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The following is a summary of our accomplishments through this project that brought us from the initial 
work of developing experimental and simulation capabilities for studying high temperature coating 
materials to investigating fundamental mechanisms to explain observed friction and wear behavior and 
finally to using that understanding to extend the research beyond its initial focus on AgTaO3 to other 
materials and future materials-based coating design. 

Material synthesis and characterization 
We optimized the process of synthesis via magnetron sputtering to produce thermally stable silver 
tantalate films. X-ray diffraction confirmed the material was indeed silver tantalate and remained in that 
phase at high temperature. We then measured friction on these coatings from room temperature to 750 
°C and observed an extremely low friction coefficient of 0.06 at 750 °C; this is the lowest friction 
reported at this temperature for any material to-date. 

 

Modeling methods development 
We developed an empirical model to describe the interatomic interactions in silver tantalate and 
validated the model’s ability to reproduce structural, energetic and thermal properties of the material. 
Density functional theory calculations were performed to provide the energetics and previous 
experimental measurements were used as a reference for the structure of the material and its evolution 
with temperature. 

 



Comparison of experimental and simulation results 
We used the new model to perform atomistic simulations of sliding friction from room temperature to 
750 °C and observed the same trend as in experiments, i.e. decreasing friction with increasing 
temperature where the lowest friction is observed at 750C. Results could not be quantitatively 
compared due to the size scale difference between the experimental (mm) and simulation (nm) contact 
areas. However, we analyzed the evolution in the model material during sliding and used high resolution 
transmission electron microscopy to characterize a cross section of the experimentally-measured 
material before and after sliding; both revealed segregation of the silver near the contact and the 
persistence of silver tantalate away from the sliding surface. 

 

Proposed sliding mechanisms 
Using the experimental measurements and observations from simulation, we identified temperature- 
and sliding-induced silver segregation as a key mechanism enabling low friction at high temperature. All 
evidence we have gathered during this project suggests that the silver tantalate acts as a reservoir 
continually feeding the near-surface combination of silver and tantalum oxide, where the former 
provides a low shear lubricious phase and the latter is very hard thereby offering reasonable wear 
resistance. 

Exploring the effect of load 
Load is well known to affect both the magnitude of friction and wear and the mechanisms by which 
sliding occurs on solid surface. To explore this effect for AgTaO3, we characterized the load-dependence 
of it friction and wear at 750° using experiments and complementary simulations. These studies 
revealed the following: (a) friction monotonically increased with load, (b) increasing load decreased the 
amount of Ag on the surface of the wear track and decreased the thickness of the mechanically mixed 
layer that forms as a result of the reconstruction of AgTaO3 into Ta2O5 and Ag, and (c) the silver 
segregation and clustering (previously shown to be directly correlated to temperature dependence of 
the material) can also lead to porosity in the tribofilm, and the increase of friction with load is due to the 
joint contributions of decreasing Ag near the surface and the associated decreased porosity of the 
tribofilm. 



 

First principles-based justification of Ag-segregation mechanism 
Our previous simulation and experimental results strongly suggested that Ag clustering is the key to the 
good performance of AgTaO3 at high temperatures. We now are able to provide quantitative, atomic-
scale support for this argument based combined molecular dynamics and density-functional theory 
simulations of surfaces and their energetics. Specifically, we showed that silver aggregation on the 
surface is enabled by the low energy barriers associated with silver migration. Two different surface 
terminations (AgO and TaO2) were studied and we showed that the migration barrier on the AgO 
surface is smaller, favoring silver aggregation and ultimately giving a lower friction force. Regardless of 
the termination, the formation of soft silver clusters dominates the sliding behavior when enough 
energy (mechanical or thermal) is imparted to the surface. 

           

 

Tuning composition for optimized performance 
Based on the observation that AgTaO3 decomposes during sliding and the supposition that the products 
of this decomposition enable low friction and wear, it is possible that performance may be tuned by 
identifying an optimal combination of the elements in the material before sliding. To explore this 
possibility, we used experiments and complementary simulations to study coatings of tantalum oxide 



with a small content of Ag embedded in it. Both the experimental characterization and the theoretical 
modeling indicated that silver migrated to the surface leaving a porous Ta2O5 structure underneath. In 
addition, this migration resulted in the formation of AgTaO3 in selected regions of the coatings. The 
observed time-dependent surface reconstruction, which is associated with a continuous change in film 
structure and chemistry, resulted in a decrease in values of the friction coefficient. This study not only 
supports the previously-suggestion mechanisms in both Ag (soft low shear phase) and Ta2O5 (hard 
phase resisting compression) play important roles, but that the composition can in fact be tuned to 
modulate friction under different conditions. 

 
 

Extension to other ternary oxides 
Given the relatively poor wear performance of AgTaO3 and the issues associated with Ag particle 
migration, we have been exploring alternatives to obtain both low friction and high wear resistance. We 
have exploring Cu-Ta-O as a potential replacement. Specifically, we used experiments, density functional 
theory and molecular dynamics simulation to study CuTaO3 and CuTa2O6, and contrast their 
performance with that of AgTaO3. Results show that the MD-predicted friction force follows the trend 
AgTaO3 < CuTaO3 < CuTa2O6, which is consistent with the experimentally-measured coefficients of 
friction. The wear performance from both MD and experiment exhibits the opposite trend, with 
CuTa2O6 providing the best resistance to wear. The sliding mechanisms were investigated using 
experimental characterization of the film composition after sliding, quantification of Ag or Cu cluster 
formation at the interface during the evolution of the film, and DFT energy barriers for atom migration 
on the material surface. All analyses support the hypothesis that the formation of metal (or metal oxide) 
clusters on the surface are responsible for the friction and wear behavior of these materials. 
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Abstract

The objective of this research was to understand, at an atomic level, the material properties that influence
the thermal, mechanical and tribological behavior of intrinsically layered binary metal oxides at high
temperatures. The initial focus was silver tantalate, which is a relatively simple system that could be
accurately modeled but also has significant potential as a multi-functional material for high temperature
applications. Investigations were performed through a tightly integrated experimental and modeling
approach in which atomistic simulations are validated by experimental observations and then fundamental
mechanisms underlying the experimental observations are explained by the simulations. The following is a
summary of our key accomplishments through this project that brought us from the initial work of
developing experimental and simulation capabilities for studying high temperature coating materials to
investigating fundamental mechanisms to explain observed friction and wear behavior and finally to using
that understanding to extend the research beyond its initial focus on AgTaO3 to other materials and future
materials-based coating design. 

First, we optimized the process of synthesis via magnetron sputtering to produce thermally stable silver
tantalate films. X-ray diffraction confirmed the material was indeed silver tantalate and remained in that
phase at high temperature. We then measured friction on these coatings from room temperature to 750 °C



and observed an extremely low friction coefficient of 0.06 at 750 °C; this is the lowest friction reported at
this temperature for any material to-date. We then developed an empirical model to describe the
interatomic interactions in silver tantalate and validated the model’s ability to reproduce structural,
energetic and thermal properties of the material. Density functional theory calculations were performed to
provide the energetics and previous experimental measurements were used as a reference for the
structure of the material and its evolution with temperature. We used the new model to perform atomistic
simulations of sliding friction from room temperature to 750 °C and observed the same trend as in
experiments, i.e. decreasing friction with increasing temperature where the lowest friction is observed at
750 °C. Both simulations and experiments revealed segregation of the silver near the contact and the
persistence of silver tantalate away from the sliding surface. This observation suggested that low friction is
possible because the silver tantalate acts as a reservoir continually feeding the near-surface combination
of silver and tantalum oxide, where the former provides a low shear lubricious phase and the latter is very
hard thereby offering reasonable wear resistance. Further investigation revealed that friction on AgTaO3
increases with load, and that this trend is attributable both to the silver segregation mechanisms we first
identified and the associated porosity in the tribofilm. These studies were complemented by combined
molecular dynamics and density-functional theory simulations of AgTaO3 surfaces (AgO and TaO2
terminated surfaces) and their energetics through which we showed showed that silver aggregation on the
surface is enabled by the low energy barriers associated with silver migration. Based on the observation
that AgTaO3 decomposes during sliding and the supposition that the products of this decomposition
enable low friction and wear, we explored the possibility that performance may be tuned by identifying an
optimal combination of the elements in the material before sliding. For this, we used experiments and
complementary simulations to study coatings of tantalum oxide with a small content of Ag embedded in it.
Both the experimental characterization and the theoretical modeling indicated that silver migrated to the
surface leaving a porous Ta2O5 structure underneath. In addition, this migration resulted in the formation of
AgTaO3 in selected regions of the coatings. The last major research focus of this project was extension to
other materials, motivated by the relatively poor wear performance of AgTaO3 and issues associated with
Ag particle migration in components. Specifically, we studied Cu-Ta-O compounds and contrasted their
performance with that of AgTaO3. Simulations and experiments showed that friction force follows the trend
AgTaO3 < CuTaO3 < CuTa2O6. However, the wear performance was found exhibits the opposite trend,
with CuTa2O6 providing the best resistance to wear. The sliding mechanisms were investigated using
experimental characterization of the film composition after sliding, quantification of Ag or Cu cluster
formation at the interface during the evolution of the film, and DFT energy barriers for atom migration on the
material surface. All analyses supported the hypothesis that the formation of metal (or metal oxide) clusters
on the surface are responsible for the friction and wear behavior of these materials.
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