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Abstract

The quest for hard materials that are able to sustain elevated stresses as tools or cutting processes has led to the
investigation of (Ti,Al)N/Mo multilayer coatings. These structures have been deposited by dc magnetron sputtering on
high-speed steel and stainless-steel substrates and designed with modulation periods of approximately 13 nm, up to
a total thickness of 2.8lm. Experimental X-ray di!raction (XRD) achieved the basics involving structural quality and
texture while RBS provided the composition. From AFM observations the waviness of the surface was monitored and it
was found that the rms roughness values were minimised for a bias voltage of !120V. Ultramicrohardness values of
33GPa were obtained for the best samples, and their adhesion to the steel substrates was also studied. Residual
stress measurements revealed a compressive stress state that prevailed in these structures, ranging from !0.2 to
!1.3GPa. ( 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The successful application of hard coatings as
wear protection relay on an optimised combination
of physical and mechanical properties of the coat-
ing constituents. Multilayers are one-dimensional
synthetic structures comprising a number of alter-
nate layers. They are used in a vast range of ap-
plications [1,2]. Wear prevention on steel tools in
cutting applications is our major interest while

attempting to produce (Ti,Al)N/Mo coatings. Re-
cently, some publications mention the fact that
multilayers endow for tribological applications ow-
ing to their elevated hardness and strength [3}7].
This improvement is credited to the presence of
more interfaces that results in crack de#ection,
thereby dissipating more energy and enhancing
toughness. From a functional standpoint, chemical
stability, hardness and good adhesion to the sub-
strates is essential. Optimum coating thickness, "ne
grain microstructures and a compressive residual
stress can further enhance the multilayer's perfor-
mance [6]. Both Ti

0.4
Al

0.6
N (fcc) and Mo (bcc)

possess a cubic crystal structure and have similar
properties, such as high melting point, good chem-
ical and thermal stabilities and comparable elastic
properties.
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Fig. 1. Low-angle di!raction pattern for sample DB1 showing
Bragg peaks up to the eighth order. Through the position of
these peaks and by applying Eq. (1) it is possible to derive the
multilayer periodicity (see inset).

2. Experimental details

(Ti,Al)N/Mo coatings were deposited using
a custom-made sputtering system. An Ar/N

2
en-

riched atmosphere was present in the chamber,
with an argon #ow rate (pressure) of 140 cm3/min
(0.35Pa) and a nitrogen #ow rate of 8.4 cm3/min
(0.13Pa) for growing Ti

0.4
Al

0.6
N, while to produce

Mo the Ar #ow was varied from 160 to
250 cm3/min (0.6 to 0.7Pa). Pure 200mm]
100mm]6mm TiAl and Mo targets were used.
A current of approximately 0.01A/cm2 was applied
to both magnetrons. The substrate bias voltage was
changed from !60 to !120V while the target-
to-substrate distance was kept at 110mm in all
depositions. A typical base pressure of the order of
5]10~5Pa was achieved, and the substrate tem-
perature during deposition was approximately
2003C. Before deposition the substrates were in situ
sputter-etched in an argon atmosphere of 7Pa with
a dc power of 100W during 20min. The samples
were grown on 30mm in diameter, 5mm thick,
high-speed steel (AISI M2) discs and 25mm in dia-
meter, 0.5mm thick, stainless-steel (AISI 316) discs.

Rutherford Backscattering Spectrometry (RBS)
determined the "lm composition. A 2MeV He`
beam in a 3.0MV Van de Graa! accelerator was
used [8]. The backscattered particles were detected
by a surface barrier detector placed at 1603 to the
beam direction in the Cornell geometry and with an
energy resolution FWHM of 14keV. Afterwards, the
RBS spectra were "tted with Rump code [9].

A Digital Instruments NanoScope III atomic
force microscope (AFM), working in tapping mode,
was employed to study the surface morphology of
these coatings. For the XRD scans a Philips
PW3040/00 X'Pert di!ractometer was used in the
standard Bragg-Brentano geometry. In the low-
angle regime, the length scales that are probed are
greater than the lattice spacing of the constituent
layers. Therefore, the scattering solely arises from
the chemical modulation of the structure. The
modulation period can be experimentally assessed
through the position of the low-angle Bragg di!rac-
tion peaks [10,11]:
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#
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/
). (1)

n represents the order of di!raction related to the
Bragg peak positioned at h

/
, " is the modulation

periodicity, j corresponds to the CoKa X-ray
wavelength,and h

#
+0.43 is the critical angle below

which the radiation is totally re#ected. In Fig. 1 an
example of this is given (for sample DB1) where the
position of the Bragg peaks is plotted as a function

of (2/j)Jcos2(h
#
)!cos2(h

/
); through the slope the

modulation period is derived.
Hardness testing enables a continuous monitor-

ing of the load and depth of penetration experi-
enced by the indenter during the indentation
process. These depth-sensing measurements allow
the estimation of not only the hardness but also
Young's modulus [12,13]. The ultramicrohardness
experiments were carried out on a computerised
Fischerscope dynamic ultramicrohardness tester
(H100 model), using a Vickers indenter and a max-
imum load of 30mN.

An established method of assessing the adhesion
of hard coatings made by PVD is the scratch test.
The equipment used was a Sebastian-5A model
from the Quad Group. A 200lm radius diamond
tip was used with the scratching speed being set
at 0.0167 cm/s while the load rate was kept at
100N/min. An analysis of the AE spectrum coupled
with careful microscopic analysis of the scratch
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Fig. 2. High-angle di!raction patterns for samples DB4, DB5
and DB6, grown with PM0(Ar)"0.7 Pa, showing the texture
evolution as the bias voltage increases from !60 to !120V.
For intensity comparison, the same vertical scale is used. The
peaks labelled with an asterisk correspond to the steel substrate.

tracks aids the task of identifying the value of the
critical load (¸

#
) [13,14]. We consider ¸

#
as the

load at which the "rst adhesive failure mode occurs
and it is clearly visible, regardless of the "lm re-
maining bonded after this incident along the
segueing scratch track.

The technique used for residual stress measure-
ment is based on the associated curvature de#ec-
tion of a thin substrate [15,16]. The major
advantages of this approach in comparison to the
measurements of elastic strains in the "lms via
XRD [17] resides in the fact that in the de#ection
method no information regarding the coating elas-
tic properties is required to calculate the residual
stress.

In Stoney's equation [18],

p"!

E
4

6(1!l
4
)
]

t2
4
t
#

][r~1
!

!r~1
"

]. (2)

E
4
/(1!l

4
) refers to the biaxial modulus of the

stainless-steel substrate (E
4
"215 GPa and

l
4
"0.283 [19]), t

4
and t

#
are, respectively, the

thickness of the steel substrate and coating, and
"nally, the parameters r

"
and r

!
represent the

radius of the curvatures of the substrates before
and after deposition. By using the last expression
one can quantitatively evaluate the residual stress
inside the "lms. The curvature of the samples was
analysed with a Mitutoyo CNC co-ordinate-
measuring unit.

3. Results and discussion

Low-angle XRD scans provided us the modula-
tion periodicity. Diverse Bragg peaks, associated
with the low-angle patterns, was identi"ed up to the
eighth order. This allowed the precise determina-
tion of the modulation periodicity (" * see Table
1) with very low error, and also positively ensured
a good chemical modulation while producing the
multilayers. A good indicator of the reproducibility
of these structures is that the modulation period
was kept constant at approximately about 13 nm.
High-angle XRD measurements provided texture
information, for instance about its evolution with
the bias voltage, which is shown in Fig. 2. From this

Figure a change in the Mo texture as the bias
voltage increases from !60 to !120 V is ob-
served. Up to !80V a strong Mo (1 1 0) texture is
present, however at !120 V it is diminished and
an enhancement of the (2 0 0) and (2 1 1) growth
planes occur instead.

From AFM observations on all multilayered
samples the corresponding rms roughness (R

!
) was

calculated from 5lm]5lm line scans; the results
are presented in Table 1. In Fig. 3a, b and c these
type of scans are shown for samples DB1, DB4 and
DB5, respectively, while in Fig. 3d a smaller scan of
0.5lm]0.5lm from DB4 is given. In this "gure it
is possible to observe the dome-rounded shape,
characteristic of these multilayer columnar grains.
This feature on the surface results from the wavy
rough interfaces and texture misorientation of the
grains. While comparing Fig. 3b and Fig. 3c with
the results in Table 1 one concludes that an in-
crement of the bias voltage from !60 to !80V
enhances both values of disorder (R

!
) and the col-

umnar diameter. Additionally, while comparing
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Table 1
Experimental details and calculated results regarding the deposition of di!erent samples. Bias is the polarisation potential applied to the
substrate holder and PM0(Ar) the partial pressure of argon relative to the deposition of Mo. The values of PT*A-N(N

2
) and PT*A-N(Ar) were

kept constant on all depositions at 0.13 and 0.35Pa, respectively. The modulation periodicity (") was determined by applying Eq. (1).
R
!

stands for the rms roughness determined from the AFM analysis on a 5 lm]5lm area

Sample Type PM0(Ar) (Pa) " (nm) Bias (V) R
!

(nm)

DB 1 (Ti
0.4

Al
0.6

N/Mo)]200 0.6 13.6 !60 7
DB 2 (Ti

0.4
Al

0.6
N/Mo)]200 0.6 13.6 !80 11

DB 3 (Ti
0.4

Al
0.6

N/Mo)]200 0.6 11.0 !120 6
DB 4 (Ti

0.4
Al

0.6
N/Mo)]200 0.7 13.6 !60 10

DB 5 (Ti
0.4

Al
0.6

N/Mo)]200 0.7 12.8 !80 14
DB 6 (Ti

0.4
Al

0.6
N/Mo)]200 0.7 11.0 !120 6

Ti
0.4

Al
0.6

N ! ! ! !60 !

Mo ! 0.7 ! !60 !

Fig. 3a and Fig. 3b a similar result was found as the
working Ar pressure was elevated from 0.6 to
0.7Pa, keeping the bias constant. It is well known
that an increase in the working gas pressure corres-
ponds to an enhancement of the wave pro"le of the
surface that is being bombarded [20]. The excep-
tion to this trend is associated with the samples
grown with a bias voltage of !120V where the
R
!

values and also the modulation period decrease
substantially. A high-enough ion #ux and sub-
sequent higher surface mobility permits the atoms
to stack with less roughness, while the decrease in
the thickness was due to re-sputtering e!ects de-
rived from the high voltage present in the substrate
holder. Sample DB1 in (Fig. 3a) bears more surface
defects than the others do; from Fig. 3b and c it is
obvious how the "lm surface becomes cleaner with
defects and protrusions as the bias voltage in-
creases. The possible mechanism responsible for
this has to do with the misorientation of columns
during growth that often arise from grains exposing
a higher surface energy to the deposition #ux. From
AFM images these protrusions can be at the most
350nm wide and 300nm high. The AFM roughness
results correlate well with the observable texture
changes referred to in the last paragraph with the
assumption that the (1 1 0) island growth inhibits
adatom mobility and therefore increases the overall
roughness, whilst when increasing the bias to
!120V the (2 0 0) and (2 1 1) growth direction sur-
face energy is higher and hence we have less rough-

ness. These results are in agreement with the pre-
vious published work wherein the low-angle XRD
patterns were "tted with SUPREX and from those
"ts a value for the interfacial roughness was esti-
mated [21]. The behaviour of the interfacial rough-
ness with bias increment was the same, however
these re"ned values were quite smaller compared to
the R

!
values due to the depth-sensing resolution of

the X-rays, which is limited to the size of a grain
whilst in the AFM measurements the lateral valid-
ity is much greater.

The ultramicrohardness experiments not only
unveiled the hardness (HV) of these multilayers
itself but also the Young's modulus (E). Figs. 4 and
5 shows these data as a function of the bias voltage.
For di!erent Mo sputtering conditions and for
a "+13.5 nm, both HV and E increase with the
applied bias voltage up to maximum values of 33
and 440GPa, respectively. This behaviour of HV
and E with increasing bias voltage can be justi"ed
by the fact that the negative potential accelerates
the gas ions to the growing coating and this addi-
tional supplied energy causes a coating densi"ca-
tion and respective enhancement of the intrinsic
compressive stress. This densi"cation also contrib-
utes to the #attening of the surfaces; therefore
lowers surface roughness.

Adhesion tests revealed critical loads (¸
#
)

ranging from a minimum of 12N, for the worst
samples, up to 32N, for the best ones; as shown in
Fig. 6. The mechanism that is associated with these
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Fig. 3. Atomic force microscopy 5 lm]5 lm images of the morphology of samples: (a) DB1, (b) DB4 and (c) DB5. A smaller
0.5lm]0.5lm scan from DB4 is shown in (d).

critical loads and hence with adhesive failure is
spallation, which occurs mainly laterally on the
scratch track revealing the underlying substrate at
the same time, which can be viewed in Fig. 7.
Besides spallation, tensile cracks are also evident in
the scratch track; however the coating remains fully
adherent. These cracks result from tensile frictional
forces on the trailing edge of the indenter, which
balances the compressive frictional stresses ahead
from the indenter. In Table 2 the ¸

#
values for

Ti
0.4

Al
0.6

N/Mo multilayers, bulk Ti
0.4

Al
0.6

N

and Mo are presented. Since the bulk Mo "lm
adheres better than the best multilayer coating,
further work has to be done on the optimisation of
the growth of these structures. Nevertheless, the
dependency of ¸

#
with increasing bias is similar as

with HV, E and p. The relatively small change in the
argon pressure while producing Mo did not in#u-
ence the overall mechanical properties of these
coatings.

All samples are under a compressive in-plane
residual stress (p), the majority ranging from
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Fig. 4. Evolution of the ultramicrohardness (HV) and Young's modulus (E) with increasing bias voltage, for [Ti
0.4

Al
0.6

N/Mo]]200
samples grown with PM0(Ar)"0.6 Pa.

Fig. 5. Evolution of the ultramicrohardness (HV) and Young's modulus (E) with increasing bias voltage, for [Ti
0.4

Al
0.6

N/Mo]]200
samples grown with PM0(Ar)"0.7 Pa.

approximately !0.2 to !0.5GPa. A couple of
higher values of the order of !1GPa for particu-
lar experimental conditions are related to a high
(!120V) polarisation voltage during deposition.
From the results in Table 2 and Fig. 6 we conclude
that both the increases of the bias voltage and to
some limit, the argon partial pressure to produce
Mo increase the relative residual stress values.
Hence, the e!ect of the bias voltage as it is elevated

from 0 to !120 V is to increase the state of resid-
ual stress on these coatings. The synergetic depend-
ence of the stress "eld and hardness with increasing
negative bias voltage can be explained by the fact
that an increase in bias corresponds to another in
ion bombardment. The collisional cascade e!ects
associated with this enhance "lm densi"cation and
void annihilation; hence the strengthening and
hardening e!ects [22}24].
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Fig. 6. Evolution of the negative (compressive) residual stress (p) and adhesion failure load (L
#
) with increasing bias voltage, for

[Ti
0.4

Al
0.6

N/Mo]]200 samples grown with PM0(Ar)"0.6Pa and PM0(Ar)"0.7Pa.

Fig. 7. Pro"le of an adhesion failure on a [Ti
0.4

Al
0.6

N/
Mo]]200 sample (DB4) during critical load determination by
means of a scratch test.

Table 2
Experimental results obtained for the multilayer
Ti

0.4
Al

0.6
N/Mo coatings (DB series) and for bulk Ti

0.4
Al

0.6
N

and Mo. HV refers to the Vickers ultramicrohardness, E the
Young's modulus, L

#
is the critical load and p the residual stress

in the thin "lm

Sample HV (GPa) E (GPa) L
#

(N) p (GPa)

DB 1 26$3 381$41 12$1 !0.19
DB 2 28$3 411$39 14$2 !0.24
DB 3 33$3 431$43 21$2 !1.33
DB 4 26$3 387$29 17$1 !0.31
DB 5 27$2 389$32 20$2 !0.48
DB 6 32$4 440$37 32$3 !1.13
Ti

0.4
Al

0.6
N } } 29$1 !0.26

Mo } } 35$2 !1.28

4. Conclusions

We report in this paper the production and
mechanical characterisation of PVD-grown
Ti

0.4
Al

0.6
N/Mo multilayers. Indentation experi-

ments yielded ultramicrohardness values as high as
33GPa. While monitoring adhesion failures during
scratch tests we witnessed that some coatings with-
hold critical loads up to 32N. A strong spallation

of "lm material from the interface with the substra-
te occurs at higher loads. By polarising the
substrates with a negative potential one can control
changes in surface morphology, columnar growth,
roughness, and consequently the mechanical be-
haviour of these multilayers. With the AFM tech-
nique, we were able to determine the rms roughness
and found that our coatings developed a dome-
rounded surface structure during growth, similar to
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the zone 1 microstructure of Thornton's model
[25] for a lower bias of !60 V and gradually
changing to zone T as the bias increased to
!120V.
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