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ABSTRAC

Purpose: This research was done to investigate the mechanical properties of monolayer coatings (Ti/CrN,
Ti/TiAIN, Ti/ZrN, CtN, TiAIVTiAIN, Zr/ZtN, TiN) deposited by PVD technique (reactive magnetron sputtering
method) onto the substrate from the CuZn40Pb2 brass. A thin metallic layer was deposited prior to deposition of
ceramic monolithic coatings to improve adhesion.

Design/methodology/approach: The microstructure of the coatings was cross section examined using scanning
electron microscope. The residual stress was obtained from the parabolic deflection of the samples, after the coating
deposition applying Stoney’s equation. The microhardness and Young’s modulus tests were made on the dynamic
ultra-microhardness tester. Tests of the coatings’ adhesion to the substrate material were made using the scratch test.

Findings: Obtained results show that all the coatings are in a state of compressive residual stress. The stiffness of
the examined coatings is between 224-330 mN/um, while Young’s modulus is between 258-348 GPa. Concerning
the adhesion of the coatings measured by scratch test, it has been stated that the critical load L, for coatings,
deposited onto the brass ranges from 41 to 57 N.

Research limitations/implications: In order to evaluate with more detail the possibility of applying these
coatings in tools, further investigations should be concentrated on the determination of the tribological properties
of the coatings.

Originality/value: The paper contributes to better understanding and recognition the structure of thin coatings
deposited by PVD techniques. It should be stressed that the mechanical properties of the PVD coatings obtained in
this work are very encouraging and therefore their application for products manufactured at mass scale is possible
in all cases where reliable, very hard and abrasion resistant coatings, deposited onto brass substrate are needed.
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1. Introduction

Deposition of hard layers of nitrides, carbides or oxides on
material surface in the PVD processes is one of the most intensely
developed directions of improvement of working properties of
functional elements. Hard coatings with metal nitrides, like CrN,
TiAIN, TiN, ZrN, etc., extend the life of the items that were
covered with them, improving not only their wear resistance but
also their resistance to the chemically aggressive environment, in
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comparison to the non-coated metal materials. However, wear
resistance of coatings depends on many other factors, including
hardness, elastic modulus, friction, fracture toughness [1-4].
Adhesion of the coating to the substrate features one of the
key issues pertaining to coating items with the hard ceramic
materials. Therefore, the coating-substrate contact zone is
important when the reliable and durable coating is to be worked
out [5-7]. Employment of the thin interlayer, e.g., Ti or Cr results
in improvement of the proper coating adhesion, as the soft



titanium or chromium layer reduces stresses and counteracts
propagation of cracks [8-10].

Thin, hard PVD coatings on a soft base, e.g. brass, turn out to
be an advantageous material combination from the tribological
point of view. They increase their resistance to scratches and
crevices developing in contact with hard materials. They have the
particular role for protection from wear or corrosive wear. One of
the limitations in using hard coatings on a relatively soft base is
developing of high stresses in coatings and in the substrate
material — coating contact zone, when the coating is loaded and
the material is being bent [11-13].

Internal stresses feature a serious problem connected with thin
coatings deposited by PVD processes. Mechanical properties, like
hardness, adhesion, and tribological properties of the applied
coatings are strongly contingent upon the values and spatial
distribution of the internal stresses. All residual stresses values
indicate to the compression (negative) residual stresses in the
deposited coatings. The internal (micro-structural) stresses prevail
in this case. The external (thermal) stresses are predominant in the
chemical vapour deposition processes (CVD), as these processes
are carried out at higher temperature. The compression stresses in
coatings improve their mechanical properties. One can notice that
residual stresses in coatings grow along with the increase of the
accelerating potential. However, the excessive compression stresses
may induce problems with good adhesion of coatings to their
substrate, close to the edge in particular, which is demonstrated by
delamination or spalling of coating from the substrate [14-20].

The goal of this work is investigation of the mechanical
properties of the monolayer coatings deposited by magnetron
sputtering onto the brass substrate.

2. Investigation methodology

The coatings were produced by reactive dc magnetron
sputtering using metallic pure targets. They were deposited on
CuZn40Pb2 brass substrates. One of the thin interlayer from the
pure Cr, Ti, Zr, or the TiAl alloy (about 100 nm) were applied
onto the substrate to improve the coatings’ adhesion. Some
deposition conditions are summarized in table 1.

The structures of the deposited coatings were examined on
transverse sections in a Philips XL-30 scanning electron
microscope. Secondary electrons were used for generation of
fracture images. The accelerating voltage was 20 kV.

The thickness of coatings was determined using the “kalotest”
method, consisting in measuring the characteristic features of the
crater developed in the coated specimen’s surface. The coating
thickness was determined by using the following relationship
relevant to this setup:

D2 _ 42

w 103 1)

g:

where:

g — coating thickness [pum];

d — crater inner diameter [mm];
D — crater outer diameter [mm];
R — ball diameter [mm].
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Techniques used for measurements of the residual stresses are
based on the deflection the thin specimens after the coating
deposition process. The dimensions of the brass substrates for
residual stress measurements were: diameter of 25 mm and
thickness of 500 um. The curvature radius of the coated and
uncoated specimens was measured by laser triangulation over the
specimen surface in two perpendicular directions (Fig. 1). The
residual stresses o,.; were calculated using the Stoney’s equation
[14,21]:

E. -t 11
o-res __S—i(___J (2)

where:

E,, t; and v — Young's modulus, thickness, and Poisson ratio of
the substrate (respectively);

t. — coating thickness;

r, and r, — the specimen surface curvature radii before and after
the deposition of the coating.

laser
sensor
coating laser
beam
substrate
base plate

Fig. 1. The schema of the laser triangulation apparatus to measure
the curvature radius of the specimens in order to determine the
residual stresses.

The microhardness tests were made on the SHIMADZU DUH
202 dynamic ultra-microhardness tester. The tests were made
under the load 25 mN, enabling the operator to minimize the
influence of the substrate on the obtained results, so that the
indentation depth was lower than 1/10 of the thickness of the
deposited coatings.

The Young’s modulus was calculated using the Hardness 4.2
software package delivered as a part of the ultra-microhardness
tester system, according to the formula:

1 1-0? 1-0?

—= L4 g 3
Er Ei Es ( )

where:

E, — reduced Young's modulus [kN/mm?];

Es, E; — Young's moduli of the substrate and indenter

(respectively) [KN/mm?];
Vs, V; — Poisson ratio of the substrate and indenter (respectively).
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Table 1.
Coating types and their deposition parameter: *during metallic layers deposition; ** during ceramic layers deposition
; Partial P Temperature,
Coating type Numbers of layers Substrate bias Chamber pressure, Pa .a 14’ pressure, ' Il
voltage, V nitrogen argon C
Ti/CrN 1 -50 0.58 0.15%* 0.31
Ti/ZN 1 -50 0.34 010 0.29
- 0*
Ti/TiAIN 1 -40 0.40 0.10%* 0.38
k
Cr/CrtN 1 -50 0.39 0 ?5** 0.30 300
Ti/TiN 1 -60 0.25 0,07+ 0.25
O*
Zr/ZtN 1 -60 0.35 0.10%* 0.29
*
TiAIUTiAIN 1 -60 0.49 0 ? [ 0.45

Tests of the coatings’ adhesion to the substrate material were
made using the scratch test, routinely employed in case of the
coatings obtained in processes of physical vapour deposition. In
this method, the diamond indenter with the Rockwell C type tip
travels on the examined specimen’s surface at a constant speed
with the continuously increasing load force. The tests were made
on the computer controlled Sebastian 5A (Quad Group) device
equipped with the acoustic detector, at the following conditions:

e load increase rate (dL/dt) — 100 N/min;
e indenter feed rate (dx/dt) — 10 mm/min.

3. Discussion of results

The structure of the coatings was examined on the transverse
surfaces of fractures in the electron scanning microscope. The
coatings display equal thickness over their entire area. The
columnar structure of the monolayer coatings is clearly visible
(Fig. 2).

The values of the critical load L, characterized by adhesion
of the examined coatings to the CuZn40PB2 brass substrate,
caused mainly by the forces of adhesion, have been determined
using the scratch test with a linear growing load (Fig. 3-9).

The second critical load Lc; is the point at which the damage
becomes continuous and complete delamination of the coating
start; the first appearance of cracking chipping, spallation and
delamination outside or inside the track with the exposure of the
material substrate — the first adhesion-related failure event. After
this point, all of the acoustic emission, friction force signals
become noisier [22, 23]. The summary results are presented in
Table 2. Employment of the additional thin (Ti, Zr, Cr, TiAl)
interlayer in monolayers improves adhesion of the nitride coating
to the substrate, as it counteracts propagation of cracks and
reduces stresses in the coating-substrate zone.

Examinations of changes of the chemical concentrations of the
coating constituents and substrate material carried out on the
GDOS glow-discharge optical emission spectroscope are presented
in Fig. 10-16.
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Fig. 2. Fracture of the Zr/ZrN coating deposited onto the substrate

from the CuZn40Pb2 brass
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Fig. 3. Plot of the dependence of the acoustic emission and
friction force from the scratch path for the Ti/CrN coating
deposited onto the CuZn40Pb2 substrate
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Fig. 4. Plot of the dependence of the acoustic emission and
friction force from the scratch path for the Ti/ZrN coating
deposited onto the CuZn40Pb2 substrate
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Fig. 5. Plot of the dependence of the acoustic emission and
friction force from the scratch path for the Ti/TiAIN coating
deposited onto the CuZn40Pb2 substrate
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Fig. 6. Plot of the dependence of the acoustic emission and
friction force from the scratch path for the Cr/CrN coating
deposited onto the CuZn40Pb2 substrate
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Fig. 7. Plot of the dependence of the acoustic emission and
friction force from the scratch path for the Ti/TiN coating
deposited onto the CuZn40Pb2 substrate

100
90
80
70
60 -
50
40
30
20
10

Load, N

Friction force, N
Acoustic emission AE

Load
Acoustic

emission

Friction force

1 2 3 4 5

Scratch length, mm

Fig. 8. Plot of the dependence of the acoustic emission and
friction force from the scratch path for the Zr/ZrN coating
deposited onto the CuZn40Pb2 substrate
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Fig. 9. Plot of the dependence of the acoustic emission and
friction force from the scratch path for the TiAl/TiAIN coating
deposited onto the CuZn40Pb2 substrate
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Fig. 10. Changes of concentrations of constituents of the Ti/CrN
coating and of the substrate material
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Fig. 11. Changes of concentrations of constituents of the Ti/ZrN
coating and of the substrate material
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Fig. 12. Changes of concentrations of constituents of the
Ti/TiAIN coating and of the substrate material
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Fig. 13. Changes of concentrations of constituents of the Cr/CrN
and of the substrate material
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Fig. 14. Changes of concentrations of constituents of the Ti/TiN
and of the substrate material
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Fig. 15. Changes of concentrations of constituents of the Zr/ZrN
and of the substrate material
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Fig. 16. Changes of concentrations of constituents of the
TiAl/TiAIN and of the substrate material

Varying concentrations of elements constituting the Ti/CrN
coatings (Fig. 10) attests its chemical inhomogeneity. The
chemical composition of the Ti/ZrN coatings also differs from the
equilibrium one (Fig. 11). The nitrogen concentration decreases
steadily, whereas the Zr concentration grows. A similar situation
occurs in case of the Ti/TiAIN coatings (Fig. 12), where also
concentration changes of the pure Ti and Al metals forming the
coating, and also nitrogen are significant. In the Cr/CrN coating
(Fig. 13) their chemical composition is close to the equilibrium
one. However, for Zt/ZrN, Ti/TiN, TiAI/TiAIN coatings (Fig. 14-
16) differences occur in concentrations of the particular elements,
which may be caused by origination of the solid secondary
solutions or by the inhomogeneous evaporation of the material
from the specimen surface during examinations in the
spectrometer. However, basing on the analysis of the chemical
composition from the micro-areas of coatings it was found out that
it is close to the equilibrium one. In case of monolyaers one can
easily notice the thin interlayers, whose goal is to increase
adhesion of the proper coating to the substrate.

The investigations made using the glow discharge optical
emission spectrometer GDOS indicate that in the analysed
cases, in the joint zone, concentration of elements included in
the substrate grows with the simultaneous rapidly decreasing
concentration of elements constituting the coatings. This may
attest to the existence of the interface between the substrate
material and the coating, resulting in improvement of
adherence between the deposited coatings to the substrate,
albeit these results cannot be interpreted unequivocally
because of the inhomogeneous vaporizing of the material from
the specimens' surfaces. The existence of the interface should
be also connected with the increase of desorption of the
substrate surface and development of defects in the substrate
as well as with displacement of elements in the joint zone due
to interaction of the high-energy ions. In spite of the indicated
interpretation ambiguities, the obtained results are close to
those published in [24, 25].

The obtained results show that the coatings are under
compressive (negative) residual stress (Table 2). In this case the
dominant role is played by the internal stresses, connected to the
growing process itself. The external (thermal) stresses are not
significant because the deposition temperatures are relatively low.
The compressive stresses in the coatings, within certain limits,
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cause the increase of their endurance properties and especially
hardness. Too big compressive stresses may, however, cause
adhesion problems, as in case of Ti/TiAl and Ti/ZrN coating
(Table 2), especially close to the edge.

Hardness tests of the deposited coatings were made in the
‘load-unload’ mode, in which loading of the indenter with a
specified force takes place, holding it for the predetermined time,
and then the indenter load force is released (Fig. 17, 18). When
carrying out the test, one can observe not only plastic deformation
of the material but also its elastic deformation. Microhardness
determined this way is called dynamical microhardness. The
precise meter circuit allows registering the depth of the created
imprint while loading or unloading the indenter. The summary
results are presented in Table 2.

With the use of the Hardness 4.2 software package, which is
part of the ultramicrohardness tester, and the dependency between
the load and the depth of the indenter into the examined coating
(Fig. 17,18), the Young’s modulus as well as the stiffness of
coatings, have been determined (Table 2). The stiffness of the
examined coatings is between 224-330 mN/um, whereas Young’s
modulus is between 258-348 GPa.
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Fig. 17. Plot of the load/unload curves as a function of the depth
for Ti/CrN, Ti/ZrN and Ti/TiAIN coatings
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Fig. 18. Plot of the load/unload curves as a function of the depth
for Cr/CrN, Ti/TiN, Zr/ZrN and Ti/TiAIN coatings

Archives of Materials Science and Engineering



Mechanical properties of monolayer coatings deposited by PVD techniques

Table 2.
Summary results of the mechanical properties
Coating type Residual stresses, Critical load Lc», Hardness Young's Stiffness, Thickness,

GPa N DHV0,0025 modulus, GPa mN/pum pm
Ti/CrtN -2.6 50 2450 258 330 5.8
Ti/ZrN -8.9 45 3100 291 224 2.1
Ti/TiAIN -11.9 41 2400 348 274 23
Cr/CrN -10.5 48 2400 274 255 3.6
Ti/TiN -4.2 57 2800 293 228 24
Zr/ZtN -5.6 48 3100 345 252 2.0

TiAlVTiAIN -0.3 50 2200 277 239 23
4. Conclusions [5] D.N. Allsopp, I. M. Hutchings, Micro-scale abrasion and

scratch response of PVD coatings at elevated temperature,
The investigations made using the glow discharge optical (6] l\iv ea{{if}l (i(]);)l)ll(z(r)r?r_n]iilg: G.CAM. Janssen. Scratch
emission spectrometer GDOS indicate to the existence of the re.sistanc,e O’f érN coatings’on .nit.ri(.ie d steel Sl;rface and
%nterface between the substre}te material and Fhe coating 'resulting in Coatings Technology 200 (2006) 3856-3860. ’
;I:llé)srt(;;fteement of the adhesion of the coatings deposited to the [7] R.Jacobs, J. Meneve, G. Dyson, D.G. Teer, N.M. Jennett, P.
Good adhesion of the coatings deposited to the substrate should g?;il’kiir:/e(;n ?{tebg(’)hcﬁbgfmt% PBSSECh(t}er’}é 'in(e:?:aléero’
be connected with the existence of the interface and interlayer from In' elbrecht A cérti fied matfr,ial 'for the )scra'tch - Syurfz.uce;
the pure metal. This may be attested by the critical load Lc,, which & L2 ’
is in the range 57-41 N, depending on the coating type. and Coatings Teghnology 174-175 (2003) 1008-1013.
Mechanism of the PVD coatings failure revealed by the (8] LZ A D.obrzanskl, K LUkaSZkO‘.VlCZ’ Erospn resistance a.nd
adhesion test is connected with the arc shaped cracks caused by tribological proper'tles of coatings deposited by reactive
tension and spalling occurring at the bottom of the developing magnetron sputt.erlng methpd onto the brass substrate,
scratch. Journal of Materials Processing Technology 157-158 (2004)
In the investigated coatings the negative (compression) internal 317-323. . .
stresses occur, causing improvement of their tribological and e1 F A.sh.r afizadeh, Adhesion evaluated .Of PVD coatings o
mechanical properties, including their adhesion to the substrate. aluminium substrate, Surface and Coatings Technology 130
The stiffness of the examined coatings is between 224-330 (2000) ,186'194‘ . .
mN/pm, while Young’s modulus is between 258-348 GPa. [10] B. Navm.sek{ P. Panjan, .M. 'Cekada, DT Qulpto, lnterface
characterization of combination hard/solid lubricant coatings
by specific methods, Surface and Coatings Technology 154
(2002) 194-203.
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