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Abstract To examine whether faults can be lubricated by preexisting and newly formed nanoparticles, we
perform high-velocity friction experiments on periclase (MgO) nanoparticles and on bare surfaces of Carrara
marble cylinders/slices, respectively. Variable temperature conditions were simulated by using host blocks of
different thermal conductivities. When temperature rises are relatively low, we observe high friction in
nano-MgO tests and unexpected slip strengthening following initial weakening in marble slice tests,
suggesting that the dominant weakening mechanisms are of thermal origin. Solely the rolling of nanoparticles
without significant temperature rise is insufficient to cause dynamic fault weakening. For nano-MgO
experiments, comprehensive investigations suggest that flash heating is themost likely weakeningmechanism.
In marble experiments, flash heating controls the unique evolutions of friction, and the competition between
bulk temperature rise and wear-induced changes of asperity contact numbers seems to strongly affect the
efficiency of flash heating.

1. Introduction

Dynamic weakening of faults plays a key role in facilitating the generation of large earthquakes and rupture
propagation. Although dynamic weakening of faults is common, similar for all rock types [e.g., Di Toro et al.,
2011], the weakening mechanisms and their dominance depend on rock type as well as environmental para-
meters [Niemeijer et al., 2012; Tullis, 2015]. Recent work has focused on fault weakening in the presence of
nanoscale mineral grains, because these nanoparticles have been widely found within slip zones in various
rock deformation experiments, as observed in high-velocity friction tests [e.g., Han et al., 2007, 2010;
Reches and Lockner, 2010], low-velocity friction tests [Yund et al., 1990; Verberne et al., 2013, 2014], and
high-pressure faulting experiments [Green et al., 2015]. Besides widely existing in experimentally deformed
rock samples, nanoparticles are also abundant in natural fault zones [e.g., Chester et al., 2005; Ma et al.,
2006; Green et al., 2015].

Although there are several appealing explanations for the formation of nanoparticles in fault zones [e.g. Han
et al., 2007; Sammis and Ben-Zion, 2008; Siman-Tov et al., 2013], their frictional behaviors and the mechanisms
by which they may weaken faults remain enigmatic. Based on recent high-velocity rock friction studies, the
term “powder lubrication” has been used to describe the fault weakening accompanying the formation of
nanoparticles [Han et al., 2010, 2011; Reches and Lockner, 2010], which is probably partly inspired by many
tribological studies in material science [e.g., Rapoport et al., 2003; Wornyoh et al., 2007]. Recent high-velocity
rock friction experiments suggest that nanoparticles can cause dynamic fault weakening by nanograin rolling
[Han et al., 2011] or by thermally activated diffusion accommodated grain boundary sliding (“superplastic
flow”) [De Paola et al., 2015; Green et al., 2015]. However, methodologically speaking, the effectiveness
of an individual mechanism cannot be evaluated without controlling temperature conditions during high-
velocity sliding, given that several weakening mechanisms may superpose and most of them are thermally
activated [Niemeijer et al., 2012; Tullis, 2015].

In this study, two types of high-velocity friction experiments were conducted, namely, gouge tests using
periclase (MgO) nanopowder and rock-on-rock tests using Carrara marble, to investigate whether faults
can be lubricated by preexisting and newly formed nanoparticles, respectively. One special and significant
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design of the experiments is that we use host blocks (“wall rocks”) with different thermal conductivities to
vary the temperature conditions in the slip zone following Yao et al. [2016]. With this strategy, the experi-
ments provide a unique approach to examine dynamic fault-weakening processes in the presence of
nanoparticles under varying thermal conditions.

2. Materials and Methods

For easier comparison with previous studies [e.g., Han et al., 2010, 2011], MgO nanoparticles are used as the
starting material in the gouge experiments. An advantage of using pure nano-MgO is that it avoids complex-
ity arising from comminution and mineral phase changes during the experiments [Han et al., 2011]. In addi-
tion, MgO nanoparticles can actually be found within shallow fault zones as a decomposition product of
dolomite [De Paola et al., 2011]. Commercial nano-MgO with an average grain size of ~50 nm is used in the
experiments (purity of 99.9%, Aladdin Industrial Inc.; see a transmission electron microscopy image in
Figure 1a). The Carrara marble is a typical thermally unstable rock that is able to form nanograins easily in
high-velocity friction experiments and has been well studied previously [e.g., Han et al., 2007, 2010; Ree
et al., 2014; Spagnuolo et al., 2015], and thus, we use it in our rock-on-rock experiments.

Following Yao et al. [2016], we made solid cylindrical host blocks (40mm in diameter) with brass, stainless
steel, titanium alloy, and gabbro, with thermal conductivities of 123, 15, 5.8, and 3.25W/m/K, respectively.
For the nano-MgO experiments, the simulated gouge (2.5 g and ~1.5mm thick for each test) is sandwiched
by a pair of host blocks, surrounded by a Teflon sleeve to prevent loss of gouge during slip. For the experi-
ments on Carrara marble (thermal conductivity: 2.41W/m/K [Čermák and Rybach, 1982]), besides using the
marble cylinders directly, we also performed a few experiments on thin circular marble slices that were
bonded to the above-mentioned three kinds of metal host blocks using a high thermally conductive epoxy
adhesive (1.38W/m/K; OB-200, Omega Engineering, Inc.). The marble slices were carefully machined to a
thickness of 0.5 ± 0.05mm (Figures 2 and S1; see details of sample preparation in supporting information).
The experiments were performed with a rotary-shear low- to high-velocity frictional testing machine [Ma
et al., 2014]. All the experiments were conducted at constant velocities (0.5–2.1m/s) under a normal stress
of 1.0MPa and at room humidity.

Figure 1. Results of friction experiments performed on magnesium oxide (MgO) nanopowder (<50 nm) at slip rates of
0.5–2.1m/s under room humidity, with host blocks composed of brass, stainless steel, titanium alloy, and gabbro. (a–c)
Friction coefficient versus displacement. (d) Steady state friction coefficient versus slip velocity. A transmission electron
microscope image in Figure 1a shows the nano-MgO in their initial state.
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3. Results
3.1. Frictional Behavior

Thirteen experiments were performed on the MgO nanopowder at slip rates of 0.5, 1.0, and 2.1m/s with the
four kinds of host blocks. Figures 1a–1c show the evolution of friction coefficient with displacement in these
tests. The peak friction coefficients, μp, in all cases are about 0.70–0.80, but the postpeak friction coefficients
show clear negative correlation with thermal conductivities of host blocks λh, i.e., the lower λh, the more and
quicker weakening occurs. The steady state friction coefficient μss was determined by fitting the curves with
Mizoguchi’s equation ([Mizoguchi et al., 2007]) for exponential-decay type data or by averaging the friction
coefficient near the end of tests. The μss in all the experiments are plotted against slip rate V in Figure 1d.
We observe velocity-weakening trends in all cases, but the overall level of μss is highly variable. Note that
μss remains high (~0.54) even at V= 2.1m/s with brass host blocks.

In Figures 2a and 2b, we plot the evolution of friction coefficient and axial displacement with shear displace-
ment in the experiments (V= 1.0m/s) performed on Carrara marble cylinder (LHV591) and on the marble
slices that were bonded to brass (LHV592) and stainless steel (LHV593) host blocks. Because the failure
temperature of the epoxy adhesive is about 260°C, the test performed with titanium alloy blocks failed
(not shown here) and the test with stainless steel lost some sample in the later stage. The three experiments
shown in Figure 2a exhibit dramatic weakening soon after a somewhat variable peak friction (μp=0.68–0.94),
then the friction evolves in different ways. For the marble cylinder test (LHV591), a steady state friction was
achieved with μss of 0.27. In contrast, the marble slice tests exhibit slip strengthening at displacements of
7–12m after which a steady state friction was achieved with μss of 0.80 ± 0.10 (LHV592; brass host blocks)
and 0.51 ± 0.05 (LHV593; steel blocks), respectively. The measured changes of axial displacement in
Figure 2b (dashed lines) may include contributions from wear of marble surfaces, material extrusion, and
thermal expansion. The corrected data, after subtracting thermal expansion (solid lines; see details in
supporting information), reveal that only small amount of dilatancy (50–90μm) occurred in the two marble

Figure 2. Evolution of (a) friction coefficient and (b) axial displacement with shear displacement in constant velocity (1.0m/s)
experiments performed on Carrara marble cylinders and slices that are bonded to brass and stainless steel host blocks (see a
photograph in the upper right corner; the gray color of the marble is due to the underlying black-colored epoxy). Solid and
dashed lines in Figure 2b denote axial displacement data with and without correcting for thermal expansion of specimens,
respectively.
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slice tests (at displacements of ~3.5–11m for test LHV592 and 0.5–10m for test LHV 593), in contrast to much
greater dilatancy (~370μm) after the initial weakening in the marble cylinder test (LHV591).

3.2. Microstructures

Small pieces of the slip surfaces developed in nano-MgO experiments were collected after removing the
rotary host blocks. In Figures 3a–3c and 3d–3f, we present secondary electron images of the slip surfaces
developed in the tests (V=2.1m/s) performed with gabbro (LHV531) and brass (LHV351) blocks, respectively.
In both cases, the slip surfaces show grooves oriented parallel to the slip direction (Figures 3a and 3d). Higher
magnification images reveal the slip surfaces consisting of nanocrystalline MgO (Figure 3b and 3e). However,
the slip surface developed with gabbro host blocks (Figure 3b) comprises denser particle aggregates than
that with brass blocks (Figure 3e). Furthermore, the nano-MgO sheared with gabbro shows polygonal nanos-
tructures and straight grain boundaries with 120° triple junction contacts between the grains (Figure 3c; see
examples in the white circles). By comparing the size of nano-MgO before (~50 nm; Figures 1a) and after
experiments (Figures 3b and 3c and 3e and 3f), grain growth after the experiments can be observed, espe-
cially in the case of gabbro host blocks (up to ~300 nm; Figure 3c).

Figures 3g and 3h and 3i and 3j show slip surfaces developed in the tests performed on the marble cylinders
(LHV591) and on the brass-bonded marble slices (LHV592), respectively. For the marble cylinder test, energy
dispersive X-ray spectrometry analysis indicate that the grooved portions of the slip surface (Figure 3g) are
mainly lime (CaO) aggregates as seen at higher magnification in Figure 3h at nanoscale, while the brighter
spots and ribbons near or covering the grooves are hydrated lime or calcium carbonate probably formed
from post-slip reactions of CaO in air (the weight ratio of Ca to O is used to roughly distinguish these). For
the brass-bonded marble slice test, CaO is minimally detected on the slip surface except within some tiny
grooves. The abrasion is not as serious as that in the marble cylinder test, but nanoparticles are still widely
distributed on the slip surface (Figures 3i and 3j).

Figure 3. Secondary electron images of slip surfaces recovered after high-velocity friction experiments. Figures 3a–3c and
3d–3f are images for experiments conducted on MgO nanopowder with gabbro (run LHV531) and brass (LHV351) host
blocks, respectively. Figures 3g and 3h and 3i and 3j are for experiments on Carrara marble cylinders (LHV591) and
brass-bonded marble slices (LHV592), respectively.
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3.3. Temperature Estimation

The temperature rise in the sample assembly during the experiments was estimated using a finite-element
method implemented in the COMSOL Multiphysics software, following similar procedures reported pre-
viously [e.g., Kitajima et al., 2010; Han et al., 2011; Yao et al., 2013] (see details of the model and material prop-
erties in supporting information). The area-averaged temperature of the outer-half slip surface was selected
as representative of the overall fault temperature Tf. Figure 4a shows the evolution of Tf during the nano-MgO
experiments performed with the four types of host blocks at V= 1.0m/s and σn= 1.0MPa. The rates of tem-
perature rise are highly variable in these tests, as are the differences in final temperature (up to 400–450°C).
Figure 4b shows the evolution of Tf in the experiments performed on the marble cylinders and brass-bonded
marble slices. The Tf in the former case continues to increase towards a final temperature of ~500°C; in
contrast, the Tf evolution in the latter case is more sensitive to the evolution of shear stress and finally stabi-
lizes at a temperature of ~250°C.

4. Discussion
4.1. Dynamic Weakening Mechanisms of MgO Nanopowder

The diverse frictional behaviors of MgO nanopowder observed in the experiments with host blocks of differ-
ent thermal conductivities (Figure 1) are quite similar to those reported recently by Yao et al. [2016], where
the same kinds of host blocks were used in experiments performed on an illite-quartz gouge and pure quartz
gouge. Yao et al. [2016] questioned the effectiveness of powder lubrication based on the observation of high
friction in sheared gouges with nanoparticles present but with limited temperature rise. Our experiments on
MgO nanopowder with brass blocks provide strong evidence to support this earlier result because the
starting material consists of 100% nanoparticles. The use of dry MgO nanopowder avoids the complexity
arising from potential phase changes of minerals, comminution, thermochemical pressurization, and
frictional melting. By examining the dynamic fault-weakening mechanisms as summarized in Tullis [2015],
we argue that the only remaining candidate mechanisms, which have to be thermal in origin or thermally
enhanced, are flash heating and rapid superplastic deformation.

Figure 4. Calculated area-averaged temperature of the outer-half slip surface versus displacement for selected experiments
on (a) MgO nanopowder and (b) Carrara marble, as shown in Figures 1b and 2a, respectively. (c and d) The characteristic
weakening velocity VG

w and the predicted friction coefficient of the marble (from bare surface to wear-induced gouge grains)
as a function of the number of contacts sharing the total slip velocity Ncon and the fault temperature Tf.
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Flash heating is an important dynamic fault-weakening mechanism with wide applicability [e.g., Rice, 2006;
Goldsby and Tullis, 2011]. However, Han et al. [2011] estimated flash temperature on the contacts between
MgO nanograins using equations derived by Archard [1959] and concluded that flash heating is not effective
for nano-MgO gouges as the calculated flash temperature is quite low (<53.3°C). However, Archard’s model
of flash temperature considered a one-dimensional heat conduction problem for a single circular asperity
moving over a large flat surface [Archard, 1959], which is modeled as a semi-infinite half-space. The assump-
tion of a semi-infinite plane is justified by showing that the size of the thermal boundary layer that forms at
the slipping contact is much smaller than the distance between neighboring contacts. However, while this
assumption is valid for bare rock surfaces or gouges with large grains, for frictional slip on nanoscale contacts
within a volume of nanograins, the assumption of an asperity moving over a semi-infinite solid may break
down and heat generated at one contact may be able to diffuse to a neighboring contact within a contact
lifetime. Thus, it is unsuitable to use the existing models in Archard [1959] and Rice [2006] to analyze the
flash-weakening process within a volume of nanograins. Furthermore, in the small grain size limit, heat
generated by deformation within grains, such as the recently hypothesized fast dislocation avalanches
[Armstrong and Elban, 1989; Spagnuolo et al., 2015], has time to diffuse to nearby contacts, which raises the
contact temperature and allows flash heating to be triggered at slip rates below the critical weakening velo-
city. Given the above-mentioned limitations and uncertainties associated with current flash heating models,
flash heating cannot be eliminated as a potential weakening mechanism for nano-MgO gouges. In fact, we
managed to fit the data produced in test LHV531 well using the flash heating model from Yao et al. [2016]
and parameter values of Tw= 646°C and Vw_ini = 2.59m/s (Tw and Vw_ini are the weakening temperature
and the initial weakening velocity, respectively). However, this weakening temperature appears too low for
melting of MgO, so either significant weakening can occur below the melting temperature, as discussed in
Rice [2006] and Beeler et al. [2008], or two free parameters are enough to describe any high-velocity friction
experiment and we have overfit our data. Unfortunately, little is currently known about the thermodynamic
processes of nanoparticles undergoing rapid frictional heating and extremely large deformation associated
with the high-velocity sliding, which makes it difficult to know the concrete weakening process and the
weakening temperature on the MgO nanocontacts.

The MgO nanopowder deformed with gabbro host blocks show polygonal textures with triple junctions
between equant nanograins (Figures 3b and 3c). These are diagnostic microstructures of grain boundary
sliding accommodated by grain size sensitive diffusion (“superplastic flow”) [Ranalli, 1995]. These observa-
tions seem to accord with previous studies on dense MgO nanoceramics, in which superplastic behavior
occurred at temperatures as low as ~700°C [Domínguez-Rodríguez et al., 2007, 2010]. However, in terms of
the flow stress of 200–650MPa, activation energy of 200 kJ/mol and stress exponent of 2 reported in
Domínguez-Rodríguez et al. [2007, 2010], the flow stress is many orders of magnitude too high to explain
the observed friction and the activation energy is much too high to explain why the friction coefficient
decreases by only a factor of three while the temperature increases by ~500°C. Furthermore, the superplastic
flow may encounter problems in explaining the pressure dependence of shear resistance during high-
velocity sliding. Therefore, we exclude the superplasticity of bulk MgO nanograins as a possible weakening
mechanism. Then it is unclear how the observed polygonal textures may form although the sintering is prob-
ably one of the processes involved. This is mainly because little is currently known about the possible plastic
deformations that may occur at the contact scale especially for nanograins. However, in this case the discus-
sion of plasticity reduces to understanding the contact scale weakening mechanisms that underpin flash
weakening. In conclusion, the above discussion justifies excluding superplasticity of bulk MgO nanograins
from the possible candidate mechanisms that could explain the temperature-dependent weakening, leaving
flash heating as the only remaining mechanism that could explain the dynamic weakening observed in the
nano-MgO experiments.

4.2. Cause of Unique Frictional Behavior in Carrara Marble Tests

In Figure 2a, the significant differences in final steady state friction for the three marble experiments with
different host rock conductivities suggest that temperature-dependent weakening mechanisms control
the overall weakening processes. However, the rapid weakening followed by sharp strengthening observed
in the twomarble slice tests remains enigmatic, especially considering that the slip velocity of 1.0m/s is larger
than the characteristic flash-weakening velocity of bare marble surface (~0.27m/s; Table S3). In our
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judgement, the most plausible interpretation for the unique frictional behavior is the variation in flash heat-
ing efficiency caused by the evolution of asperity contact numbers and fault temperature as discussed below.

Platt et al. [2014] presented an updated flash heating model applicable to a gouge layer by considering that
the total slip rate is shared between a uniformly distributed set of contacts. Compared with the classic model
of flash heating on bare surfaces [Rice, 2006], the theoretical analysis in Rempel [2006] and Platt et al. [2014]
leads to

VG
w ¼ Ncon�VBS

w (1)

whereVG
w andV

BS
w are characteristic weakening velocities of a gouge layer and a bare surface for the same rock

samples, respectively, and Ncon is the number of asperity contacts sharing the total slip velocity across the
gouge layer. The model thus predicts that flash heating is much less efficient in gouge than for bare surface
at the same conditions. Our experiments on Carrara marble started from bare surfaces, but wear occurred and
shear deformation became distributed through the ensuing gouge immediately after slip initiation. From
equation (1), it is clear that creation of a gouge causes an increase inVG

w through an increase in Ncon, assuming
that deformation does not localize significantly within the newly created gouge. At the same time, the tem-
perature rise driven by frictional heating lowers VG

w , as shown in Platt et al. [2014] with some experimental
support [Proctor et al., 2014; Yao et al., 2016]. Thus, the increase in Ncon with gouge creation competes with
the temperature rise from frictional heating, leading to a change in the efficiency of flash heating. In practice,
it is not easy to estimate the evolution of Ncon in our experiments because Ncon is not simply proportional to
gouge thickness, let alone the complexity arising from the extrusion of material.

In recognition of the latter issues, the observed frictional behavior is analyzed semiquantitatively here. Using

the equation for VBS
w [Rice, 2006; Beeler et al., 2008] and considering the roles of Ncon and Tf [Platt et al., 2014],

the VG
w of the marble as a function of Ncon and Tf is plotted in Figure 4c (see material parameters in Table S3

and more details in supporting information). The white line in the figure denotes the VG
w equal to V of 1.0m/s

as used in the experiments and thus demarcates the Ncon-Tf conditions at which flash weakening is effective

(VG
w < 1.0m/s) or ineffective (VG

w > 1.0m/s). Using the equations from Rice [2006] and Beeler et al. [2008] for
friction coefficient as a function of slip rate, we predict how changes in the critical weakening velocity cause
the macroscopic friction coefficient to change with Ncon and Tf (Figure 4d).

In the experiments on the marble cylinders and brass-bonded marble slices, the temperature evolutions
become very different after experiments ran for 3–4 s (Figure 4b), because the conductivity of the marble
cylinder is much lower than that of the marble slice plus brass. Linking the results in Figures 4b–4d with

the frictional behaviors in the three marble tests (Figure 2a), we deduce that the VG
w over the first several

meters displacements in the tests is probably lower than the slip velocity (1.0m/s) due to elevated Tf and
small Ncon (i.e., not enough gouge has accumulated yet), leading to dramatic weakening for all the three
cases. However, with gouge continuously being created, it becomes critical for the effectiveness of flash
weakening whether the effects of Tf can compensate for the opposing effects of Ncon. From the frictional data
of the two marble slice tests, it is observed that the strengthening starts earlier for the steel host blocks case,
which coincides with an earlier start of dilation than for the brass blocks case (Figure 2b), possibly reflecting

the effects of Ncon on the efficiency of flash heating. To meetVG
w< 1.0m/s, the brass-bonded marble slice test

allows Ncon less than 8 with Tf of ~250°C, while the marble cylinder test allows Ncon up to about 40 with Tf of
~500°C towards the end of the test (Figures 4b and 4c). These differences influence the efficiency of flash
heating in these tests, causing different frictional behaviors after the initial onset of weakening. Moreover,
in the later stage of the marble cylinder test, other weakening mechanisms such as thermochemical pressur-
ization may be also involved, which assists in maintaining low friction.

5. Conclusions

Our study demonstrates that a preexisting layer of nanopowder cannot lubricate faults effectively if the fault
zone temperature rise is suppressed. Since there are currently no proposedmechanisms that wouldmake the
rolling of nanoparticles depend on temperature, our experiments suggest that nanoparticle rolling cannot
cause dynamic fault-weakening efficiently. As the dominant weakening mechanisms are of thermal origin
in dry nano-MgO experiments, flash heating and superplastic flow are the only remaining candidate
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mechanisms. However, given the high flow stress and activation energy of bulk MgO nanograins at our
experimental conditions, superplastic flow cannot explain the observed weakening. Thus, flash heating is
the most likely weakening mechanism in the nano-MgO experiments. Experiments conducted on Carrara
marble slices and cylinders at variable temperature conditions reveal rapid slip weakening followed by
diverse friction evolutions with different final steady state strength, regardless of the widely distributed
presence of nanograins on the slip surfaces in all the cases. The unexpected slip strengthening following
initial weakening observed in the marble slice tests is reconciled with an updated flash heating model
[Platt et al., 2014] that considers the competing roles of gouge formation and temperature. Using this model,
our analysis illustrates that the efficiency of flash weakening on bare rock surfaces can be changed with
progressive slip by a competition between the effects of bulk temperature rise and wear-induced variations
in contact numbers accommodating slip.
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