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Abstract: Titarmum Alumimumm Nitride (T1-Al-N) system is a well established hard coating known for their good
physical, chemical and mechanical properties that is used in a variety of fields. The aim of this research is to
mvestigate the influence of bias voltage and aluminum content on the microstructure, chemical composition
and the residual stress of Ti-Al-N in order to illuminate the possibility of tailoring the coating properties
mentioned above. Four groups of Ti, AL N coatings were deposited by Cathodic Arc Evaporation (CAE) using
powder metallurgical targets of Ti, Al with x. = 0.50, 0.55, 0.60 and 0.66. The coatings were deposited onto
cemented carbide (WC-Co) substrates at a temperature of 500°C, at different bias voltages: -25, -50 and -100 V.
Structural characterization of the coatings was performed with Glancing Angle X-Ray Diffraction (GAXRD) and
Glow Discharge Optical Emission Spectroscopy (GDOES). The microstructure of the coatings changed from
predominantly single-phase fec for x between ~0.50 and ~0.60 to dual phase fecthep for x = ~0.66. The residual
stress and the stress-free lattice parameter were analyzed using GAXRD and the sin®¥ method was used to
evaluate the data. Young’s modulus of 500 GPa and Poisson’s ratio of 0.3 were utilized in the evaluation.
Residual compressive stress imcreased for about 4 GPa with mereasing bias from -25 to -50 V. Further increasing
bias from -50 to -100 V resulted only in an increase of about 1GPa. This investigation shows clearly the relations

between the target and coating composition where bias is an important parameter.
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INTRODUCTION

T1-Al-N system 15 a well established hard coating
known for their good physical, mechanical and chemical
properties that are used mn a variety of fields: cutting
applications, metal sheet forming, dies and moulds to
components in the aerospace and automotive mndustries
(Leyendecker et al., 1991, Coll et al., 1992; Carlsson and
Olsson, 2006) but there is an increasing demand for
further development of this coating system. Most of the
time, this 1s done by addition of alloying elements, e.g.,
Silicon (31) (Durand-Drouhin et al., 2003; Rafaja et al.,
2007, 2008), Vanadium (V) (Pfeiler et af., 2007), Tantalum
(Ta) (Pfeiler et al., 2008), Yttrium (Y) (Moser and
Mayrhofer, 2007) etc, by varying Al content
(Inamura et ai., 1987, Kimura et al., 1999; Suzuki ef al.,
2000; Kutschej ez al., 2005) or by process optimization
(Coll ez al, 1992; Vlasveld et al., 2002; Bujak et of., 2004;
Ahlgren and Blomgvist, 2005). All these different
approaches aim on the same thing: mmprovement of the
mechanical properties, oxidation resistance or tribological

properties, i.e., in creasing wear resistance and/or
lowering the coefficient of friction. Varying the Al
content influences primarily, the phase composition which
in turn has effects on microstructure and properties of the
T1-Al-N coatings.

For prediction of the phase composition in transition
metal aluminum nitrides, Makmo (1995) published a
theoretical approach where the critical composition for
face-centered-cubic (fcc)/hexagonal-close-packed (hep)
was predicted by the two band parameters C(hybrid
function H and the band gap reduction parameter 3), the
crystal structure map based on these parameters and the
composition factor f,,. Based on this approach, it has
been calculated (Sugishima et al., 1997) that the critical
composition for fee-TiN/hep-AIN phase transition in the
T1,  ALN system 1s about x = 0.65. This suggests that the
fee phase would transform to the hep phase directly when
Al content is x = 0.65 in the Ti Al N system. But the
normal expectation is that we have a two phase region
where both phases are present that depends on the
technique used to deposit the coatings and is influenced
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primarily by the deposition parameters. Hxperiments
performed on the Ti-Al-N coatings deposited using the
Arc Ion Plating (AIP) (Kimura ef al., 1999) consisted of a
single fcc phase up to x<0.6 and then the phase
composition changed abruptly to hep for x=0.7 because
of the excess of Al content. The Ti-Al-N coatings
deposited using the Ion Beam Assisted Deposition
(IBAD) techmique (Suzuki et al., 2000) consisted of a
single fce phase for Al content up to x<0.67. Increasing Al
content to x = 0.7 yielded a mixture of fce and hep phase
whereas for larger Al contents the coating consisted only
of hep phase with wurtzitic type structure. Similar results
were obtained by other Physical Vapor Deposition (PVD)
techniques (Cramer et al., 2001; Rafaja et al., 2006). There
15 one thing m common for all these studies: there 15 a
large region of Al content where the dominating phase 1s
fee-(Ti, ADN that may be followed by a narrowly region
where both fee-(Ti, AN and hep-AIN are observed
whereas further increasing of Al content the coatings
consist mainly of the hep-AIN phase. Recent calculations
of Mayrhofer et al. (2006) reports that the critical
solubility limit can be varied by 16% from 0.64-0.74
by affecting the Al distribution on the metal sub-lattice.
Therefore, the mechanism that mfluences the Al
distribution during film growth will also influence the
critical solubility limit.

Another very nfluential parameter to tailor the
microstructure and thus, the properties of Ti-Al-N
coatings is the negative substrate bias. The bias voltage
during the coating process is a highly influential
parameter because it controls the energy of the impinging
1ons. At low bias voltage levels (0-100 V), the residual
compressive stress increases with increasing bias voltage
due to a higher defect density which 1s also comected
with an increase in hardness. At higher bias voltages, the
ion bombardment mduced mobility of atoms which
promotes the annihilation of defects, reduces the residual
stress and consequently the hardness also drops
(Sato et al., 2003; Ahlgren and Blomgvist, 2005).

The bias voltage also is a very influential parameter
on the chemical composition of the coatings as compared
with the cathode used to deposit the coatings. Different
research teams (Coll et al., 1992; Vlasveld et al., 2002)
have observed that increasing bias voltage leads to a
depletion of the Al content in the coatings. However, a
relatively good agreement was between the initial cathode
composition and the nucleated Ti-Al-N coating when no
bias voltage was applied to the substrate. The depletion
of Al content with bias voltage was attributed to a higher
degree of ionization in Ti vapor (80%) than Al vapor
(50%) emmtted from cathodic arc spots. On the other hand,
Vlasvled er al. (2002) have also observed that with
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increasing arc current the Al content in the coatings
increased. This effect was attributed to the arc spot
splitting that 18 more arc spots which in turn results in an
increased evaporation rate of the lower melting point
constituent which is Al In this research, T1i, /AL N hard
coatings were deposited by CAFE using a hard coating
umit from PLATIT. GDOES and GAXRD were used to
characterize the structure of the coatings. The emphasis
of the research was placed on the effect that Al content x
and substrate bias voltage has on the microstructure,
composition as well as residual stress n  order to
illuminate the possibility of tailoring the coating
properties. In particular, we illustrate the interplay
between chemical composition of the coatings and
deposition parameters.

MATERIALS AND METHODS

Deposition of the coatings: Hard coatings of Ti,  ALN
with different Al content x were deposited by CAE using
a hard coating unit 300 . from PLATIT. The deposition of
the coatings was performed in a N, atmosphere using
three cathodes one Central Rotating Cathode (CERC)
produced by powder metallurgy and two Lateral Rotating
Cathodes (LARC) produced by casting. The dimensions
of the rotating cathodes from now on referred to as
targets were: @ 96x510 mm for lateral targets and ©
110x510 mm for central target as required by deposition
apparatus. Variable stoichiometry of the coatings was
achieved by using central targets Ti, Al with different
Al contents: x; = 0.50, 0.55, 0.60 and 0.66. The bias
voltages were -25, -50 and -100 V, respectively. Mirror-
polished plates of cemented carbides were utilized as
substrates as usual for coatings considered for high
temperature applications. The deposition of the coatings
consisted of a heating and cleaning procedure after which
a thin base layer of TiN was deposited for 5 min using
lateral targets made of Ti, at a N, atmosphere with
pressure 0.5-1.0 Pa. The deposition of the main coating
was performed for 160 min at a N, atmosphere with a
working pressure of 5 Pa. The current on the target was
300 A and a magnetic field of 2.5 T was used for
confinement of the arc discharge. The deposition
temperature was approximately S00°C for all runs.

Microstructure analysis of the coatings: A detailed
microstructure analysis of the coatings comprised the
analysis of their chemical and phase composition.

Chemical composition analysis of the coatings: The
apparatus used i this research to determine the chemical
composition of the as deposited coatings was a
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Fig. 1: The GDOES composition profile of the coating deposited using the target T1, ;Aly ; at a substrate bias of -100 V.
The two vertical doted lines denote the range that was taken for the calculation of the averaged at%

commercial surface depth profile GDOES instrument Leco
SDP-750 (Leco Technik GmbH, Munich, Germany) that
was equipped with a multi-channel polychromator and a
Grimm-type GDS. The sputtered area was 4 mm in
diameter, the sputtering was performed in constant
power mode (17 =900 Vand T =20 mA) and at an Ar flow
of 400 scem. For a more detailed description of the GDOES
technique, the reader 1s referred to Bubert and Jenett
(2002). A typical composition profile that was obtained by
GDOES for the coating deposited using the target
T1,5Aly 5 at a substrate bias of -100 V (sample 3) 1s shown
mFig 1.

XRD analysis of the coatings: The phase compositions of
the coatings, the stress-free lattice parameter and the
residual stress were determined by GAXRD with a
constant angle of incidence of v = 3°. The GAXRD
experiments were performed on a D8 Advance
diffractometer (Bruker AXS) that was equipped by a
sealed X-ray tube with copper anode (A = 0.15418 nm) by
a parabolic Gobel mirror in the primary beam and by a
Soller collimator with the acceptance angle of 0.12° and a
flat LiF monochromator (which changed the Ka2/Kal
mntensity ratio to 0.08) that were situated in the diffracted
beam in front of the scintillation detector. Residual stress
and stress-free lattice parameter were analyzed using
GAXRD and the evaluation of the data was based on
the so-called sin*yr method (Rickerby ef al, 1989,
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Perry and Tagner, 1989, Noyan et al, 1995). In this
analysis, it is assumed that the stress state which exists
within the coating 13 of the biaxial stress and the
measured value of the strain is related to the residual
stress according to Eq. 1:

€y = Ay — DYt — 2 (1)
d, E
Where:
dyy = The interplanar spacing for the hkl reflection
d, = The stress-free interplanar spacing
0 = The residual stress
E = The Young’s modulus
v = The Poisson’s ratio
¥ = The angle between diffracting plane normal and
the sample surface normal and is related to the
incidence angle y and the diffracting angle 0
according to equation ¥ = 6-y
The individual interplanar spacing dy which

corresponded to cubic phase were determmed by fitting
individual peaks with Pearson 7 function using a peak-by-
peak method (Birlkholz, 2006, Guine-bretiere, 2007). Then,
the individual lattice parameters of the cubic phase a,,
were calculated according to Eq. 2:

a, =vh'+k +1d,, 2)
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After determining the individual lattice parameters
then, the stress-free lattice parameters in the cubic phase
were calculated according to Eq. 3 (Rafaja et al., 2006):

3)

pAY
au = (a” — al)m

Where, a, and a; are the cubic lattice parameters
perpendicular and parallel to the sample surface which
are directly obtained from the sin*y-plot at sin®y = 0 and
sin‘yf = 1, respectively. Residual stress of the coatings
was calculated from the slope of the least square fit of the
individual lattice parameters ay on the function sin®y
according to Eq. 4

_slope-E (4)

a,(1+v)

Young’s modulus of 500 GPa and Poisson’s ratio of

0.3 were utilized in the evaluation of residual stress and
stress-free lattice parameter.

RESULTS AND DISCUSSION

Chemical composition of the coatings: Although, the
atomic compositions deduced from GDOES data analysis
be values, the
compositional results obtained for different samples show
that the ratio of mitrogen to metal atoms [N]/A[AL+[T1]) 1s
between 0.95 and 1.39 and that the [ A1)/([Al]+HTi]) atomic
ratio in the coatings was measured to be higher than that

cannot considered as absolute

n the evaporation target (Table 1).

Figure 2 shows the variation of the [AlJA[AIH{Ti])
atomic ratio in the ceating (x) as a function of the
[A1/AA1]+[Ti]) atomic ratio in the target (x;). Similar
results were obtained for Ti-Al-N coatings deposited by
other PVD techniques (Tnamura et al., 1987; Rauch et al.,
2000; Suzuki et al., 2000; Kutschej et al., 2005). The
increase of the Al atomic percent was attributed to the
lower melting pomt for Al than Ti (Suzuki ef al,
2000). Since, the chemical composition of the coatings 1s

Table 1: GDOES data analysis

different from that of the targets that were used to deposit
the coatings, we use the following naming convention to
refer to particular group of coeatings: coatings deposited
from the target T1, ;,Al, 5, we refer to as group 1 coatings,
coatings deposited from the target T1,,,Al 5 as group 2
coatings, coatings deposited from the target T1,,,Al ;, as
group 3 coatings and finally coatings deposited from the
target Tiy 5, Aly ¢ as group 4 coatings.

Besides that the Al content in the coatings is
different from that of the targets, we have also observed
that the [AlJ/([AL]+[T1]) atomic ratio of the coatings (x)
increases with increasing bias voltage (V) and that this
increase is linear for all four groups of coatings (Fig. 3).
From Fig. 3, we see that the values of the intercept are
very close to Al content of the targets (x;).

The intercept has the meamng of the Al content in
the coating that would have been obtained if the coatings
were to be deposited without any bias voltage. This result
is in good agreement with the work of others (Freller and
Haeseller, 1987; Coll et al, 1991) for Ti-Al-N coatings
deposited by cathodic arc evaporation. Both research
teams have observed a relatively good agreement
between the mitial cathodic composition and the
nucleated T1-Al-N films when no bias voltage was applied
to the substrate. Fitting the data points with straight lines
reveals that the slope increases with increasing Al
content of the target. Therefore, the results shown in
Fig. 3 can be summed up with the following Eq. 5:

\Y (5)

X=a S T X

T T

Where:

= Al content of the target

Al content of the coating

V, = The negative substrate bias

The slope that depends on the Al content of the
target and its physical meaning is that of a rate of
increase of the Al content m the coating per unit
bias voltage

For every target (x, a;) and for every value of the
substrate bias (V,), the coating composition (x) is
governed by the Eq. 5 in the range of bias voltages
investigated in this research. This difference between Al
content m the coating and Al content in the target and

Sample munber Bias voltage [AI(JAIHTi]) target 6cp)  JAIVJANHTI]D coating o) [NJ/JAIHTI]) coating  Coating thickness [O] at.(%6)
1 25V 0.50 0.514 (6) 0.955(19) 24 (1) 1.7 (5)
2 =50V 0.50 0.517 (8) 1.040 (27) 2.5(2) 1.2(5)
3 -100V 0.50 0.522 (5) 1.032 (23) 2.5 (D) 1.1(3)
4 =50V 0.55 0.561 (17) 1.102 (58) 2.5 (D) 3.5(9
5 -100V 0.55 0.570 (12) 1.005 (52) 23 (2) 2.0(8)
6 =50V 0.60 0.608 (9) 1.131 (35) 2.5 () 1.2 (3)
7 -100V 0.60 0.618(3) 1.089 (16) 24 (2) 0.8(3)
8 25V 0.66 0.659(5) 1.219(28) 2.7(3) 032
9 =50V 0.66 0.665 (12) 1.386 (53) 2.7 (3) 0.7 (4
10 -100V 0.66 0.676 (3) 1.234 (3) 2.5 () 0.7 (6)
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Fig. 2: [A1)/([A1]H[Ti]) atomic ratio of the coatings as a
function of the [AlA[AIH[T1]) atomic ratio of the
targets, for the coatings deposited at -100 V bias.
Similar result is obtained for the coatings
deposited at -25 and -50 V bias
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Fig. 3: [AlJ/JALTH T1]) atomic ratio of the coatings (x) as

a function of the bias voltage. Filled triangles

represent group 1 coatings, filled rectangles group

2 coatings, filled diamonds group 3 coatings and

filled circles group 4 coatings. Solid lines are least

squares fit to the data points. Dashed lines are

extrapolations at 0 bias. Error bars are standard
deviations obtained from GDOES analysis
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the dependence on bias voltage and on the target
composition, at first glance appears to be a disadvantage
of the cathodic arc evaporation. However, all this
mformation can be actually used to optimize the arc
deposition of the coatings. In practice in arc evaporation
process, a fixed bias voltage is used. Then, the observed
enrichment of Al m the coatings can be overcome by
using an adapted depletion of Al in the target. Moreover,

the dependence of the Al content in the coating on the
bias voltage offers the great advantage of varying the
composition of Ti-Al-N coating during film growth by
simply changing the bias voltage and using the same
cathode throughout. All these results point out the
importance of the CAFE as a very versatile technique for
depositing Ti-Al-N hard coatings.

Crystallographic structure

Phase composition of the coatings: Figure 4 shows the
crystallographic structure of the as deposited Ti  ALN
coatings investigated in this research as obtained from
GAXRD. Vertical doted lines indicate the expected peak
positions for the respective phases. For the phases fcc-
TiN, fecc-AIN, hep-AIN and hep-WC, the values for the
peak positions were taken from powder diffraction file
(PDF-2). For the phase fee-(T1, AN, the peak
position were calculated from Bragg’s law using a value
ofa=4.1910""m for the lattice parameter taken from
(Inamura et al., 1987).

All the fee-(Ti, AN peaks of the coatings are shifted
to higher/lower diffraction angles than the standard value
of fee-TiN/fec-AIN. Thus 1s due to the incorporation of the
smaller Al atoms into the fee-TiN lattice. Thus, the results
from GAXRD confirm limited solubility of Al in the host
structure of the TiN. For group 1, 2 and 3 coatings, the
dominating phase is fee-(Ti, ADN while group 4 coatings
exhibit a mixture of fee-(Ti, AN and hep-AIN with
wurtzitic type structure.

The variation of the phases from the fcc structure to
the two phase mixture (fcethep) in Ti-Al-N system is
consistent with the results obtained from the films
deposited using r.f-plasma assisted magnetron
sputtering (Zhou et al., 1999), DC magnetron sputtering
system (Kutschej et al., 2005), Arc Ton Plating (ATP) and
cathodic arc evaporation (Rafaja ef al., 2006).

In coatings were the dominating phase is fee-(Ti,
ADN (group 1, 2 and 3 coatings) traces of fce-AIN and
hep-AIN were detected by XRD. In Fig. 5, the fec-TiN
peak is as a result of the deposited thin base layer. The
lattice parameter of the fcc-AIN phase (calculated by
means of Bragg’s law using as a wavelength 4 = 0.15418
nm) was found to be between 0.4070 and 0.4123 nm which
1s in relatively good agreement with PDF-2.

The hep-AIN peak with indices 202 located at
approximately 82 degrees 26 is in good agreement with
PDF-2. We have observed that with increasing bias
voltage this peak gets broader probably because of the
reduction of the crystallite size.

Stress-free lattice parameter: The stress-free lattice
parameters in the cubic phase, a; calculated from the
sim-plots are compared with the anticipated Vegard-like
dependence of the intrinsic lattice parameter on the
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Fig. 4: Crystallographic structure of the coatings as obtained from GAXRD. a-d) group 1-4 coatings, respectively

4 4
9% c-(Ti,Al) N (200)
PRENEL T3 L
35 s
30 30
® =
w 25:
Boasg
g £
20r
S 202
Z (] 15 hepirc 1
5 15 % | hep-WC
3 £ | HepWe 100
10 foc-(Ti,AlIN \ 1
L fec-AIN -
10 foe-TiN - Hep-We (101)
s} eo-(Ti, AL N (111) \
fec-TiN (200 ;
R N T ek NEANE
ol
[}
5h
-5 L | | 1
k] 8 40 4 44 45 4
Dittraction sngle ("26)
36 38 40 42 “ 4%

Diffraction angle (2°9)

Fig. 5. The process diffraction pattren of a coating deposited from target Ti;,-Al, . at bias voltage -50 V, showing peaks
from subtrate and coating. fce-TiN is a result of a deposited thin base layer. fec-peak located at approximately 44
degrees implies that cubic AIN also formed in the coatings. Similar peak were found in almost all of the coatings

where fce-(Ti, AN was the dominating phase

overall Ti contents in fee-(T1, AN which is shown in
Fig. 6. The stress-free lattice parameter in fce-(Ti, ADN
decreases with increasing Al contents in the coatings as
anticipated. A deviation was observed for sample 1, a
coating deposited at -25 V bias from a target Tigs,Aly <.
This is because of much lower nitrogen content for this
coating (Table 1).
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The measured lattice parameters are higher as
compared with the lattice parameters anticipated from the
measured overall chemical composition. Therefore, some
Al from the total Al contents measured from GDOES
must be missing in fee-(Ti, AN for all group of coatings.
Consequently, fece-(Ti, AN has higher Ti and lower
Al content than it corresponds to the overall chemical
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Fig. 6 The dependence of the stress-free lattice parameter of the fee-(Ti, AN, a; on the stoichiometry ratio
[Ti]A[TiH[Al]. Filled symbols represent coatings where fee-(Ti, AN is the dominating phase, half-filled symbols
represent coatings where fee-(T1, AN and hep-AlN are present. The vertical dotted lines represent the Ti content
in the target; the solid line represents the anticipated Vegard like dependence and the equation for this line was

taken from (Rafaja et al., 2008)

composition of the individual samples obtained from the
GDOES. The lower Al contents in fce-(Ti, ADN in
comparison with the overall chemical composition results
in a higher lattice parameter of this phase in comparison
with the lattice parameter anticipated for the overall
chemical composition. For group 4 coatings where both
phases are present that is fce-(Ti, AN and hep-AIN, the
departure of the stress-free lattice parameter from the
anticipated Vegard-like dependence can be understood as
a measure of the decomposition of Ti, ALN into fee-
(Ti, ADN and hep-AIN (Rafaja et al., 2006).

The departure of lattice parameters from the
anticipated Vegard-like dependence for group 1-3
coatings is in agreement with the results obtained from
the GDOES analysis. According to GDOES results, Al
content in the coatings is higher than Al content in the
target. Besides this, Al increases with increasing bias
voltage. Therefore, 1t is lighly reascnable that the
hep-AIN and possibly fee-AIN has also formed in these
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groups of coatings during deposition in  small amounts
and small crystallite sizes which was in most of the cases
also detected by XRD, giving as a result a slightly ligher
stress-free lattice parameters than the anticipated Vegard-
like dependence. Therefore in this group of coatings, the
additional Al does not incorporate mnto Ti-Al-N; instead
it contributes to the formation of AIN phase. This
statement is in agreement with the concept of free energy
where the formation of AIN phase requires lower energy
than further incorporation of Al atoms in the Ti-Al-N
structure (Hugosson et al., 2003).

Residual stress: The residual stress in all the coatings
was compressive. As it is shown in Fig. 7, there is an
increase in compressive residual stress with mereasing
bias voltage for all groups of coatings. The largest
values of residual stress were obtained for coatings
deposited using a target with composition T1,4,Al . An
especially large increase of about 4 Gpa is observed
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Fig. 7. The dependence of the residual stress on the

negative substrate bias. The numbers in the legend
represent the Ti content in the targets used to
deposit the coatings. The lines are guide for the
eye

between -25 and -50 V bias for all groups of coatings while
increasing bias voltage from -50 to -100 V resulted only in
an increase of about 1GPa. Figure 7 shows that the
dependence of residual stress on bias voltage is the same
for all groups of coatings. Since, there was no coatings
deposited at -25 V bias using targets Tij.Al;; and
Tig Al e, the dependence of residual stress on bias
voltage in the range between -25 and -50 V can only be
anticipated based on the dependence observed for
coatings deposited using targets Ti Al and
Ty 308Dy 5.

An increase of residual stress with increasing bias
voltage is a well reported phenomenon and is due to the
increase of energy of the bombarding ions with increase
of substrate bias voltage. This ion bombardment has been
linked to a shot peening process which generates higher
defect concentration with increasing shot intensity and
can lead to a change in microstructure from one that is
open and columnar Zone-1 type microstructure to a dense
Zone-T type microstructure (Vlasvled et al, 2001).
(Windischmann, 1992) postulated that higher levels of ion
bombardment should lead to saturation in defect
concentration, 1.e., compressive stress saturation, before
vielding due to plastic flow. This may indeed be the case
in this study. The relatively low increase of residual stress
between -50 and -100 V could be that the coatings are at
this saturation region.

CONCLUSION

Ti, ALN coatings with variable stoichiometry x were
deposited by Cathodic Arc Evaporation (CAE). Al
content in the coatings was different from Al content in
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the targets that were used to deposit the coatings. Al
content in the coatings increased with mcreasing bias
voltage. The relationship is linear: x = a |V ,+x;. The
microstructure  of  the coatings changed from
predominantly single-phase fec for x between ~0.50 and
~0.60 to dual phase feecthep for x = ~0.66. The residual
strees was found to be compressive in all the coatings
and mereased for about 4 Gpa with mcreasing bias from
-25 to -50 V. Further increasing bias from -50 to -100 V
resulted only in an increase of about 1 GPa.
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