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Abstract

The effect of the sputtering parameters on the mn@chl tribology properties of Titanium Aluminumthide coating
on the tungsten cabide insert tool in the dry fugrof tool steel has been investigated. The coatig deposited using
a Direct Current magnetron sputtering system wahowus substrate biases (-79 to -221 V) and nitndpv rates (30
to 72 sccm). The dry turning test was carried autaoComputer Numeric Code machine using an optirautting
parameter setting. The results show that the lofl@sk wear (~0.4 mm) was achieved using a Titaniliminum
Nitride-coated tool that was deposited at a highstate bias (-200 V) and a high nitrogen flow rgt@ sccm). The
lowest flank wear was attributed to high coatingdnass.

Abstrak

Sifat Mekanik dan Tribologi Lapisan Titanium Aluminium Nitrida pada Perkakas Tungsten Karbida dalam
Pemotongan Kering Baja. Telah dilakukan penelitian mengenai pengaruhrpater sputering terhadap sifat mekanik
dan tribologi lapisan Titanium Aluminum Nitrida pagerkakas potong tungsten karbida dalam prosestpagan
turning kering baja perkakas. Deposisi lapisan tipis dikgh menggunakan sistem sputtering magnetron dengan
variasi tegangan substrate (-79 s/d -221 Volt) ldanalir gas nitrogen (30 s/d 72 sccm). Pemotortganing kering
dilakukan menggunakan mesin bubut otomatis CNC aengarameter pemotongan optimum. Hasil percobaan
menunjukan bahwa aus sisi terendah (~0.4 mm) paskdkunjukan oleh lapisan Titanium Aluminum Ni&igang
dideposisikan pada tegangan substrat (-200 V) @aralir gas nitrogen (70 sccm) tinggi. Rendahnys sisi perkakas
diakibatkan oleh tingginya nilai kekerasan lapisan.

Keywords: dry turning, flank wear, hardness, sputtered TiAIN coating, tool steel

1. Introduction metallic to metallic ratio of the alloy target). A
stoichiometric of the TiAl target (50:50 at.%) may

The mechanical properties of Titanium Aluminum produce a different sputtered TiAIN coating composi

Nitride (TiAIN) coating on the tungsten carbide enis due to the varying sputtering parameters [1]. Thetered

tool, such as hardness and adhesion strengthqusred coating crystal was a columnar structure, whichstia

to improve its performance, such as its wear @&t of pores between the grain boundaries due to low io
in the machining process. During the reactive magne bombardment energy during coating deposition [B T
sputtering process, the coating properties, suatoas structure transformation of the TiAIN coating cmijist
position, structure, and morphology, can be colgdol occured because of the varying substrate biaseshand

by varying the process parameters, and then the too nitrogen gas pressure [3].

performance thus the tool performance can be caedpar

based on the process parameters. The sputterddgcoat The increase of the TIAIN coating hardness was
composition may depend on the target compositioa (t  achieved by increasing the negative substrate doias
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122 Budi, et al.

resulted in the improvement of wear resistance The
hardness of the TIAIN coating also increased wité t
increasing nitrogen flow rate, but it had low wear
resistance [5]. An early finding was reported thetter
wear resistance was shown by the TiAIN-coated tnser
deposited at a high nitrogen flow rate above tligcat
nitrogen flow rate [6].

The improvement of the wear resistance of the epadt
TiAIN-coated insert tools may have been due to the
improvement of the coating properties. Thus, the
optimization of the sputtering parameters, suctthas
substrate bias and the nitrogen flow rate, in dgipgs
the TIiAIN coating on the insert tool is related ttee
improvement of the tool performance. The objectife
this investigation was to determine the influentehe
substrate bias and the nitrogen flow rate on thdriess
and the tool wear of the sputtered TiAIN-coateckits
tool in the dry cutting of tool steel. The sputteri

optical microscope. The RSM analysis used to idienti
the relationship between the sputtering parametacs
the hardness and the flank wear of the sputter@&tN¥i
coated insert tool was performed using the Central
Composite Design. The ranges of the substratedrids
the nitrogen flow rate analyzed were from -100 \208

V and 60 sccm to 70 sccm, respectively. The expamm
runs consisted of 13 tests in which 4 tests wenefou

the factorial points, 4 tests were run for the bgi@nts,
and 5 tests were run for the center points.

3. Resultsand Discussion

13 samples of TiAIN coating on the tungsten carbide
inserts deposited at various substrate biasesigogen
flow rates and its composition, hardness, and flaa&r
are shown in Table 1. The thickness of the TiAIN
coatings deposited on the tungsten carbide inseit t
varied between 0.6 to @m. Figure 1(a) shows the

parameters were optimized using Response Surface cross-section area of TiAIN coatings depositedhat t

Methodology (RSM).

2. Experiment

The TiAl alloy (50:50) target was used to depobi t
coating on the tungsten carbide insert tool (SPGN
120308). The dimension of the target (length x ikt
thickness) was (60 x 10 x 3) &niThe uncoated insert
was ultrasonically cleaned in ethanol for 30 migud¢
room temperature. Prior to deposition, the inseas w
etched by Ar ion bombardment with a flow rate 0018
sccm and a substrate bias of -300 V for 30 minuftes.
improve the coating adhesion, the TiAl interlayesisw
deposited using a 123 sccm argon flow rate and a
substrate bias of -100 V for 10 minutes. The ddumosi

of the TIiAIN coating on the tungsten carbide ingedl

was conducted in an Ar-J\mixture with a constant Ar
flow rate of 123 sccm, a target current of 5 A, and
substrate temperature of 350 °C for 90 minutes. The
deposition was carried out at various substratedsig-

79 to -200 V) and nitrogen flow rates (30 to 72mEcA
pump at a constant speed of 2050 L/s was utiliped t
achieve an ultimate chamber pressure of 5% rhar.
After the deposition was completed, the chamber was
cooled down for 50 minutes before the chamber was
vented.

The TIiAIN coating hardness was measured using a
Shimadzu Dynamic Ultra-Microhardness tester at
applied loads of 5 grams. In the present study, the
hardness samples were characterized using a tt@angu
pyramid diamond indenter with a 115° tip angle
(standard). The holding time of the indentationcess
was 10 s. The tool performance test was conducgied u

a Computer Numerical Code (CNC) for the dry turning
of the tool (D2) steel. The cutting parameter sgttised
was adopted from a previous study [7]. The flanlawe
of the TiAIN-coated insert tools was measured using

Makara J. Technol.

substrate bias of -100 V and the nitrogen flow @it60
sccm with a coating thickness of abouytr®. The EDX
analysis (Figure 1(b)) showed that the elemental
compositions of the coating were 32.18 at.% Ti387.
at.% Al, and 40.44 at.% N.

s L5
Spectrum 1§

@

T s .
3 4 3 G
ke

0 1 2

Figurel. (a) SEM Image of a TiAIN Coating Fracture
with a Thickness of ~ 2 pm and (b) its EDX
Composition Deposited at the Substrate Bias of

-100 V and the Nitrogen Flow Rate of 60 sccm

December 2014Vol. 18| No. 3



The Mechanical and Tribology Properties of Sputtered 123

Table 1. TiAIN Coating Composition at Various Substrate Biases and Nitrogen Flow Rates

R V, N, flow rate Ti Al N Hardness VC
an (-V) (sccm) at.% at.% at.% (GPa) (mm)
1 150 65 27.22 28.49 44.30 16.28 0.375
2 150 58 20.08 30.68 49.24 20.56 0.544
3 200 70 25.64 24.59 49.77 18.07 0.405
4 150 65 19.96 23.85 56.20 18.48 0.466
5 100 60 32.18 27.38 40.44 9.67 0.496
6 150 65 18.70 27.48 53.82 16.35 0.506
7 150 65 23.18 32.43 44.39 19.04 0.529
8 221 65 31.89 32.63 35.47 24.04 0.413
9 150 72 14.52 42.08 43.40 17.56 0.425
10 79 65 18.80 32.35 48.86 10.90 0.437
11 200 60 17.04 38.62 44.34 20.17 0.419
12 100 70 23.23 27.66 49.11 8.15 0.419
13 150 65 20.89 34.30 44.81 24.05 0.422

The coating hardness can be evaluated by loading/ 60 -

unloading the curve measured by a dynamics micro- - | T 79 Volt i

hardness tester, as shown in Figure 2. The hardness L|---- -150Volt At

measured is defined By = Lyu/[26.34 (Jsr)’] Where

deor is the penetration depth in the plastic defornmatio
area and is given in unit of kg/mMinor Giga Pascal
(GPa) where 1000 kg/nfm= 9.807 GPa [8]. The area
under the curve represented the elastic deformation
energy, while the area between the curves repedent
the plastic deformation energy. The lower the inalion
depth or the smaller the area between the curbes, t
harder the coating was.

The average hardness values of the three measusemen
at various substrate biases and nitrogen flow rates
presented in Figures 3(a) and 3(b), respectivelys |
shown that the hardness tend to increase as tis¢rate
bias is increased, while it decrease as the nitrdigsv

rate is increased.

The RSM experimental result of the coating hardness
measurement as a function of the substrate biaghend
nitrogen flow rate is presented in Table 1. Frora th
sequential model sum of squares analysis and tieola

fit test, the linear model is suggested to represea
relationship between the TiAIN coating hardness ted
sputtering parameters of the substrate bias and the
nitrogen flow rate.

The analysis of variance (ANOVA) for the response
surface linear model is summarized in Table 2. The
model shows a significant value, which is indicabsd
the p-value of 0.0045. This means that the termthen
model have a significant effect on the respons@l{Ji
coating hardness). Based on the p-value, the raatorf

of the substrate bias significantly influences THAIN

Makara J. Technol.
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Figure 2.
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40 || ——70sccm|
30 |
20 |
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0 : T T . . . . ; . . . . I
0 0,2 0,4 0,6 0,8
Indentation depth (um)
(b)
Force vsIndentation Depth of TiAIN Coating at

(a) Various Substrate Biases and Nitrogen Flow
Rates of 65 sccm; (b) Various Nitrogen Flow
Rates and Substrate Biases of -100 V

coating hardness. The ANOVA analysis showed that th
substrate bias term was significant (p-value < if5
influencing TiAIN coating hardness, while the ngem
flow rate was not a significant factor.

December 2014Vol. 18| No. 3
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Based on the regression analysis, the TIiAIN coating The Analysis on Variance (ANOVA) for the response
hardness as a function of the substrate bias aed th surface linear model of the flank wear is preserited

nitrogen flow rate can be predicted using Equatign

y =17.17975 + 4.864274 x, — 0.98839x, (1)

where: y = hardness (GPa)
X; = substrate bias (-V)

X, = nitrogen flow rate (sccm)

Equation (1) can be plotted as a three-dimensi(31a)
graph of TIiAIN coating hardness with respect to the
substrate bias and nitrogen flow rate, as showigare

4. 1t is shown that the highest coating hardness wa
achieved by high negative substrate bias and mtrog
flow rate.

The flank wear is mainly due to the abrasion betwee
the tool and the workpiece during the dry cutting
process. The fabricated TiAIN coating on the WCihs
was tested using fixed optimum cutting parameteds a
shows that the flank wear VC is the dominant mofle o
the tool wear (Figure 5).

The experimental results show that the flank weas w
influenced by the coating properties that were dépd

at various substrate biases and nitrogen flow rdtes
effect of the substrate bias on the flank wear is
presented in Figure 6(a). It shows that, generdlig,
flank wear tended to decrease with an increasing
negative substrate bias of up to about -200 V. &ffect

of the nitrogen flow rate on the flank wear is @red

in Figure 6(b). It shows that, generally, the flankar

of -100 V, -150 V, and -200 V decreases with an
increasing nitrogen flow rate of up to about 70nscc

The effect of the substrate bias and the nitrodew f
rate on the flank wear of the TiAIN coating was
analyzed using RSM. The flank wear measurement data
is taken from the experimental data in Table 1nitbe
sequential model sum of the squares of the flan&rwe
and the lack of fit test, the linear model is sigjgd to
predict the effect of the substrate bias and tihegén

flow rate to the flank wear.

Table 3. Although the model is not significant, thek
of the fit test value is not significant. This meathat
the model can still be used to predict the relatiom
between the process parameters and the tool penficen
Compared with the negative substrate bias, theget
flow rate (p-value is 0.0841) is the influentialrgaeter
for the flank wear.

The linear model of the flank wear as functionsthef
substrate bias and the nitrogen flow rate can bgenr
in Equation (2).

y = 0451 - 0016 x, — 0033 x, 2

where: y = flank wear (mm)
X = substrate bias (-V)

¥ = nitrogen flow rate (sccm)

30 +
- O B5sccm
| O60sccm AO
= 20 | A30scem o) O
T [
Qe H A
—~ [
2 10 Opg
c
5 [
[} L
T 04y
0 100 200 300
Substrate bias (-Volt)
(a)
30
[0-100v] O
% [|o-sov| A
G20 | LA-200v fhl:lm
] L o]
g 10 + (o}
R o
]
I
0 f t f |
0 20 40 60 80
N, flow rate (sccm)

(b)

Figure3. The TiAIN Coating Hardness at (a) Various
Substrate Biases and (b) Nitrogen Flow Rates

Table2. The ANOVA for the Response Surface Linear Model of the TiAIN Coating Har dness

Source Sum of df Mean F p-value
Squares Square Value Prob > F

Model 197,8025 2 98,9013 9,7167  0.0045

A-Substrate bias 190,0653 1 190,0653 18,6732 0.0015

B-Nitrogen flow rate 17,7372 1 17,7372 0,7601  0.4037

Residual 101,7850 10 10,1785

Lack of Fit 61,6819 6 10,2803 1,0254 0.5144

Pure Error 40,1031 4 10,0258

Cor Total 299,5876 12

Makara J. Technol.
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The Mechanical and Tribology Properties of Sputtered 125

Based on the suggested linear model, it is showh th
the lowest flank wear (highest desirability) is iesed
by a higher substrate bias and a higher nitrogew fl
rate combination. Equation (2) can be illustratgdab
3D graph, as shown in Figure 7.

Generally, the TiAIN coating hardness increases wait
increasing negative substrate bias. Similar resuése

position [11]. Therefore, the TiAIN coating hardses
increases with an increase of Al content. The hesdn
of the TIiAIN coating should increase with an in@ieg
negative substrate bias due to the increasing Afecd;
however, there is an optimum Al content that can
enhance the TIAIN hardness [12]. The hardness
increases with an increasing Al concentration and
reaches a maximum value at an Al concentrationOof 5

reported by other researchers. The hardness of the mol% [13]. A further increase in the Al content sas

TIAIN coating increased with an increasing substrat
bias due to the increase in the coating densi8j.[Ghe
increase of the coating density is attributed tuoéng
the coating crystal size and the finer microstrietdhe
decreased crystal size is due to the interruptibn o
columnar structure growth by a re-nucleation preces
The re-nucleation process is induced by high ion
bombardment energy and enhanced by the increase of
negative substrate bias [10].

The high TiAIN coating hardness may also be attabdu
to the Al atom substitution at the Ti atom positiarthe
TiN structure. Since the Al atom size is smallarthhe

Ti atom, the lattice parameter of the TiN structure
decreases when the Al atom position replaces tla¢onn

W

\

Py

Hardness (GPa)
>

7000 20000

1500
0w

6250 Substrate bias (-V)

Nitrogen flow rate (sccm) 125,00

60.00  100.00

Figure4. Three-dimensional Graph of the TiAIN Coating
Hardness as a Function of the Substrate Bias

and the Nitrogen Flow Rate

40435 um [

—— ]
-
-

Figure5. The Flank Wear VC Mode of the TiAIN-coated
WC Insert Deposited at -150 V and 65 sccm in
the Dry Turning of D2 Steel

Makara J. Technol.

the hardness to decrease rapidly due to the appmeara
of the B4 structure (hexagonal structure). The beral
structure (or Wurtzite structure) exhibits a lower
hardness than the B1 structure (cubic structud) [1

0,6 -
—_ 070 scem
E 0,55 - o 065 sccm
bug 0,5 - A AB0 scem
8045 -
= 04 - ° 4o
g
T 0,35 -
0,3 —t = = = —
50 100 150 200 250
Substrate bias (-V)
(a)
06
055 A-100V
‘é‘ E (] o a-150 v
E 05 A 0-200V
§ 0,45
]
£ 04 0 8
v}
L35
03 -+ " ‘ i
50 60 70 80
N, flow rate (sccm)
(b)

Figure6. The TiAIN Coating Flank Wear at Various
Substrate Biases (a) and Nitrogen Flow Rates (b)

0.499
0.47475

04505

Flank wear (mm)

100

N; flow rate (sccm) 6750
70.00 ~ 200

Substrate bias (-V)

Figure7. Three-dimensional Graph of the TiAIN Coating
Flank Wear as a Function of the Substrate Bias
and the Nitrogen Flow Rate
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Table 3. The ANOVA for the Response Surface Linear Model ofthe TiAIN Coating Flank Wear

Source Sum of squares df Mean squares F value ue-pabb> F
Model 0.0103 2 0.0052 2.267 0.1542
A-Vy 0.0019 1 0.0019 0.8552 0.3769
B-N, flow rate 0.0084 1 0.0084 3.6788 0.0841
Residual 0.0228 10 0.0023

Lack of Fit 0.0072 6 0.0012 0.3078 0.9038
Pure Error 0.0156 4 0.0039

Cor Total 0.0331 12

The present study results show that when the sibstr
bias is increased to up to -150 V, the Ti content

is shown that the substrate bias influenced thek-bac
scattering process of the incoming ions. The Alteoh

increases and causes the increase in the coatingin the sputtered TIiAIN coating decreases with an

hardness. The Ti content decreases with a further
increasing substrate bias (except at a high nitrdlgav

rate of 65 sccm), but the coating hardness tended t
increase with a further increase in the negativesisate
bias. The coating hardness may be attributed to the
composition heterogeneity, the coating thickness] a
the texture variation of the TiN-structure. Frome th
experimental results, it appears that the coatargress

is not related to the coating composition.

The TIAIN coating hardness is also influenced bg th
nitrogen flow rate. The TIAIN coating hardness
increased with an increasing nitrogen flow rate tue
the presence of the AIN phase along with the Tilggh
[5]; however, a further increase in the nitrogewflrate
increases the presence of the AIN phase, andribtis
useful for the wear resistance application. ThelNiA
coating hardness increased with an increasinggatro
flow rate due to the increase of the nitrogen cainte
[12]. The nitrogen content influenced the amorphous
and crystalline phase formation and affected thaging
hardness. The columnar morphology of the TiIAIN
became denser with an increasing nitrogen flow, rate
which may increase the coating hardness [15]; hewev
the present study results show that, generally, the

increasing negative substrate bias due to the back
sputtering effect during the deposition because Ahe
atom is lighter than the Ti atom (the back-scattgri
process increased with an increasing negative rsubst
bias and caused a decrease of the Al content, which
contributed to the hardness enhancement in terrtigeof
defect hardening).

It has been shown that the TIiAIN coating hardness
strongly depends on its structure. The presentystud
shows that the coating structure changes at various
substrate biases [18]. In general, the increas¢hef
coating hardness as the negative substrate biesases

is due to the reduction of the (111) peak. It was
observed that the crystal plane (200) peak inceease
instead of reducing (111) the peak as the negative
substrate bias increases [14]; however, the coating
hardness did not depend on its structure in terinibeo
crystal plane orientation but did depend on its
nanostructure [19]. The deformation mechanism ef th
nanocrystaline coating may be different from themmal

bulk material. The nanocrystaline material may be
deformed by the grain boundary rotation or the rgrai
boundary sliding rather than by the dislocatiop slia

the slip system for the bulk material [20]. Therefathe

coating hardness decreased with the increase of the nanocrystaline coating hardness does not depetieon

nitrogen flow rate. This is probably due to the new
phase formation from the reaction between Al and N
[11,16]. A small and disordered new phase couldbeot
detected in the XRD measurement due to the weak
diffraction intensity. The new phases potentialigder

the TIAIN crystal growth and can result in weak
diffraction intensity. The new phases that may eaas
reduction in TIiAIN coating hardness are AN,
TisAlLN, (hexagonal structure), or sBIN (perovskite
structure).

There are other mechanisms involved in increadieg t
coating hardness, such as the refinement crygialesid
the enhancement of the defect density, solution
hardening, and/or second-phase precipitation [9,k7]

Makara J. Technol.

crystal plane orientation.

The RSM analysis result of the effect of the spirtte
parameters on the TiAIN coating hardness shows
consistency compared with the conventional exparime
tal approach result in terms of the substrate bféect
on the coating hardness. It is shown that the saflest
bias is a significant factor for the coating harsihe

An increase of a negative substrate bias incretses
coating hardness. As mentioned previously, theicgat
hardness is related to the coating density anddhéng
crystal size. The decrease of the crystal sizeesatlse
increase of the density and eventually increases th
coating hardness.

December 2014Vol. 18| No. 3
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The wear rate of the TiAIN coatings decreases waith [2] J.T. Chen, J. Wang, F. Zhang, G.A. Zhang, X.Y.

increasing negative substrate bias due to the asorg Fan, Z.G. Wu, P.X. Yan, J. Alloy. Compd. 472
coating hardness and the residual stress [9]. firfding (2009) 91.

supports the present study results that the wearafa [3] V.N. Denisov, B.N. Mavrin, E.A. Vinogradov,
the TiAIN-coated inserts decreases with an incregsi S.N. Polyakov, A.N. Kirichenko, K.V. Gogolinsky,
negative substrate bias. Based on the analysidhef t A.S. Useinov, V.D. Blank, V. Godinho, D.
substrate bias effect on the coating hardness,fiund Philippon, A. Fernandez, J. Nano Electron. Phys.
that the coating hardness increases with an incgas 4/1 (2012) 01021.

negative substrate bias. [4] H.S. Park, D.H. Jung, H.D. Na, J.H. Joo, JdeL

Surf. Coat. Technol. 142-144 (2001) 999.
It was found that the wear resistance of TiAIN imyed [5] K. Singh, P.K. Limaye, N.L. Soni, A.K. Grover,
when substrate bias was applied due to the columnar R.G. Agrawal, A.K. Suri, Wear 258 (2005) 1813.
structure disappears [4]. The increase of the wgati [6] B.Y. Shew, J.L. Huang, D.F. Lii, Thin Solid Rik

hardness with the increase of a negative subdiraseis 293 (1997) 212.
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