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Adaptive nanocomposite coatings provide low friction in broad ranges of environmental conditions through the formation

of lubricious surfaces resulting from interactions with the ambient atmosphere. Designing adaptive coatings to withstand wear

through repeated thermal cycles is particularly difficult since most demonstrate irreversible changes in surface composition and

morphology. This permanent change in the condition of the surface limits the utility of adaptive coatings in applications where

thermal cycling is expected. Moreover, some lubrication mechanisms occur over the entire coating surface in addition to the

area experiencing wear, which results in a significant waste of lubricant. In an effort to increase the wear lifetime and move

toward thermal cycling capabilities of solid adaptive lubricants, a multilayer coating architecture incorporating two layers of

adaptive YSZ–Ag–Mo nanocomposite lubricant separated by a TiN diffusion barrier was produced. The multilayer coating

lasted over five times longer than a monolithic adaptive coating of identical composition and total thickness for dry sliding

tests at 500 �C in air. Analysis of the structure and composition of the films after heating suggests directed, lateral diffusion of

lubricant beneath the diffusion barrier toward the wear scar as a mechanism for the increased wear life of the multilayer

coating.
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1. Introduction

Adaptive nanocomposites, also known as ‘‘chame-
leon coatings,’’ are a class of materials that automati-
cally adjust surface composition and structure to
minimize friction as the ambient environment changes
[1–5]. The materials evolved from earlier works in
adaptive tribological materials [6,7]. Adaptation results
from amorphous and nanocrystalline inclusions that can
transform into lubricious macro-phases on the friction
surface when exposed to changes in temperature, rela-
tive humidity, and/or wear. The ‘‘chameleon’’ coatings
are designed in such a way that the lubrication mecha-
nisms of each phase are dominant in the friction contact
while exposed to the environment to which they were
well-suited. At the same time, the composition and
structure of the subsurface matrix and other temporarily
dormant solid lubricant nano-inclusions are preserved.
Furthermore, nanocomposite tribological coatings have
an advantage in that their mechanical properties do not
follow the rule-of-mixtures behavior typically observed
for composites. Therefore, adding lubricious phases in
the nanocrystalline or amorphous form allows for

preservation of the high hardness of the composite, even
as softer phases are incorporated into a hard matrix
[1,8].

Yttria-stabilized zirconia (YSZ) is tough, hard and
thermally stable up to high temperatures, while nano-
crystalline additives can provide lubrication in different
temperature ranges and increase the toughness of the
YSZ without severely compromising its hardness [3,8].
Chameleon coatings consisting of various nanoinclu-
sions imbedded in an amorphous YSZ-noble metal ma-
trix have demonstrated low friction coefficients at
elevated temperatures resulting from noble metal diffu-
sion to the coating surface [2,4,9]. Recent in-situ TEM
studies of YSZ–Au nanocomposites during heating
showed that the noble metal diffusion process is
accompanied by coalescence at the surface [10]. From
work on powder-based and other types of composites, it
is known that silver is an effective lubricant up to mod-
erately high temperatures [11–16]. YSZ–Mo composites
showed moderately low friction above 500 �C [9] due to
the formation of lubricious molybdenum-based com-
pounds at high-temperature in air, similar to that shown
by other researchers [17–21]. Examination of YSZ–Ag–
Mo nanocomposites tested from 25 to 700 �C revealed
both the noble metal and the soft oxide lubrication
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mechanisms operating at the appropriate temperature,
resulting in moderately low friction from 25–700 �C [9].

These mechanisms were explored further in this
research as YSZ–Ag–Mo was incorporated in a mul-
tilayered architecture with two layers of adaptive
coating separated by a diffusion barrier. The top layer
was expected to behave in the same way as the
monolithic nanocomposites described in Refs. [2] and
[9], with noble metal diffusion and soft oxide forma-
tion at the coating surface upon heating. The TiN
diffusion barrier was incorporated to prevent silver
diffusion and molybdenum oxidation in the lower
composite layer, until a free surface was created by
wear, as shown in figure 1. Once the diffusion barrier
was breached, it was expected that silver in the buried
composite should be drawn to diffuse both vertically
and horizontally through the matrix to the worn area.
Restricting silver transport to the wear scar with the
diffusion barrier, rather than permitting uncontrolled
diffusion to the entire coating surface, was expected to
increase coating life. It was also anticipated that the
multilayer coating architecture should allow the lower
layer of lubricant to remain homogeneous during
heating, as the top layer adapted by silver diffusion
and molybdenum oxidation in air. In this work, a
comparison of coating characterization and wear test
results for both monolithic and multilayered YSZ–Ag–
Mo nanocomposite coatings is presented and discussed
to demonstrate the utility of the multilayer adaptive
nanocomposite coating concept.

2. Experimental procedure

Monolithic and multilayered nanocomposite coatings
of yttria-stabilized zirconia (YSZ) with silver and
molybdenum were deposited with a hybrid filtered vac-
uum arc/magnetron sputtering/pulsed laser deposition
technique [22]. The details of the deposition process are
given elsewhere [8]. Briefly, a YSZ target was irradiated

with 800 mJ of pulsed laser energy at 30 Hz. The metal
flux was provided by two magnetrons, each fitted with a
silver or molybdenum target. The M50 steel substrates
were heated to 150 �C and dc biased to )150 V. A fil-
tered vacuum arc source was used to clean the sub-
strates, deposit a thin (<100 nm) titanium adhesion
layer plus a Ti/YSZ graded layer at the interfaces for all
films, and to reactively deposit a �100 nm thick TiN
diffusion barrier layer between two 1 micron thick layers
of YSZ–Ag–Mo for the multilayer coatings. A thin
(<100 nm) silver/molybdenum layer was deposited un-
der the TiN layer to direct the silver composition gra-
dient toward the substrate and to provide lubrication
upon initial contact of the ball with the material under
the diffusion barrier during wear testing.

The YSZ-based composite layers were examined after
deposition using x-ray photoelectron spectroscopy
(XPS), and were found to contain 24% silver and 10%
Mo in the monolithic and multilayer coatings. A focused
ion beam (FIB), transmission electron microscope
(TEM), and scanning electron microscope (SEM) were
used to characterize the coating cross-sections after
heating. Electron dispersive spectroscopy (EDS) was
also used to map the different cross-sectional composi-
tions. A platinum film was deposited over the samples
prior to cutting with the FIB to preserve the original
surfaces during preparation of the cross-sections.

The friction coefficient of the coatings in air (40%
relative humidity) at 500 �C was measured with a high
temperature ball-on-disc tribometer with a 6.35 mm
diameter silicon nitride ball under a 1 N load. The
sliding rate was 0.2 m s)1, with the disk rotating at
200 rpm for all tests. The tribometer apparatus was set
up at room temperature, with the loaded silicon nitride
ball in contact with the sample prior to heating. The
coating surface was heated to 500 �C in 15 min, and
allowed to equilibrate for 5 min before the sliding test
was initiated. All coatings were tested to failure, as de-
tected by an abrupt increase in the friction coefficient.
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Figure 1. Schematics of the (a) as-deposited multilayer coating and (b) the anticipated response of the coating during high-temperature wear

testing.
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The wear tracks were examined in an SEM following the
wear tests.

3. Results

3.1. Monolithic YSZ–Ag–Mo nanocomposite coatings

The monolithic YSZ–24%Ag–10%Mo coating was
initially 1.1 microns thick. After heating to 500 �C for

1.5 h, a diffused Ag layer was observed above the
remaining YSZ–Mo layer, as shown in figure 2. Com-
positional mapping by EDS was used to determine the
chemical make-up of the layers. Figure 3 shows a top
view of the coating surface illustrating the morphology
of the continuous silver layer after heating. XPS, EDS
and X-ray diffraction confirmed that the surface con-
sisted of a continuous layer of silver that diffused to the
surface out of the remaining YSZ–Mo. The YSZ–Mo
layer maintained its original thickness of 1.1 microns,
while the silver layer added to the total coating
thickness.

A 2 micron thick monolithic YSZ–Ag–Mo sample
(thicker than that pictured in Figure 2, but of identical
composition and architecture) was subjected to wear
testing at 500 �C. The film exhibited a friction coefficient
of �0.4 for approximately 4,000 cycles before failure.
Figures 4((a)–(b)) show electron micrographs of a
region near the edge of a wear track after testing at
500 �C prior to coating failure. EDS compositional
mapping revealed that the smeared regions and most of
the surface in contact with the ball were composed of
silver, as shown figure 4(b).

3.2. Multilayered (YSZ–Ag–Mo)–TiN–(YSZ–Ag–Mo)
nanocomposite coating

Figure 5 shows a cross-sectional micrograph of the
multilayered coating after heating to 500 �C for over
two hours. The surface of the multilayer coating was
very similar to that observed for the monolithic
coating shown in figure 3, with the silver migrating to
form a continuous layer at the coating surface, leaving
behind a YSZ–Mo layer with only a trace amount of
silver. The YSZ–Ag–Mo layer under the TiN diffusion
barrier, however, remained homogeneous as shown by
the EDS composition maps of Zr, Ag, Mo and Ti in
figures 6((a)–(d)).

The friction coefficient for both monolithic and
multilayered coatings at 500 �C is shown in figure 7.
The monolithic coating provided lubrication for about
4,000 cycles. In contrast, the multilayer coating
maintained an average friction coefficient of less than
0.4 for over 25,000 cycles. Figure 8 shows a section of
a wear track in a multilayered coating sample after
failure at 500 �C. This region of the wear track pro-
vided a cross-sectional view of different layers after
testing, with the inset illustrating the position of the
numbered layers relative to the film surface. Distinct
differences in the surface morphology and composition
of the layers comprising the films were apparent.
Layer 1 (at the surface) and layer 3 (beneath the
diffusion barrier) were similar in terms of morphology
and composition, with silver coalescing to the surface
in both layers.

Figure 2. Cross-sectional scanning electron micrograph of the mono-

lithic YSZ–Ag–Mo coating after wear testing at 500 �C.

Figure 3. Scanning electron micrograph of the monolithic YSZ–

Ag–Mo coating surface after heating to 500 �C.
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Figure 4. Scanning electron micrographs of (a) the entire wear track from the monolithic coating tested at 500 �C and (b) the edge of the wear

track.

Figure 5. Transmission electron micrograph of the multilayer coating

cross section after heating to 500 �C.

Figure 6. Energy dispersive spectrometry composition maps for (a) silver, (b) molybdenum, (c) zirconium, and (d) titanium.
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Figure 7. Friction traces for the monolithic and multilayer coatings at

500 �C in air.
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4. Discussion

4.1. Monolithic nanocomposite coating

The monolithic YSZ–Ag–Mo coatings and the
mechanisms leading to low friction at elevated temper-
atures have been discussed in detail previously [9]. To
summarize, silver diffuses readily in YSZ to the free
surface, and is an effective solid lubricant at lower and
moderate temperatures, while MoO3, and other lubri-
cious compounds form when exposed to air at temper-
atures over 500 �C. YSZ–Ag–Mo composites
demonstrated moderately low friction from 25–700 �C,
however, at 500 �C, the monolithic YSZ–Ag–Mo com-
posite exhibited a short lifetime when subjected to slid-
ing wear (figure 7). At this temperature, a significant
fraction of the silver in the composite diffused to the
surface of the disk before the wear test began [9]. The
lifetime of the lubricating silver layer was short due to
excessive softening of the surface at a high fraction of its
melting point [11,23], and the lack of lubricant supply to
the worn area. Additionally, lubrication by MoO3 for-
mation was likely to be limited, since 500 �C is the lower
limit at which Mo oxidation reactions occur in air
[20,24]. Also, the residual YSZ–Mo coating became
porous with the silver removed (figure 5) after one
thermal cycle, resulting in an irreversible change in
morphology and degradation of the mechanical prop-
erties after of the coating after heating.

4.2. Multilayered nanocomposite coating

A most critical factor contributing to the increased
wear life of the multilayered coating was the controlled

release of silver from the lower layer of adaptive com-
posite after the first layer was worn through, as sug-
gested in figure 1. Diffusion of the silver from the upper
YSZ–Ag–Mo layer at 500 �C was fast enough to cover
the surface before the wear test started [9], providing a
lubricious and protective silver layer on the surface of a
porous YSZ–Mo composite. Once the silver was
depleted, the ball had no lubrication on the weakened
YSZ–Mo. However, the multilayer architecture pro-
vided a fresh layer of nanocomposite after the TiN dif-
fusion barrier was worn through. The release of silver
from the buried layer of composite material was initi-
ated only after the ball created a free surface at this layer
in the wear scar, which triggered silver diffusion laterally
toward the wear track. Lateral diffusion of the silver
from within the lower composite layer to the wear track
area, which was small compared to the total surface area
of the coating, resulted in a longer-lasting supply of
silver lubricant, thereby contributing to the longer life-
time of the multilayer composite. The results demon-
strate the benefit of the multilayer nanocomposite design
for longer lasting lubrication in a broad range of tem-
peratures. Also, the multilayer structure should be use-
ful for applications requiring thermal cycling, which will
be explored in future research.

5. Conclusions

A conceptual schematic for a multilayer nanocom-
posite coating was suggested, where adaptive nano-
composite materials are sealed under a diffusion barrier
layer to force lubricant to diffuse laterally to the wear
scar and to protect layers under the barrier from the

Figure 8. Scanning electron micrograph of a section of a wear track in the multilayer coating after failure.The numbers 1–4 correspond to the

numbered layers in the inset to illustrate the topography of the micrograph as follows: 1-surface layer of diffused silver; 2-YSZ–Mo layer above

TiN layer with some diffused silver; 3-YSZ–Mo–Ag layer under the diffusion barrier with a surface layer of diffused silver; 4-substrate.
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environment. As an example, two layers of YSZ–Ag–
Mo adaptive nanocomposites were separated by a TiN
diffusion barrier layer in a multilayer coating architec-
ture. The multilayer coatings demonstrated a marked
increase in wear life when compared to a monolithic
coating of the same total thickness and adaptive nano-
composite composition. Titanium nitride functioned as
an effective diffusion barrier between layers of adaptive
coating material, and preserved the homogeneity of the
layer unexposed to air at high temperature. The
increased wear life was attributed to the channeling of
solid lubricants laterally under the diffusion barrier layer
to exposed wear areas, rather than to the entire coating
surface. Further study is needed to optimize the coating
architectures and compositions for maximum wear
resistance and minimum friction, however, the principle
of preserving adaptive layers under a diffusion barrier
and lateral lubricant diffusion to reduce wear rate was
demonstrated in this work.
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