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ABSTRACT these layers and in particular to reduce surface roughness

whilst maintaining an excellent adhesion to steel substrates.

CrN and TiN functional coatings have been prepared b%xisting processes such as Ar gas ion pre-treatment of the

surface pre-treatment by the novel HIPIMS technology fol- o . S .
. . substrate are not efficient in sputtering contaminating oxides
lowed by reactive unbalanced magnetron sputtering depo?-

) g . rom the substrate surface due to the low plasma density and
tion. During pre-treatment, HIPIMS was operated with a pea :

i : ; ack of metal species to reduce the oxygen and often layers
power density of 3 kwWcrin an inert gas atmosphere at have a poor adhesion. Etching by arc discharges introduces a
pressure P = 1 mTorr (0.13 Pa). The ion current to the P ’ 9oy g

substrates reached peak values of 300 mAand the sub- high number of droplets, which shadow the substrate surface
P ﬁnd develop into micrometer size growth defects once the

strate bias voltage was -1200 V. The ion flux comprised hig : " :
X ) : = coating deposition process starts. To address these issues the
metal ion-to-neutral ratios as well as metal species with

charge states up to 2+ for both Cr and Ti. The pre-treatment nﬁvteel C?]'r?glOpowﬁgéngzlgieums%getﬁgIslvlpgtteer:n?o(2'IEi“\fﬂS)
HIPIMS improved the adhesion of the films to steel due to ior: gy . pioys ghly

intermixing at the interface. Critical loads achieved in scratcﬁomzed metal plasmas containing high fractions of metal ions,

adhesion testing were 45 and 58 N for the Cr-etched C”\}ypically 30% for Cr [2]. The technology has been demon-

deposited system (Cr-CrN) and Ti-TiN respectively COm_s'Frated for industrial scale equipment [3]. The current paper

tions of the surface of the coatings showed no large sca
growth defects. Pin on disk sliding wear testing showed tha%
the wear tracks were smooth indicating small size of the wear
debris. The wear resistance of the Cr-CrN coatings was as |

as 5x10° m®Nmt. The good performance of the coatingsoé&PERlMENT DETAILS

could be attributed to the defect free surface and excellefihe coatings were deposited in laboratory scale equipment
adhesion. Potentiodynamic corrosion tests of the Cr-CrMtilizing a circular planar magnetron target size of 6 inch. The
coatings showed low corrosion currents of 7 X A@m2that  chamber was evacuated to a base pressure®ofd@. The

may result from the defect free microstructure. The influenceoating deposition sequence is shownin Figure 1. The samples
of etching duration and bias voltage on the quality of prewere heated and outgassed at°@for 1 hour. The substrate

r etched CrN deposited system (referred to as Cr-CrN) and
e Ti-TiN system.

treatment is discussed. cleaning was performed by HIPIMS of Cr with an average
power of 1.5 kW and peak power of 700 kW over a pulse
INTRODUCTION duration of 50 microseconds for a range of high bias voltages

. . . . n the substrates. Finally, the coating deposition was per-
CrN and TiN coatings have been introduced in the early 198 Srmed by conventional DC sputtering of Cr at a power of 1.5

and have afirm hold in a_W|de range of m_dustnal_ appllca_tl_on <W and a gas mixture Ar:)¢f 1:1. The coating thickness was
Demands on these coatings are forever increasing and itis rz;.)[e

that a new technology is available to improve the quality o
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sputtering of the substrate during the substrate cleaning step.
1. Heating and Outgassing - 1 h In Figure 2a, the apparent structure is attributed to the carbide
T=400C, Py = 10° Torr grains in the steel that sputter at a slower rate and are,
therefore, left as prominent features on the surface after the

* cleaning step.

2. Substrate Cleaning - 30 min
HIPIMS Average Power = 1.5 kW
P, =1 mTorr

Ugas = 400, -700, -1000, -1200 V

v

3. Coating Deposition - 2 hours

DC Magnetron Sputtering Power= 1.5 kW
P, =1 mTorr, P, = 3 mTorr

Ugas =-75V

Figure 1. Coating deposition sequence — Cr-CrN.

For the Ti-TiN, the same conditions were used except thz
during deposition partial gas pressures for Ar apaéte P
= 3 mTorr and P, = 0.5 mTorr, respectively. A coating
thickness of 3im was deposited. For the Ti-TiN system two
methods for etching were utilized: HIPIMS in conditions from
Figure 1 was compared to conventional dc magnetron sputte
ing run at the same gas pressure and average power.
magnetron sputtering is known to produce low densit§(10
ions cnr) argon plasma and high fluxes of Ti neutral ions,
whilst the degree of ionization of the metal is particularly lo
(less than 1%). Two mirror-polished disk substrates (g 3
mm) made of high speed steel (HSS) and 304 stainless st¢ k=
were deposited on atthe same time in all runs. HSS disks we
used for wear and adhesion testing, while the stainless staagure 2. SEM micrographs of the surface of coatings where
disks were used for corrosion evaluation. The coatings adhéhe substrate has been pretreated in a HIPIMS discharge: a)
sion was evaluated by the critical load)lzalue measuredin  Cr-etched, CrN deposited (b) Ti-etched, TiN deposited.
scratch tests (diamond radius of 200). A CSM sliding wear

pin-on-disk tester was used to measure the friction and wear

coefficient with ALO, ball counterpart, at a load of 5 N and a The adhesion of the films was evaluated by scratch testing by
linear speed of 10cm/s. The corrosion performance was evalgeasuring the critical load,Jnecessary for spallation of the
ated in an EG&G potentiostat in polarization corrosion testsifilm from the substrate. The_lfor HIPIMS-etched Cr-CrN

3% NaCl. The testing area of the samples was g10mm diarfitms was 45 N measured for samples etched at a bias voltage
eter and the rest of the sample were completely masked wigh -1200 V. For the case of HIPIMS-etched Ti-TiN films the

beeswax. critical load was 58 N achieved at a substrate bias voltage of
-1200 V. Figure 3a shows a micrograph of the scratch exhib-
RESULTS AND DISCUSSIONS iting small chips on each side occurring intermittently after

The coating surface was observed by scanning electron n%lle critical load is exceeded.
croscopy (SEM). Figure 2a and b show the surfaces for the Cr-

CrN and Ti-TiN films. The surface is homogeneous and no

large scale growth defects are observed. The overall rough-

ness of the substrates increased by 20% due to the intensive
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observation was recorded for a number of samples etched at
different voltages in the range from -400 to -1200 V. SEM
observations of the wear track at the end of the test showed that
the substrate was not revealed, signifying that the friction
coefficient was due to sliding between CrN,@Jand a tribo-

film probably composed of CrO [4].

0.55+
0.50
0.45-M
0.40

0.354

Friction Coefficient,

0.30+

0.25

0 500 1000 1500 2000 2500 3000

Sliding Distance, m

Figure 4. Friction coefficient of Cr-CrN coating agains@|
counterpart.

Figure 5 shows a micrograph of the wear track of the Cr-CrN
Figure 3. Ti-TiN coatings etched by different techniques aSiIm. Although grooving is observgd, the scratc_hes are small
etching by HIPIMS of Ti; b) etching by conventional dc- gnd the surface of the wear tr_ack is smooth. Th|s typ_e pfwear
magnetron sputtering of Ti. is observed when the debris generated during sliding are
small, suggesting a highly resistant coating system that wears
layer by layer. In contrast systems where large particles can be

This behavior can be contrasted to films etched with converﬁj—et"’whe_d from thbe coating IeXh'b'; th_th rough wear trafch:]s.
tional dc magnetron sputtering in the same gas pressure a-rqﬂe main contributors to large debris are portions of the

bias voltage conditions as described in Figure 1. In this casgé)at'nt? getacr_\mg ‘?'“e to low adhehs:on strengtE as well r?s
of dc magnetron sputtering etching 45 N and is signifi- isturbed coating microstructure with loose attachment to the

cantly lower than the HIPIMS case. Figure 3b shows dest of the coating.
micrograph of the scratch for the case of etching in environ-
ment of a dc magnetron sputtering discharge. It can be seen
that as soon as the critical load is exceeded, extensive spalla-
tion failure of the coating takes place and is present continu-
ously on both sides of the crack. The sliding wear behavior of
Cr-CrN coatings was evaluated in pin-on-disk tests. Figure 4
shows the evolution of the friction coefficient against aJOAl
counterpart as a function of sliding distance. The average
friction coefficient is 0.3, which is significantly lower than
expected. In the first 250 m the friction coefficient is main-
tained at a level of 0.45 which is typical of CrN films against
Al O,, however at longer distancesdrops to a value of 0.3

and is maintained over a distance of at least 3 km. Similar
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It can be suggested that the high adhesion and defect-free
surface the coatings lead to a smooth layer-by-layer wear of
the coating which promotes a low wear coefficient. The
differences observed as function of bias voltage during pre-
treatment may be attributed to the change in roughness and
adhesion of the coatings. The corrosion resistance of the Cr-
CrN coatings was evaluated in potentiodynamic corrosion
tests. Figure 7 presents the polarization curves.
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Figure 5. SEM micrograph of the surface of the sliding wear% 02f 7
track in a Cr-CrN coating. 9
o 00 -
o
5 -02} :
The high wear resistance of the coating is confirmed by¥
measurements of the sliding wear coefficient presented in 0.4} T
Figure 6. Generally, coatings prepared by different bias voIt-‘—c‘)s 06} i
age during etching exhibited a low wear coefficient in the &
range 3-9 x 1¢® m®N'm™. The wear rates for the A, -0.8} -
counterpart were in the range of #0n®Nmrt. The figure
show_s_that the_bias voltage during etching affects the wear -~ '(1)0’8 1677 16’6 1(')75 10"
coefficient coatings by a factor of up to 3. 2
I, Acm
1x10™ 10" Figure 7. Polarization curve for a Cr-CrN coating etched at —
ax107k 1200 V.
6x107° . . .
The corrosion potential marked at the zero current is -0.4 V.
- Asthe voltage increases the currentincreases non-linearly and
f= ax107¢k G - reaches saturation in the range from 0 V to 0.4 V—this is the
> vE so-called passivation region where the coating is covered with
“c 10" & a dense oxide layer that prevents (passivates) the corrosion
o E_ activity. At +0.4 V the dissolution of chromium starts and the
g 2 coating fails rapidly with currents increasing by three orders
¥8 %107k e of magnitude. The corrosion current during saturation reached
7 x 107 Acm, which represents an extremely low value and
can be linked to the high density of the coating-substrate
system. Due to the lack of large scale defects in the coating, the
structure is highly dense and prevents corrosion from attack-
1x107"® 107 ing the substrate directly. Thus, the corrosion activity is
400 700 1000 1200

Figure 6. Sliding wear coefficient K for Cr-CrN coating and

ball counterpart.
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concentrated within the essentially inert CrN layer.

INDUSTRIAL UPSCALING

Preliminary results have shown that the HIPIMS technology
can be reliably operated on industrial scale commercial equip-
ment with cathode size of >500 &3] utilizing a power
supply manufactured by AC Sp.z.o.0. Defect-free CrN/NbN
coatings with nanoscale multilayer (superlattice) structure
prepared by HIPIMS etching and dc magnetron deposition
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have been successfully deposited in a commercially availablBRCKNOWLEDGMENTS
Hauzer HTC 1000-4/ABS system with chamber volume of ll_
m?®. These coatings have demonstrated corrosion protection
304 stainless steel in a salt spray environment over more th
1000 hours. They have also shown an excellent adhesion wi
critical load of L= 56 N whilst exhibiting a smooth wear track

and low sliding wear coefficients.
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