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ABSTRACT

AISI 420 martensitic stainless steel samples and silicon (100) were coated with tantalum nitride doped
with copper and silver nanoparticles TaN(Ag-Cu) to improve their hardness and wear resistance. The
coatings were deposited by unbalanced DC Magnetron Sputtering technique, using a tantalum target
and other silver/copper composite target (50/50%at), confronted each other. The coated samples were
subjected to an appropriate heat treatment at 250 °C for 8 minutes to achieve a controlled diffusion of
Ag-Cu nanoparticles to the TaN(Ag-Cu) surface. Due to their mechanical and tribological properties
depend, not only on the content of Ag-Cu, but also on the size, shape and density of nanoparticles of
Ag-Cu on the surface of the coating. The influence of the Ag-Cu content on the microstructure and
mechanical and tribological properties of the composite coating were evaluated before and after the
heat treatment was evaluated. In general terms, the microhardness and wear rate increased initially with
Ag-Cu content, but then dropped down for contents higher to 0.71% at, exhibiting the lubricating effect
of Ag-Cu nanoparticles in the compound before and after heat treatment. The heat treated C3 sample
showed a microhardness of 15 GPa, very superior to the hardness of AISI 420 stainless steel, as well as
a wear rate six orders of magnitude lower than the steel.

Keywords: AISI 420, magnetron sputtering, silver and cooper nanoparticles, tantalum nitride, tribological
properties.

RESUMEN

Se recubrieron muestras de acero inoxidable martensitico AISI 420 y de silicio (100) con nitruro de
tantalio dopado con nanoparticulas de plata y cobre TaN(Ag-Cu) para mejorar su dureza y resistencia al
desgaste. Los recubrimientos fueron depositados por la técnica de la pulverizacion catodica DC asistida
por campo magnético, utilizando un blanco de tantalio confrontado a otro blanco compuesto de plata/
cobre (50/50 %at). Las muestras recubiertas se sometieron a un apropiado ciclo de tratamiento térmico
a 250 °C durante 8 minutos para lograr una difusion controlada de las nanoparticulas Ag-Cu hacia
la superficie del compuesto, ya que sus propiedades mecdnicas y tribologicas dependen, no solo del
contenido de Ag/Cu, sino también del tamario, forma y densidad de las nanoparticulas de Ag-Cu sobre
la superficie del TaN (Ag,Cu). Se evalud la influencia del contenido de Ag-Cu sobre la microestructura,
las propiedades mecdnicas y triboldgicas del compuesto antes y después del tratamiento térmico
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En términos generales la microdureza y la tasa de desgaste aumentan inicialmente con el contenido
de Ag/Cu, pero luego disminuyen para contenidos mayores a 0,71%at, exhibiendo el efecto lubricante
que ejercen las nanoparticulas de Ag-Cu en el compuesto. El recubrimiento C3 tratado térmicamente,
presento una microdureza de 15GPa, muy superior a la exhibida por acero inoxidable AISI 420, asi como
una tasa de desgaste seis ordenes de magnitud menor que la de dicho acero.

Palabras clave: AISI 420, pulverizacion catodica, nanoparticulas de plata y cobre, nitruro de tantalio,

propiedades tribologicas.

INTRODUCTION

AISI 420 stainless steel has widely being used in
cutting tools manufacture and in the production
of machine parts for the food, pharmaceutical
and chemical industry, as well as in the design of
surgical and dental devices, owing to its suitable
corrosion resistance, good hardenability and high
toughness [1-3]. Nevertheless, the average hardness
obtainable in these types of steels of about 4.5 GPa is
not high enough for some tribological applications,
leading to premature wear and failure of parts when
operating under severe working conditions or during
sterilization processes.

A strategic alternative to improve AISI 420 stainless
steel wear resistance is the use of ceramic coatings
such as TiCN, TiAIN, CrN, ZrN, among others [4-9].
The aim of this research work was the improvement
of the hardness and wear resistance of the AISI 420
stainless steel through a duplex surface treatment
consisting of plasma nitriding of the steel, followed
by the deposition of a TaN coating doped with Ag
and Cu nanoparticles.

Given the properties of the individual elements
of TaN(Ag-Cu) nanocomposite, TaN offers high
hardness, good corrosion and wear resistance due
to their covalent bonds, thermal and chemical
stability [10-12]. Meanwhile soft silver and copper
nanoparticles are immiscible in the TaN and
incorporated into the ceramic matrix, generating a
self-lubricating effect and improving the tribological
properties [13-15].

Despite the positive effect of nanoparticles of silver
and copper on the tribological properties, they
also depend not only on their shape, size, density
and distribution in the ceramic matrix [16-18] but
also on the content of Ag and Cu in the compound
and on an appropriate heat treatment cycle of the

coated samples. These parameters were studied in
this as well.

EXPERIMENTAL METHODS

TaN(Ag-Cu) coatings development
TaN(Ag-Cu) coatings were deposited on AISI
420 steel plates (12.5x12.5x2.8 mm?) and single
crystalline silicon wafers (100) by unbalanced DC
magnetron sputtering, using a tantalum target and
an Ag/Cu (50-50%at) composited target, both with
99.9% purity and dimensions of 500x100x6 mm?.
A rectangular vacuum chamber with dimensions of
500x500x800 mm? was used in this work.

Silicon substrates were used for spectroscopic and
X- ray diffraction measurements to reduce the
signal from the alloying elements of steel. AISI
420 stainless steel samples were polished using SiC
emery paper with grain sizes between 300 to 1200
and subsequently polished to a mirror finish until
obtaining an average roughness of Ra= 0.05um in
alumina aqueous solution. The polished samples
were cleaned in an ultrasonic bath with an alcohol-
acetone solution for 15 minutes and then subjected
to argon ionic cleaning into the vaccum chamber
during 30 minutes at a pressure of 1.7x10~! mbar and
using a bias voltage of —500V applied to substrates.

The nitriding process was performed into pulsed
plasma conformed by Ar = 57 sccm, N, = 15 sccm
and H, =27 sccm; the pressure, bias voltage and
temperature of the process were fixed to 5.1x
10~"mbar, —600 V and 380 °C, respectively. This
process was performed for 7 hours. The low
temperature of plasma nitriding was used to avoid
the precipitation of chromium carbides, conserving
the corrosion resistance of steel 420.

Two subsequently Ta- and TaN- adhesion layers with
a thickness of about 200 nm were deposited first on
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the sample surface. The TaN (Ag-Cu) coatings were
deposited during 3 hours and 40 minutes, keeping
a constant power of 1500 W applied to Ta-target
and varying the power supplied to Ag/Cu-target
between 10 and 40W as is summarized in Table 1.
The work pressure and temperature process were
fixed in 5.2x10~3 mbar and 150 °C, respectively.
The low process temperature was chosen to avoid
an uncontrolled growth of Ag-Cu nanoparticles.
During deposition, the substrates were placed at
80mm in front to the targets, rotating at a constant
speed of 20 r.p.m.

Coating characterization

Cross section and superficial microstructure and
morphology of deposited coatings were examined
by SEM in a JEOL 6490LV instrument equipped
with EDX detector (error detector sensitivity 0.1%)
to determine the elemental chemical composition of
the coatings and the tribological tracks. One of the
coatings, whose nanoparticles of Ag-Cu were not
resolved with the SEM, was evaluated by Atomic
Force Microscopy (AFM) by Multitarea Auto
probe CP instrument in a resistive mode applying a
current between the conductive tip and the coating
surface and then amplifying the current signal of the
conductive points where the Ag-Cu nanoparticles
were located.

Phases composition were established with an X-ray
diffractometer from the brand Panalytical Empyream,
using Cu Kol radiation with A=1.540598 A, 45kV,
40 mA, an incidence angle of 1° and a step of 0.05°
per second. XRD patterns were analyzed with High
Score Plus software using Profile Fitting Refinement
to calculate the offsets of the peaks of the possible
formed phases and the crystallite size.

The value of the surface roughness (Ra) was the
average of five measurements and was determined
by a contact profilometer from the brand Bruker

Pektakxt, applying a contact force of 3 mg for
30 seconds over a distance of 1500 microns, according
to the ISO 4287:1998 standards.

A Shimadzu HMV-G20 was used to determine
the knoop hardness of coatings and substrates,
applying a load of 25 grf. The hardness and
standard deviation value for each sample were
calculated as the average of ten measurements,
according to the ASTM C1326:13 standards.
Friction coefficient and wear rate were evaluated
in triplicate through ball-on-disc apparatus at a
temperature of (19 £2) °C and relative humidity of
(48.5 £2)%, using an alumina counterbody (6 mm
in diameter). Applying a load of IN during 600
seconds on the sample, which rotated at a speed of
70 rpm, according to the ASTM G99-95 standards.
Subsequently, volume loss was determined by a
contact profilometer, using a load of 3 mg over a
distance of 1000 microns.

RESULTS AND DISCUSSION

Coating’s morphology and chemical composition
Coatings chemical composition with different
powers applied to Ag-Cu target was determined
by EDX spectroscopy and is given in Table 1. The
results indicated that the atomic percentage content
of silver, copper and nitrogen gradually increases
with power applied to target, while the content of
tantalum decreases.

Figure 1 shows the cross-sectional SEM images of
the coatings deposited onto 420 stainless steel, it
can be seen an increasing of the coating thickness as
the power applied to the Ag/Cu target is increased,
which in turn increases the Ag-Cu content due to
a higher sputtering rate of the Ag/Cu-target. All
coatings have a uniform thickness (Figure 1), with
a columnar structure for low contents of silver/
copper (Figure 1a and 1b).

Table 1. TaN (Ag-Cu) coatings thickness and elemental chemical composition.

. Ag/Cu Target power | Thickness Ag-Cu Toat
Coating W %oat
(W) (um) content (%at) N Cu Ag Ta
Cl 10 1.28 0.64 41.92 0.06 0.58 57.44
C2 20 1.88 0.71 42.90 0.09 0.62 56.38
C3 30 2.25 1.64 44.57 0.74 0.9 53.79
C4 40 3.18 2.87 45.82 1.22 1.65 51.31
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However, such a structure almost disappears and is
densified for contents of Ag/Cu greater than 0.71%,
(Figures 1c and 1d). This behaviour is correlated
with the fact that the Ag-Cu clusters have a high
kinetic energy to achieve their rearrangement in
the spaces between grain boundaries of the TaN
matrix, conducting to a progressive densification of
the coatings and thereby generating deformation of
the crystal lattice of TaN. Similar results have been
reported by Musil and Lloyd [19-20].

Figure 1. Cross section SEM micrographs of
TaN(Ag-Cu) coatings. a) Cl1, b) C2,
c)C3yd)C4.

Structural analysis XRD patterns for the TaN(Ag-
Cu) coatings and their chemical phases are shown
in Figure 2. In all coatings, the face-centered-cubic
phase (fcc) of TaN is observed, the preferential growth
in the crystallographic direction (200) is observed
for the lowest power of manufacture (10 W), its
intensity decreases with increasing the amount of
Ag-Cu (as the power is increased) and, the (111)
and (220) directions are promoted.

In these patterns, isolated peaks of Ag appear,
suggesting the insolubility of this element in the
TaN-matrix without intermetallic compounds
formation, as presented in the structural zone model
(SMZ) by Barna and Adamik [21-22].

Ag phase starts to appear at a power of 20 watts, i.e.
for C2 coating and its intensity rises with the power
applied to the target. Just one Cu peak it is barely
detected at the highest power, probably due to its
low content [23, 24] and to the overlapping with the
broad peak of the TaN (200) phase located. Located
between 38.9° and 44.4° covering-up the copper peak

o
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e Ag(111) o TaN(200)
Vv Cu(200)
—_—
=3
©
£
>
£
0 |0,64%at A
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Figure 2. XRD patterns for TaN(Ag-Cu) coatings
with different atomic percentages of
Ag-Cu of the crystalline structure of
TaN with increasing content of Ag-Cu.

of cubic phase in the direction (111), which normally
diffracts in the 43.05 [*2Theta] position, according to
the patron described in the ICSD 98-018-0109 index
card. In this sense, the low Cu content in comparison
with Ag is related with its lower sputtering rate,
according to the chemical composition determined
by EDX spectroscopy (Table 1). The inexistence of
phases comprising Cu and TaN once again indicates
the insolubility of Cu in the TaN matrix [25].

The diffraction angles for the main peaks of TaN
and Ag of the manufactured coatings, as well as
the crystallite size related to the content of Ag-Cu
are reported in Table 2. The minimum rightward

Table 2. High Score Plus software with profile
fitting refinement analysis of the XRD
patterns TaN (Ag-Cu) coatings with
different atomic percentages of Ag-Cu.

Ag-Cu content | Angle | Crystallite
Phase (%at) @°Th) | size (A)
0.64 4147 | 640.19
071 4161 | 25717

TaN(2
aN(200) 1.64 4181 | 24086
287 4198 144.20
0.64 37.77 Not found
0.71 3775 136.03

Ag(111
g(1h 1.64 37.57 155.84
2.87 3733 | 553.07
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shift observed at the peak of TaN (200) suggests the
existence of residual tensile stresses in the coatings,
caused by the increasing lattice deformation.

Heat treatments of TaN(Ag-Cu) coatings
Taking into account the positive effect of Ag-Cu
nanoparticles on the friction coefficient and the
wear resistance depends not only on the continued
availability of the nanoparticles in the composite
surface but also on its size, distribution and density
[26]. Heat treatments of TaN (Ag-Cu) coatings
were performed in a Nabertherm muffle furnace
in a controlled nitrogen atmosphere.

Heat treatments at 250 °C during 8 minutes were
performed to induce the growth of Ag-Cu phase
nanowire shaped and also to promote their diffusion
to the coatings’ surfaces through the columnar
structure of TaN, as schematically illustrated in
Figure 3. After the heat treatment, samples were
cooled down with an air stream.

The diffusion temperature of 250 °C was determined
using scanning differential calorimetry (DSC) in Q200
instrument with a ramping rate, set at 100 °C/s and a
temperature range between 23° and 400 °C, according
to previous works by Tseng CC and coworkers [27].
For the heat treatment, these authors used a high cost
oven for Rapid Thermal Annealing (RTA).

Figure 4 shows SEM micrographs of the surface of
TaN(Ag-Cu) coatings in both conditions: as deposited

a) 0.64%

T° room

250°C

Figure 4. SEM micrographs of the surface of TaN(Ag-Cu) coatings in both conditions: as pr

b) 0.71%at

a)

Ag,Cu nanoparticles

= TaN(Ag,Cu)

=k TaN

mp Ta layer
mp Nitriding
= Substrate

b) Nanowires Ag,Cu

mp Substrate

Figure 3. System configuration design TaN(Ag,Cu)
coatings a) Ag-Cu nanoparticles before
diffusion process and b) Ag-Cu nanowires
formation on surface after heat treatment.

produced and after the heat treatment. Some Ag-Cu
spherical nanoparticles and nanowires formed on
coatings’ surfaces after heat treatment are visible in

c) 1.64%at d) 2.87%at

L

5m ed " -

oduced and

after the heat treatment a) C1, b) C2, ¢) C3 y d) C4.
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Figures 4a and 4b, while Figure 4c for de C3 coating
shows quasi-spherical Ag-Cu nanoparticles with a
higher density and a more homogeneous than the other
coatings. Ag-Cu nanoparticles in C4 coating were not
observed after heat treatment due to its small size,
which was not resolved under the SEM (Figure 4d).

Therefore, this sample was analyzed by AFM using
the resistive mode as shown in Figure 5, where Ag-Cu

Topography - Scan forward Line fit

Line ft 902nm

Tapography range

particles with an average diameter of 15 nm and
located over the grain cupules of the TaN-matrix
were observed. C3 coating was submitted to an
additional heat treatment at 300 °C, this was made
to verify the temperature effect on the diffusion and
growth of the nanoparticles and results are shown
in Figure 6. In this case, the Ag-Cu nanoparticles
formed on coating surface increased their size
compared with the coating heat treated at 250 °C;

Tald, CUMOWTT 4.t
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Figure 5.

AFM images in resistive mode of the C4 coating after heat

treatment at 250 °C during 8 minutes.

il

T Y S

X30,000 ° Q&um |

Figure 6.
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Surface SEM micrographs of C3 coating after heat treatment

during 8 minutes and frequency vs. Ag-Cu nanoparticles diameter
histograms a) 250 °C and b) 300 °C.
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this event is related to the higher diffusion rate and
greater coalescence process, which can lead to the
formation of Ag-Cu clusters [28-30].

The binary images by Fiji ImageJ software were used
to determine the diameter size range, results shown
a higher frequency of small Ag-Cu nanoparticles
for the C3 coating, treated at 250 °C than the one
treated at 300 °C (Figure 6). At 250 °C (Figure 6a),
the coating showed nanoparticles with diameters less
than 70 nm, and the highest frequency was found in
the range of 15 and 20 nm, but there is a significant
number of nanoparticles with diameters between 5
and 10 nm. Also, the diameter of nanoparticles in
the coating treated at 300 °C (Figure 6b) showed a
maximum of 135 nm, but it exhibited the highest
frequency in the range of 25 to 45 nm.

In this sense, the diameter of nanoparticles increases
with temperature, as well as the frequency of
bigger nanoparticles. The analysis above suggests
that the average size of Ag-Cu nanoparticles of
deposited coatings is statistically less than 100 nm
and therefore the developed TaN(Ag-Cu) coating
system can refer as a nanocomposite, being suited
for biomedical [31-33] and nano-technological
applications.

The elemental chemical composition of the heat-
treated coatings are given in Table 3, compared
with the coatings without heat treatment (Table 1),
exhibited an enrichment of Ag-Cu on the surface
due to the higher diffusion and growth of Ag-Cu
nanoparticles during the heating process.

Average surface roughness (Ra) of deposited coatings
before and after heat treatment is shown in Figure 7.

Table 3. Elemental chemical composition of TaN
(Ag-Cu) coatings heat treated at 250 °C
during 8 minutes.

90 at
Coating
N Cu Ag Ta
Cl 41.64 0.17 0.37 57.81
Cc2 40.04 0.10 0.92 58.94
Cc3 38.84 1.03 1.37 59.16
C4 40.68 4.04 2.00 53.27
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It can be seen that the roughness of the coatings
increases with the Ag-Cu content in both as
deposited and heat treated conditions. Moreover,
the heat-treating procedure increases the roughness
regarding the deposited condition. This is probably
associated with the fact that the more power of the
manufacture the more the target yielding, which
produces a change in the morphology of the layer,
on the other hand the heat-treating increases the
size of the nanoparticles and as they are present in
the surface, the roughness is increased.

Microhardness and wear evaluation

As presented in Figure 8, Knoop hardness of the coated
samples was between 13.5 and 20.6 Gpa, despite
the influence of the substrate (because of the load
used), this clearly is an improvement regarding the
hardness of 420 steel (4.8 GPa) used as a substrate.

It was also found that microhardness initially
increased with the increment of Ag-Cu, but then
decreased for contents higher than 0.71%; this
behaviour requires a detailed investigation to be
explained. However, the crystalline orientation
changes and the increasing amount of the silver
phase as a function of the power of manufacture
are possibly related to the changes in hardness.
At high power the high soft silver phase content
can explain the decreasing in hardness. Values of
coefficient of friction and wear rate of deposited
TaN(Ag-Cu) coatings.

15
[T Before thermal treatment
I After thermal treatment
120
oy
E
£ g0
]
4]
£
%ﬂ 604
=4
. ’—). |_X-I
0
0.64 0.71 1.64 2.87

Ag-Cu content (%at)

Figure 7. Average TaN(Ag-Cu) coatings roughness
as function of Ag-Cu content before and
after of heat treatment.
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Figure 8. TaN(Ag-Cu) coatings Knoop microhard-
ness as a function of their Ag-Cu content
before and after of the heat treatment.

Values of coefficient of friction and wear rate of
deposited TaN(Ag-Cu) coatings without and with
heat-treatment are consigned in Table 4; the results
of all tribological tests for the heat treated samples
indicated a better anti-wear effect with increasing
Ag-Cu content than the untreated ones. This
improvement is linked to a surface enrichment of
TaN with silver and copper nanoparticles, which
have a solid lubricant effect that is more efficient
than in untreated samples, as also explained by
various authors [14,15], [34-36].

a) 0.64%at

T°room |

250°C

100pm

ZOKV X100

Figure 9 shows the wear tracks of C1 and C3 coatings,
which after heat treatment are clearly smoother
and shallower than as in the as produced condition
(no heat treatment), decreasing removed material
volume after tribological evaluation. In C1 coating,
amix of abrasive and adhesive wear was observed,
generated by debris or hard particles detached from
TaN and by the Ag-Cu nanoparticles deformed
along the track and under pressure of the alumina
counterbody (Figure 9a), explanation that is very
consistent with the findings of Holmberg K. [37].

For C3 coating (Figure 9b), an adhesive wear
mechanism can be observed, generated by the
adhesion of the Ag-Cu particles to the alumina
counterbody and by the deformation of the
nanoparticles along the wear track, exhibiting the
expected lubricating effect and an improvement of
the tribological behaviour, particularly for the heat
treated coatings, where a smooth and small wear
track was observed.

Figure 10 shows the elemental chemical composition
mappings of C1 without heat treatment and also for
the heat treated C3 sample (Figure 10a).

The EDX test shows the presence of chromium
and iron in some places, suggesting that the steel
substrate was exposed because of abrasive wear
of the coating.

a) 1.64%at

20KV X100 100um

20kV X100  A00pm

Figure 9. TaN(Ag-Cu) coatings wear tracks after and before heat treatments a) C1 and

b) C3.
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Table 4. TaN(Ag-Cu) coatings friction coefficient and wear rate values after and before of the heat treatments.

Friction Friction Wear rate Wear rate
Coating coefficient coefficient before thermal after thermal
before thermal after thermal treatment treatment
treatment treatment m3/(N.m)x10-1% m3/(N.m)x10-15
Cl 0.42 0.22 30.7 9.14
C2 0.36 0.29 98.7 1.90
C3 0.46 0.19 132.3 1.50
C4 0.55 0.49 123.4 4.70
AISI 420 stainless steel 0.77 - 2.0x107° -
T° room

a) 0.64%at

m N Kal 2 I 600pum O Kat

Element | App  intensty  Weighté  Weighnté  Atomich
Conc.  Corm. Sigma

NK 17 0. 629 080 3767

oK 153 06303 297 05 1558

K on 1082 0ss 0. 136

Fek 302 10943 338 013 507

agL 034 06419 064 018 050

TaM 6615 03435 8588 083 3382 B00pm Crkal o0um " Fekal

Tm" mw -
600pm Talal L 600pm T AgLat

Tement | App  intensity  Weghte  Weghte  Atomich
Conc.  Cormn.

NK 087 02220 589 0s7 ma
oK 250 06150 27 05 1243
Fak 106 1062 144 013 235
(<13 060 11403 o 033 113
AgL 040 0 098 on o0s:
TaMm 5660 095561 san o7 4486
Totals 10000

r————
B00um TaLat

800pm Cukat

Figure 10. Wear tracks EDX mappings for the coatings a) C1 before heat
treatment b) C3 after heat treatment
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On the other hand, an elemental homogeneous
distribution on the surface of the heat-treated
coating was observed (Figure 10b), which indicates
that a soft abrasive wear occurred. The cumulative
presence of oxygen in the track is probably linked
to a tribo-oxidation process.

CONCLUSIONS

TaN(Ag-Cu) coatings were deposited successfully,
supplying a constant power of 1500W to Ta-target
and 10, 20, 30 and 40W to (Ag-Cu)-target, which
presented a hardness between 13.5 GPa and
20.6 GPa, much higher than the heat treated AISI
420 stainless steel of 4.8 GPa, and wear rates six
orders of magnitude less than the steel.

Compared to the expensive process of RTA (Rapid
Thermal Annealing), the heat treatment of the coated
samples in this work was done effectively using a
conventional oven operated with a controlled argon-
nitrogen atmosphere and cooling the samples with
the pressurized air from a fan. The average diameter
of the nanoparticles obtained after heat treatment
ranged from 15 to 20 nm.

Hardness/wear rate ratio of the coated samples was
improved by heat treatment at 250 °C for 8 minutes
due to an appropriated size, form and density of Ag-Cu
nanoparticles on coatings surface, demonstrating
their effect of solid lubrication efficiently.

Nanocomposites developed in this work, especially
C3 coating, have a promising potential for application
in cutting and forming tools, as well as in surgical
and dental instruments, where an appropriate
combination of high hardness and good wear
resistance is required.
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