SURAGE
= LUATINGS
JILINOLDGY

www.elsevier.com/locate/surfcoat

AR5
A

ELS EV Surface and Coatings Technology 151-12202 515-520

Effects of ion bombardment on properties of d.c. sputtered supetfard
Si, ADN nanocomposite coatings

E. Ribeird, A. Malczyk! , S. Carvalio , L. Rebodta *, J.V. Fernafides , E. Alves , A.S. Mifanda

&Physics Department, University of Minho, Azurém, 4800-058 Guimardes, Portugal
PCentro de Engenharia Mecanica — FCT, Universidade de Coimbra, 3030 Coimbra, Portugal
®Physics Department, ITN, E.N.10, 2686-953 Sacavém, Portugal
YMechanical Engineering Department, University of Minho, Azurém, 4800-058 Guimardes, Portugal

Abstract

A d.c. reactive magnetron sputtering technique was used to dégas8i, AlI)N films. The ion current density in the substrate
was varied by the superimposition of an axially symmetric external magnetic field between the substrate and target. It was found
that the variation of the magnetic field strength induced changes in the ion current density in the substrate with a consequent
change in film properties. XRD patterns of sputtered films revealed changes of the lattice parfdroeted.418 nm to approx.
0.429 nm with the increase of the igtatom arrival rate ratio. As already reported for samples prepared by r.f. sputtering, both
can be assigned to a cubic B1 NaCl structure, typical for TiN. The lowest lattice parameter corresponds to a metastable phase
where Si and Al atoms occupy Ti positions, while the highest lattice parameter corresponds to a system where at least a partial
segregation of TiN and SIN phases already occurred, leading to the formation of a nanocomposite film of the type pa-TiAIN
SizN,. The mixture of the metastable phase with nanocomposite coating phases in some samples indicates that, in general, the
segregation of TiN and SiN phases is not complete. Hardness values as high as 45 GPa were measured. Small Si additions to
(Ti, AI)N coatings induce a reduction in the pin-on-disk sliding wear r@t&002 Elsevier Science B.V. All rights reserved.
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1. Introduction nanocrystallites, which limits the size of nanocracks to
a few nanometres. Though the structure and size of
Recently the study of multiphase materials based onnanocrystalline grains in the hard phase, as well as, the
grain refinement has deserved special attenfibra4. thickness of the amorphous tissue appears to be the
These materials, commonly called nanostructured mate-determinant parameters influencing the mechanical prop-
rials, are defined as materials having a characteristicerties of the crystallinéamorphous nanocomposite coat-
length scale less than approximately 20 nm. Some ofings, a large cohesive energy is also necessary at the
these nanocrystalline materials exhibit unusual mechan-interfaces in order to decrease the total free energy of
ical and structural properties, such as, superhardnessthe systen{7,8].
enhanced elasticity and thermal stability. The design of Examples of these nanostructured materials are the
these kinds of superhard nanocrystalline composites issystems consisting of a nanocrystalline transition metal
associated with the preparation of a composite materialnitride/amorphous Si )y  composites, nc-Me/b+
consisting of nanocrystallites embedded within a very Si;N,, (Me=Ti, W, V,...) which can reach hardness
thin amorphous matri}3,5,68. As suggested by Veprek values of 40—60 GPE—-18§ and a high elastic recovery
[6], in nanocrystalline materials nanocracks propagate (up to 80%), as well as an enhanced thermal stability
within the thin amorphous matrix and are hindered by (up to 1100°C) [17], as well the system nc-Tifa-
T Coresoond or Tol.s 351.253510151 fx. 4351 SizN,/a- and nc-TiSj which revealed an ultrahardness
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Fig. 1. Schematic description of the deposition system. magnetic field [mT]

coatings indicated the 'pOSSIbII'Ity O.f a new type of Fig. 2. lon and Ti+ Al atoms fluxes and iofatom arrival rate ratio
superhard nanocomposite coating, in the form of nc- s 'fynctions of the magnetic field at the substrate position.

MeN/metal. Another type of coating, also in the form
of a nanocomposite, nc-TiG-C [23], also showed high
hardness values, but with a remarkable plastic
deformation.

The reported results revealed that intense ion bom-
bardment is required to synthesize nc-TiNSE N, coat-
ings. An important factor in the microstructure of nitride
coatings is the iofiatom arrival ratioJign/Jatom [241,
which has a significant effect on growth of the nano-
crystalline TiN grains. Under low energy ion bombard-
ment the radiation damage in the subsurface region is
reduced, while the adatom mobility is enhanced. This is
also a way to control not only the hardness, but also the
elastic modulus in order to improve the wear resistance.

In this paper(Ti, Si, ADN coatings deposited on
high-speed steel substrates produced by reactive mag . .
netron sputtering were studied. The aim of this study is external magnetic qu.x of 9.5 mT was thalned. .
to understand the mechanical properties evolution as a We estimated the ion flux/i,) as being the density

function of different magnetic fields at substrate position saturatiﬁn bia;]s ﬁur:jer{QG,_Z_ﬂ and t_he ldgpositri]on_rf_lux q
and bias voltages and its correlation with the developed /awm through the deposition rate including the Ti an

texture Al atoms during the(Ti, AI)N preparation in static
) mode. In order to evaluate the ion flux at the substrate,
2. Experimental details the saturation ion current to the substrates was measured
using a 2.5 cm in diameter flat steel probe positioned
Deposition of(Ti, Si, AI)N samples was carried out in the substrate holder. The saturation current was
in a laboratorial deposition system described in Fig. 1. measured as a function of the coil current at a constant
The system consists of two vertically opposed rectan- probe voltage of—150 V. With a current density of 10
gular magnetrons in a closed field configuration. The mA cm~2 in the target and a working ga#r/N,)
magnetron sources are unbalanced of typ2%. The pressure of 0.45 Pa, the saturation current in the substrate
films were deposited in an AN, atmosphere by reac- was approximately 1.8 mA cnt . DuringTi, AI)N
tive d.c. magnetron sputtering onto polished high-speeddeposition the T+ Al flux, Jyi A, was 4.6<10*° m 2
steel (AISI M2). A Ti adhesion layer was deposited s~ ! and the iofiatom arrival ratio fluxes changed
onto these substrates before coating deposition. Thecontinuously from 2.5without coils) to approximately
substrates were positioned on a rotating holfer7 4.2 (with a magnetic field of 9.5 mT in the substrate
rev./min). The target-to-substrate distance was kept at as shown in Fig. 2. For the different values of external
70 mm in all runs. A Tis Abs target and a Ti target magnetic field the atom flux was assumed as constant.
with some incrusted Si pieces were used in the prepa-The floating potential corresponding to these two dep-
ration of the(Ti, Si, ADN samples. An external heating osition conditions changed from 24 V to 30 V. The
resistance positioned at 80 mm from the substrate holderatomic composition of the as-deposited samples was
was used to heat the samples. In static mode and withmeasured by Rutherford backscattering spectrometry

a current density of 10 mA cn? in the target, the
substrate temperature reached 340 During deposi-
tions in rotation mode the substrate temperature was not
measured, being lower than that obtained in static mode,
but strongly dependent on the deposition rate and on
the ion-to-atom arrival rate ratio.

Rectangular solenoid coils, made of isolated Cu wire,
were placed between the targets and the substrate holder.
The external magnetic field created by a d.c. current
passing through a coil allowed the variation of the ion
flux towards the substrate. When coils were not used,
the axial component of the magnetic field in the sub-
strate holder had a value of 3.3 mT. When a 5 A d.c.
current passed through the 210 turns of the coil, an
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(RBS) and electron microprobe analy<iEMPA). RBS
was performed using a He beam with energy of 2 . S
MeV and a H~ beam with energy of 1.5 MeV in order =

to obtain the atomic areal densiatoms cni?) of the C
films. Ball cratering tests were used to measure the
thickness of the samples. The typical thickness of the

films was approximately 2um. The density was esti-
mated with the areal atomic density, extracted from RBS \/\j\
S

©)

TSA6
a=0.427nm

TSAS
a=0.422nm
x10

(220)
N

measurements, divided by the thickness.

X-Ray diffraction (XRD) experiments were undertak-
en in a Philips PW 1710 apparatus using Cy K
radiation, in order to examine film texture and micros-
tructure. The deflection method was used to evaluate
the residual stress. Hardness and Young's modulus
measurements were performed in a Fisherscope H100,
using a maximum load of 40 mN, whose details are
reported elsewhergl3]. Pin-on-disk sliding wear tests
were performed at room temperature using 4 $i N pin
subjected to a normal force of 5 N. The sliding speed
of the disks, with a diameter of 70 mm, was 0.5 m's

Yield (a. u.)

TSA4

3. Results and discussion a=0.418nm

3.1. Microstructure, composition and properties of as
deposited samples
35 50

40 45 65
Angle 20 (")

RBS and EPMA analyses showed that coatings are
almost stoichiometric. The composition and density, as
well the bias and the magnetic field at substrate position _ ] )
used in the preparation of representat(\Té, Al, SN Fig. 3. XRD patterns ofTi, Al, Si)N samples prepared by d.c. mag-

. . netron sputtering in rotation mode corresponding to the samples
samples are displayed in Table 1. The sample TA was described in Table 1. The straight lines correspond to peak positions

prepared without Si and in static mode. All other for a lattice parameter of 0.418 nm. The peaks from the substrate are
samples were prepared in rotation mode, the first threelabelled with S.

with a current density on magnetrons of 5 mA thn

and the remaining with a current density of 10 mA  XRD patterns representative of the general behaviour
cm~2. Although using the same two targets with the of the prepared samples are shown in Fig. 3. In this
same current, the composition varied with the superim- figure are shown patterns of samples prepared with a
posed external magnetic field. The increase in the/ion current density on magnetrons of 10 mA ¢t and a
atom arrival rate ratio induces resputtering in the sub- deposition rate of approximately 2.,im h=*. The
strate, with a selective removal of Si. A significant patterns labelled fronta) to (c) correspond to samples
density increase of the films was observed in the prepared with increasing magnetic field at the substrate
presence of the external magnetic field, as a consequenceosition, corresponding to an enhanced ion-to-atom arri-

of the increase of low energy ion bombardment. val rate ratio. The main preferential orientations can be
Table 1
Composition and density of the samples, and bias and magnetic field at the substrate position used during the depositions
Sample Ti Al Si N Bias Magnetic Density
(% at) (% at) (% at) (% at) V) field (mT) (g/cm®)
TA 22.5 27.5 - 50 —-50 3.3 3.7
TSA1l 32.0 13.1 44 50.5 —-50 3.3 3.8
TSA2 27.2 13.9 6.4 525 —-70 7.1 4.2
TSA3 30.0 13.8 4.1 52.1 —-70 9.5 4.5
TSA4 26.8 15.1 5.8 52.3 —-50 3.3 35
TSA5 23.5 15.8 7.7 53.0 —-50 7.1 4.6
TSA6 41.1 10.6 2.7 45.6 —-70 9.5 4.5

The (Ti, Al)N sample was prepared by static mode and(ffieAl, Si)N samples were deposited by rotation mode.
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Table 2 responsible for a hardness enhanceni8a}. However,
Residual stress, hardness and Young’'s modulus of the samples it is not the hardness value alone to determine the
Sample Stress Hardness Young’s coating applicability, as shown in Fig. 4, where are
(GP3 (GPa modulus(GPa displayed the hardness and elastic modulus, as well as
TA B 31 280 the pin-on-disk sliding wear rate against a Si N pin,
TSAL _ 17 295 for the samples TA, TSA5 and TSA6. Data are reported
TSA2 -5.1 39 406 also for three(Ti, Al, Si)N samples prepared by r.f.
TSA3 -78 42 400 sputtering(sample 7 and Band by a combination of
TSA4 - 30 446 r.f. and d.c. supplyingsample 9 and for anothel(Ti,
Eﬁg :g:? zg 23‘11 AN sample, also prepared by r.f. sputterit@ample

TA-r.f.). The latter four samples were included, due to
their high hardness and Young’s moduli and microstruc-
indexed to a fcc structure, typical for TiN. With the ture [32]. The microstructure of these samples has some
lowest ion-to-atom arrival rate ratiGwithout coils) a similarities with those of former samples, where the
phase with a lattice parameter of 0.418 nm is formed. sample 8 has the same texture of sample 6 and the
These conditions associated with low deposition tem- microstructure of samples 5 and 9 is also similar.
perature do not provide the necessary atomic surface A first analysis of Fig. 4 suggests that only in certain
mobility in the growing film. Thus, neither the phase cases the incorporation of Si resulted in a coating that
segregation, nor the consequent formation of the poly- showed a reduced sliding wear. The better performance
crystalline grains and the amorphous tissue are ensuredof sample TSA6(sliding wear rate of X10~4 m?

as was also observed in samples prepared by r.f. mag\-1) is related to the high iofatom arrival rate ratio
netron sputterind14,28,29. The Ti replacement by Si  ysed during deposition. The low Si content, a lower
and Al explains the low lattice parameter value for this grain size associated with lattice parameter and super-
metastable phasé~0.418 nm. With the increase in  hardness suggest a nanostructure of the type nc-TIAIN
ion/atom arrival rate ratio, when surface mobility is a-Si;N,/a-AIN. The higher density is also a parameter

enough, the segregated Si can be sufficient to nucleatesyally associated with better mechanical performance.
and develop the §i N phase that forms a layer on the gjmilar behaviour was revealed by sample 8

growth surface, covering théTi, AI)N nanocrystallites  (Tj_ . Si, Al o) [29,3d, that evidenced an analo-
and limiting their growth. The formation of a superhard

nc-TiAIN /a-Si N,/ a-AIN should be also considered due
to the effect of enhanced ion bombardment. This induces

<

a partial Al segregation, with AIN precipitation, as _60F T T ] 2)]600 5
already reported fofTi, AlI)N films [30]. From peak s 50_§ 741\%\ 1500 >
widths in the XRD patterns a grain size decrease is also S 40t \%ﬁ — \§ 1400 =
evident, which is consistent with Si and possibly Al 2 & B
segregation. = 30 1300 £

5 20t 1200 »:’n
3.2. Ultramicrohardness, elastic modulus and pin-on- a 10} :g:$2f$§251n0 dulus 100 E
disk sliding wear ob. . . . . . iy >

TA-dcS 6 7 8 9 TA-f
Table 2 presents the compressive residual stress, the coating n

hardness and the Young’s modulus of the samples 121 ~n b)
described in Table 1. Samples prepared without external £ ./__’ __m 0.10
magnetic field revealed low hardness values, which is :E 9. - o
related to low substrate temperature during deposition. = _/. ®
The hardness increased substantially with the change of Tg’ 6 0.05 &
bias and the magnetic field at the substrate position. g 3 =
The increase in surface mobility induced by the s
enhanced ion-to-atom arrival rate ratio and the corre- = 0l 10.00
sponding increase in substrate temperature are enough TA-de5 6 7 8 9 TAxf
to ensure an enhancement in the nanocrystafsor- coating n

phous phase segregation, increasing the hardening ben-
efits. as well as fiim elastic behaviour. that can be Fig. 4. (a) Correlation between the measured hardness and the

ibed to thi tructural £ H Young's modulus of thé€Ti, Al, Si)N samples andb) respective pin-
ascrioe 0 IS struc L_"a ar-rangemen T owever, a_s‘on-disk sliding wear rates against @ Si N pin, and ratio between hard-
expected the compressive residual stress increases Withess and elastic modulus. TK&, Al)N samples are represented by

ion bombardment. The high compressive stress can bepatterned bars.
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