion wear. However, for a single-layer TiN
coated milling cutter, thermal and fatigue cracks accelerate
the wear process.

The transferred layer forms a protective film on the coating
disks, resulting in zero-wear operation under cutting fluid
lubricated condition.
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