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Comprehension of stick-slip motion is very important for understanding tribological principles. The
transition from creep-dominated to inertia-dominated stick-slip as the increase of sliding velocity

has been described by researchers. However, the associated micro-contact behavior during this
transition has not been fully disclosed yet. In this study, we investigated the stick-slip behaviors of two
polymethyl methacrylate blocks actively modulated from the creep-dominated to inertia-dominated
dynamics through a non-uniform loading along the interface by slightly tilting the angle of the two
blocks. Increasing the tilt angle increases the critical transition velocity from creep-dominated to
inertia-dominated stick-slip behaviors. Results from finite element simulation disclosed that a positive
tilt angle led to a higher normal stress and a higher temperature on blocks at the opposite side of the
crack initiating edge, which enhanced the creep of asperities during sliding friction. Acoustic emission
(AE) during the stick-slip has also been measured, which is closely related to the different rupture modes
regulated by the distribution of the ratio of shear to normal stress along the sliding interface. This study
provided a more comprehensive understanding of the effect of tilted non-uniform loading on the local
stress ratio, the local temperature, and the stick-slip behaviors.

The onset of friction is a basic and important problem in the understanding of the principle of tribology. As
well known, the frictional force in a sliding friction usually depends on both the real contact area and the shear
strength of each micro-contact?. However, many previous sliding friction tests were conducted through macro-
scopic measurement, thus neglected the micro-contact behaviors. The interaction between two sliding surfaces
has mostly been evaluated with empirical laws®=>. Therefore, the study on micro-contact dynamics and their
frictional strength evolution has been paid more attention recently®®. The interfacial shear strength has been
found to be inherently dependent on the competition between the process of detachment and re-attachment of
the micro-contacts on the interface'®!?, and the contact area rejuvenation"!*!>. According to the different time
scales of these processes, the dynamics of the interface changed with the sliding velocity'®18. At a slow velocity,
the dynamics of the micro-contacts is creep-dominated, if the stick time long enough that the aging of asperities
plays a leading role!*!-2!. When the sliding velocity is high enough, the asperities have no time to creep before
slip occurs, the dynamics of stick-slip turns to be inertia-dominated. However, the micro-contact behaviors in
the transition from creep- dominated to inertia-dominated regime are still lack of comprehensive experimental
verification.

Oded Ben-David et al."” experimentally studied the evolution of frictional strength in extremely short to long
time scales through continuous measurement of the evolution of the real contact area. They found that different
rupture modes (supershear, sub-Rayleigh and slow rupture) were related to the ratio of shear stress to normal
stress?2. In this study, the creep-dominated to inertia-dominated dynamics during stick-slip and the interface
rupture of two polymethyl methacrylate (PMMA) blocks were experimentally investigated. The sliding friction
behavior of the sliding interface was modulated by slightly tilt the angle between the two sliding blocks to realize
anon-uniform loading and a change of distribution of the ratio of local shear stress to normal stress.

Considering that the detachment and reattachment of the asperities during sliding friction usually occurs in
a very short time and the energy of deformation and rupture would release in the form of elastic waves during
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Figure 1. Schematic of the experimental setup. (A) Stick-slip experimental system. (B) Tilt angle definition.

stick-slip, acoustic emission (AE) has been widely used in the study of stick-slip especially in the crack of rocks
concerning earthquake?*-%”. The previous researches mostly concerned on the time-domain features of AE dur-
ing stick-slip?® and its relationship with the intensity of macro stick-slip events®. Therefore, in this study, we also
detected the AE signals during stick-slip processes to help the understanding of their mechanisms.

Results

Stick-slip behaviors modulated by the tilt angle. Stick-slip experiments were conducted with two
PMMA blocks using the test apparatus shown in Fig. 1. Considering the rupture dynamics of micro-contacts
was controllable by external loading condition®’, we changed the load distribution along the sliding interface by
slightly tilting the upper PMMA block with a small tilt angle o under a certain sliding velocity v. The definition of
the tilt angle and the corresponding stress distribution was sketched in Fig. 1B. When the lower block was pulled
from a higher normal stress side to a lower normal stress side, the tilt angle was defined to be positive (the tilt
direction was sketched in the inset of Fig. 1A). The inverse condition was defined to be negative. Details of the
experiments were given in Methods. Typical curves of the frictional force F,during stick-slip at different tilt angles
were shown in Fig. 2A. Results showed that the stick-slip motion was enhanced as the increase of tilt angle. AF
is the difference between the maximum static friction force Fg and the minimum tangential force F, after slip. As
the normal load would significantly affect the value of AF, here we use the normalized parameter AF/F; to char-
acterize the stick-slip intensity which excludes the effect of the normal load. From the statistical results shown in
Fig. 2B, AF/F; slightly increases with the increasing tilt angle, indicating the enhancement of stick-slip motion,
and decreases almost linearly with the increasing sliding velocity. Based on previous researches, the stick-slip
motion would experience creep-dominated to inertia-dominated dynamic regimes with the increasing sliding
velocity'®, which is characterized by the different trends of the dynamic friction coefficient y,; (defined as the ratio
of F, to the normal force Fy) with the sliding velocity. At a low sliding velocity, creep and aging effect of the con-
tact asperities in the stick stage was obviously, during which (1, decreases with the increasing v. When the spec-
imen is pulled at a velocity which is high enough that gives no time for the asperities to creep before slip occurs,
the sticks-slip motion turns to be inertia-dominated, during which i, increases with v'!8. From our results in
Fig. 2C, at positive tilt angles, 11, first decreases with v, indicating the creep-dominated stick-slip, and then turns
to increase with v which means the stick-slip dynamics turns into inertia-dominated. As shown by the dashed
line, the turning velocity v, increases slightly with the tilt angle. And for 0 and negative «, the creep-dominated
regime does not show in our experimental velocity range. From the results in Fig. 2, the non-uniform loading
configuration by a tilt angle could not only affect the intensity but also the dynamics of stick-slip.

Stick-slip dynamics reflected by AE.  The acoustic emission could represent the elastic energy emission
during the detachment and re-attachment of asperities. Typical AE waves during stick-slip process at different tilt
angles were shown in Fig. 3. A burst of AE wave was excited at the beginning of slip, followed by a series of small
waves. The AE signal during the slip process was defined as the first AE stage (AE1). During the tremor right after
the slip, another AE wave was excited and was defined as the second AE stage (AE2). As shown in Fig. 3, the AE
signal in both stages decreased with the decrease of the tilt angle. The first burst-type AE could not be observed
for zero and negative tilt angles. Figure 4 shows the detected AE energy (envelope area of the AE wave) of the two
stages corresponding to the stick-slip motions in Fig. 2B. As shown in Fig. 4A, AE1 energy exhibited an opposite
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Figure 2. Stick-slip behaviors at different tilt angles. (A) Typical curves of the frictional force F,during stick-
slip under different tilt angles (Fy=6 N, v=0.025mm/s). (B) Statistical results of the stick-slip intensity AF/Fj.
(C) Statistical results of the dynamic friction coeflicient ;. The dashed line connected the turning point at
different positive tilt angles showing the trend of v, which indicates the two dynamic regimes. (Each data point
was the average of 5 to 15 different tests at the same experimental condition with the error bars showing the
fluctuation of each test.)

trend to p;. As shown in Fig. 5, the AEI energy decreased approximately linearly with y14, and the slope increased
with the tilt angle. This relationship between AE1 energy and i, indicates that AE in stage 1 may be closely related
to the stick-slip dynamics. While, the energy of AE2 decreased monotonically with the sliding velocity (Fig. 4B)
in accordance with AF/F; (for negative tilt angles, AE2 was too weak to be distinguished from the background
noise). This indicates that AE in stage 2 is only determined by the stick-slip intensity.

Simulation of tilt angle modulation on load distribution.  As the tilt angle would significantly affect
the stress distribution along the sliding interface®, a finite element (FE) analysis was carried out in this study
by using Comsol 5.1 to analyze the tilt angle modulated non-uniform loading effect. The non-uniform loading
applied on the upper block was simulated by a linear increasing normal force along the interface as shown in
Fig. 6A (a1 > a2 > a3 represents the increasing non-uniformity of the original loading). More details of the FE
model was supplied in Methods. Due to the elasticity of the material and the boundary effect, the calculated initial
normal stress profile along the interface showed little difference with the preset values, especially at the two edges
as shown in Fig. 6B,C. After applying a tangential friction force, the normal stress distribution was changed by
the Fg induced additional torque, consistent with previous research®. At a positive tilt angle, the normal stress
was enhanced at the leading edge (x =25mm), while was weakened at the trailing edge (x=0mm), resulting in
a more asymmetric load distribution. At a negative tilt angle, the Fsinduced torque could decrease the normal
stress at the trailing edge and weaken the asymmetry of load distribution.

In previous studies, the dynamics of slip initiation and the interface rupture modes were found to be deter-
mined by the local ratio of shear stress (7(x)) to normal stress (o(x))?>%. The stress ratio (7(x)/o(x)) in this
simulation was shown in Fig. 6D. The high ratio of tangential to normal stress appears at the trailing edge for
both positive and negative tilt angles, where the rupture front would nucleate and then propagate along the
interface?*. When « > 0, supershear ruptures (7(x)/o(x) > 1) firstly started near the trailing edge, and then
turned into sub-Rayleigh mode (0.5 < 7(x)/0(x)<1) during propagation. When «a < 0, 7(x)/o(x) decreased
sharply from about 2 at the trailing edge to a much lower value (mostly smaller than 0.5) elsewhere along the
interface. This indicated a slow rupture dominated stick-slip behavior at negative tilt angles®.

By comparing the simulation results with the AE waves shown in Fig. 3, AE1 was considered to be closely
related to the rupture modes: a higher velocity of the rupture front led to a stronger AE1 signal. The first
burst-type of AE was considered to appear when 7(x)/o(x) is larger than a certain critical high value, so it could
only be observed for a positive tilt angle large enough. When « < 0, the shear stress along the interface and the
rupture velocity were both low, so the released AE energy was much smaller, reflected by the weak signals in
Fig. 3C. From Fig. 6D, 7(x)/0(x) increased monotonously with the positive tilt angle, so the AE energy showed a
significant increase with a (>0) in Fig. 4A. However, when a < 0, decreasing the tilt angle, the stress ratio would
decrease from the trailing edge but increase on the other side. This led to an insignificant change of the AE energy
as shown in Fig. 4A.
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Figure 3. Typical AE waves during one slip event at three different tilt angles. (A-C) a=15/,0and —15/,
respectively. Two stages of the AE signal: AE1, excited during the main slip; AE2, excited during the tremor after slip.
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Figure 4. Statistical results of the AE energy at different sliding velocities and tilt angles (Fy=6 N).

(A) Energy of AE signal in stage 1. The dashed line connected the turning point at different positive tilt angles
indicating the two dynamic regimes). (B) Energy of AE signal in stage 2. (Each data point was the average of 5 to
15 different tests at the same experimental condition with the error bars showing the fluctuation of each test.)
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Figure 5. Energy of the AE signals in stage 1 versus the dynamic friction coefficients at different tilt angles.
The dashed lines showed the linear fitting of the data.

Simulation of tilt angle modulated thermal behavior at the interface. For PMMA specimens, the
mechanical property of asperities was found to be significantly affected by temperature''*!. Therefore, we coupled
thermal analysis with the above mechanical FE simulation (see Methods for details). Taking a slip velocity of
0.5m/s (in the same order of the experimental value) and a slip time of 0.01s, the simulated temperature distri-
bution along the interface was shown in Fig. 6E. The temperature at a positive tilt angle was much higher than
that at a negative tilt angle, especially at the leading edge. It should be noted that since the contact surfaces were
assumed to be flat in the simulation, the FE result was the mean bulk surface temperature. In real cases, because
of the surface roughness, the flash temperature of the asperities would have the same trend with, but should be
much larger than the values shown in Fig. 6E. The high temperature could soften the asperities and increase their
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Figure 6. Finite element analysis of the effect of tilt angle. (A) Original normal load per unit volume Fy, (body
load) applied on the upper block along the interface at three tilt angles. (B) FE simulation result of the interface
normal stress (per unit area) distribution along the block with or without tangential force at positive tilt angle.
(C) FE simulation result of the interface normal stress distribution along the block with or without tangential
force at negative tilt angle. (D) Ratio of shear stress to normal stress along the interface at different tilt angles.

(E) Surface temperature distribution along the interface for both positive and negative tilt angles.

mechanical deformation and adhesion, which agreed with the increased static friction coeflicient ;15 with the
normal load as shown in Fig. S1. Increasing the tilt angle, the normal stress at the leading edge would be enhanced
more, resulting in a higher temperature and a higher AF and AF/F; (Fig. 2A).

From Fig. 2B, the critical velocity v, corresponding to the transition from creep-dominated to inertia-
dominated stick-slip increased slightly with o, which could be explained from the following two aspects. On one
hand, the stick process was strengthened by the temperature increase at a positive tilt angle. The increasing stick
time would enhance the creep and aging of the asperities'*'®. On the other hand, the positive tilt angle enhanced
the normal stress at the leading edge. As discussed above, rupture started from the trailing edge, so the asperities
near the leading edge would have more time to creep at a larger normal stress. While, the cases at negative tilt
angles were just the opposite: the creep effect was weakened by decreasing the maximum normal stress'®, result-
ing in the decrease of v,.

The results of 1, in Fig. 2C indicated that the creep of asperities was strengthened with the decrease of sliding
velocity. A lower sliding velocity gave more time for the asperities at the leading edge to creep. The deformed and
softened asperities by the high temperature would absorb more elastic wave energy released from the crack on the
trailing edge. Therefore, the AE1 energy decreased with the decrease of velocity in the creep-dominated regime
in Fig. 4A. The creep effect of asperities could be ignored in the inertia-dominated regime. The energy intensity
of the emitted elastic waves depended on the slip intensity. Therefore, the AE1 energy turned to decrease with the
increase of sliding velocity, along with the change of AF/Fj.

In summary, the stick-slip dynamics was studied from the perspective of interfacial rupture of two PMMA
blocks using the acoustic emission (AE) technique. The dynamics of stick-slip motion from creep-dominated to
inertia-dominated was modulated by the tilt angle between the contact surfaces through changing the normal
stress distribution by the Fsinduced torque. The various stick-slip dynamics was reflected by the AE signals. The
AE signal emitted in slip process was related to the dynamics of stick-slip behaviors. The AE signal in the tremor
at the end of the slip was related to the intensity of the stick-slip event. The tilt angle modulated stick-slip was
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affected by the non-uniform loading and the resulted non-uniform interfacial temperature distribution and their
effects on the mechanical properties of materials at the sliding interface.

Methods

Experimental methods and procedures. Two PMMA blocks were pressed together with a normal force
Fy, as shown in Fig. 1. The upper specimen (25 X 5 x 7 mm?) was fixed on the force sensor through a cantilever
a stiffness of 1.038 N/mm to adjust the tangential stiffness of the system. The lower specimen (91 X 50 X 3mm?)
was drove by a motor with a sliding velocity v. The surface roughnesses of the upper and lower specimen were
1.6nm and 2.6 pm, respectively.

An AE sensor (PICO-1.2HF, Physical Acoustics Corporation) was coupled onto the lower specimen surface
with high vacuum grease. Its operating frequency range was from 250 to 1700 kHz, and the resonant frequency
was 550 kHz.

The stress profile along the interface was modulated by changing the tilt angle a of the two blocks by the goni-
ometric stage. Resolution of the angle adjustment was 5’. When the lower block was pulled from the high normal
stress side to the low normal stress side, the tilt angle was defined as positive (Fig. 1B). The inverse direction was
defined as negative.

To obtain the initial zero tilt angle, a pre-adjustment and sliding was conducted. The lower block was pulled
in two opposite directions respectively under a normal load Fy, of 4 N. The tangential force was simultaneously
measured. After repeating adjustments, the position was defined as o =0 when the tangential forces of the two
directions was almost the same (relative error less than 5%). Then the main tests were conducted. Fy, was set as
6N. By adjusting the goniometric stage, the stick-slip behaviors were tested at 7 tilt angles (—15’, —10’, —5/,0°, 5/,
10/, 15%). For each angle, the sliding velocity was 0.01, 0.025, 0.05, 0.1, 0.25, 0.5 and 1, 2mm/s, respectively. The
stroke was 8 mm. The acquisition rate was 1000 Hz for the tangential force, and 2 MHz for the AE signals. Each
test was repeated 5-15 times under the same condition. All experiments were conducted at room temperature
(about 28 °C) and a relative humidity of approximately 40%.

Finite element analysis. FE analysis was conducted using Comsol 5.1. A 3D geometry model was estab-
lished according to the actual size of the specimens. The tilted non-uniform loading was simulated by linear
increasing original normal body load Fy, (normal load per unit volume) along the interface of the upper block, as
shown in Fig. 6A (a1 > a2 > a3, which coordinate system was shown in Fig. 1B). And an original friction force
was applied on the interface of the upper specimen in two opposite directions for positive and negative tilt angles
respectively (the direction of v shown in Fig. 1B) to simulate the sliding. Taking 0.5 as the average maximum stick
friction coefficient, the value of this original friction force was set as half of normal stress at every point along
the interface. The top surface of the upper specimen and the bottom surface of the lower specimen were set as
constraint boundaries.

In thermal analysis, the dynamic friction coefficient during slip was set as 0.25. The interface of the two spec-
imens was set as the boundary heat source. Assuming the frictional power all converted into heat for simple, the
heat power was the product of the shear stress from the above mechanical module and the slip velocity. Surfaces
exposed in the air were all set as heat radiation boundaries.

Steady-state calculation was used for the stress simulation, and transient calculation for the thermal simula-
tion. The simulation time was set as 0.01 s with a step time of 0.001 s. The variables and expressions used in the
simulation were shown in Tables S1 and S2.

References
1. Dieterich, J. H. & Kilgore, B. D. Direct observation of frictional contacts: New insights for state-dependent properties. Pure. Appl.
Geophys. 143, 283-302 (1994).
. Bowden, E P. & Tabor, D. The Friction and Lubrication of Solids (Oxford Univ. Press, Oxford, UK 2001).
. Dieterich, J. H. Modeling of rock friction. 1. Experimental results and constitutive equations. J. Geophys. Res. 84,2161-2168 (1979).
. Rice, J. R. & Ruina, A. L. Stability of steady frictional slipping. J. Appl. Mech. 50, 343-349 (1983).
. Baumberger, T., Berthoud, P. & Caroli, C. Physical analysis of the state- and ratedependent friction law. II. Dynamic friction. Phys.
Rev. B 60, 3928-3939 (1999).
6. Di Bartolomeo, M., Massi, E, Baillet, L., Culla, A., Fregolent, A. & Berthier, Y. Wave and rupture propagation at frictional biomaterial
sliding interfaces: From local to global dynamics, from stick-slip to continuous sliding. Tribol. Int. 52, 117-131 (2012).
7. Di Bartolomeo, M., Meziane, A., Massi, E, Baillet, L. & Fregolent, A. Dynamic rupture at a frictional interface between dissimilar
materials with asperities. Tribol. Int. 43, 1620-1630 (2010).
8. Kammer, D. S., Yastrebov, V. A., Spijker, P. & Molinari, J. E. On the Propagation of Slip Fronts at Frictional Interfaces. Tribol. Lett. 48,
27-32 (2012).
9. Tremborg, J. K., Sveinsson, H. A., Scheibert, ]., Thogersen, K., Amundsen, D. S. & Malthe-Sorenssen, A. Slow slip and the transition
from fast to slow fronts in the rupture of frictional interfaces. Proc. Natl. Acad. Sci. 111, 8764-8769 (2014).
10. Ben-Zion, Y. Dynamic ruptures in recent models of earthquake faults. J. Mech. Phys. Solids 49, 2209-2244 (2001).
11. Rubinstein, S. M., Cohen, G. & Fineberg, J. Detachment fronts and the onset of dynamic friction. Nature 430, 1005-1009 (2004).
12. Rubinstein, S., Cohen, G. & Fineberg, J. Contact area measurements reveal loading-history dependence of static friction. Phys. Rev.
Lett. 96, 256103 (2006).
13. Xia, K., Rosakis, A. J. & Kanamori, H. Laboratory earthquakes: the sub-Raleigh-to-supershear rupture transition. Science 303,
1859-1861 (2004).
14. Bureau, L., Baumberger, T. & Caroli, C. Rheological aging and rejuvenation in solid friction contacts. Eur. Phys. J. E 8, 331-337
(2002).
15. Ben-David, O., Rubinstein, S. M. & Fineberg, . Slip-stick and the evolution of frictional strength. Nature 463, 76-79 (2010).
16. Heslot, F.,, Baumberger, T., Perrin, B. & Caroli, B. and Caroli C. Creep, stick-slip, and dry-friction dynamics: Experiments and a
heuristic model. Phys. Rev. E 49, 4973-4988 (1994).
17. Berman, A. D., Ducker, W. A. & Israelachvili, J. N. Origin and characterization of different stick-slip friction mechanisms. Langmuir
12, 4559-4563 (1996).
18. Baumberger, T. & Caroli, C. Solid friction from stick-slip down to pinning and aging. Adv. Phys. 55, 279-348 (2006).

U W N

SCIENTIFICREPORTS | 6:33730 | DOI: 10.1038/srep33730 6



www.nature.com/scientificreports/

19. Thegersen, K., Tremborg, J. K., Sveinsson, H. A, Malthe-Sorenssen, A. & Scheibert, J. History-dependent friction and slow slip from
time-dependent microscopic junction laws studied in a statistical framework. Phys. Rev. E 89, 052401 (2014).

20. Dieterich, J. H. Time-dependent friction and the mechanics of stick-slip. Pure. Appl. Geophys. 116, 790-806 (1978).

21. Li, Q, Tullis, T. E., Goldsby, D. & Carpick, R. W. Frictional ageing from interfacial bonding and the origins of rate and state friction.
Nature 480, 233-236 (2011).

22. Ben-David, O., Cohen, G. & Fineberg, J. The dynamics of the onset of frictional slip. Science 330, 211-214 (2010).

23. Tian, P, Khun, N. W, Tor, S. B, Liu, E. & Tian, Y. Tribological behavior of Zr-based bulk metallic glass sliding against polymer,
ceramic, and metal materials. Intermetallics 61, 1-8 (2015).

24. Tian, P, Tian, Y., Shan, L., Meng, Y. & Zhang, X. A correlation analysis method for analyzing tribological states using acoustic
emission, frictional coefficient, and contact resistance signals. Friction 3, 36-46 (2015).

25. Thompson, B. D., Young, R. P. & Lockner, D. A. Observations of premonitory acoustic emission and slip nucleation during a stick
slip experiment in smooth faulted Westerly granite. Geophys. Res. Lett. 32, L10801 (2005).

26. Thompson, B. D., Young, R. P. & Lockner, D. A. Premonitory acoustic emissions and stick-slip in natural and smooth-faulted
Westerly granite. J. Geophys. Res. 114, B02205 (2009).

27. Johnson, P. A., Ferdowsi, B., Kaproth, B. M. et al. Acoustic emission and microslip precursors to stick-slip failure in sheared granular
material. Geophys. Res. Lett. 40, 5627-5631 (2013).

28. Ferrer, C,, Salas, E, Pascual, M. & Orozco, J. Discrete acoustic emission waves during stick-slip friction between steel samples.
Tribol. Int. 43, 1-6 (2010).

29. Matcharashvili, T., Chelidze, T., Zhukova, N. & Mepharidze, E. Investigation of acoustic emission accompanying stick-slip
movement of rock samples at different stiffnesses of spring-block system. Tribol. Int. 44, 811-819 (2011).

30. Ben-David, O. & Fineberg, J. Static friction coefficient is not a material constant. Phys. Rev. Lett. 106, 254301 (2011).

31. Tremborg, J. K., Sveinsson, H. A., Scheibert, J. et al. Slow slip and the transition from fast to slow fronts in the rupture of frictional
interfaces. Proc. Natl. Acad. Sci. 111, 8764-8769 (2014).

Acknowledgements
This work is supported by the National Natural Science Foundation of China (Grant Nos 51323006 and 51425502).

Author Contributions

Y.T. and P.T. initiated the idea of tilt angle modulated stick-slip dynamics. D.T., W.Y., X.Z. and Y.M. provided
guidance and assistance for experimental design and preparation. PT. and Y.T. performed the experiments and
FE analysis, wrote the main manuscript text and prepared all the figures. All authors contributed to the analysis
and discussion of the data and reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Tian, P. et al. Creep to inertia dominated stick-slip behavior in sliding friction
modulated by tilted non-uniform loading. Sci. Rep. 6, 33730; doi: 10.1038/srep33730 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

S or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:33730 | DOI: 10.1038/srep33730 7


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Creep to inertia dominated stick-slip behavior in sliding friction modulated by tilted non-uniform loading

	Results

	Stick-slip behaviors modulated by the tilt angle. 
	Stick-slip dynamics reflected by AE. 
	Simulation of tilt angle modulation on load distribution. 
	Simulation of tilt angle modulated thermal behavior at the interface. 

	Methods

	Experimental methods and procedures. 
	Finite element analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic of the experimental setup.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Stick-slip behaviors at different tilt angles.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Typical AE waves during one slip event at three different tilt angles.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Statistical results of the AE energy at different sliding velocities and tilt angles (FN = 6 N).
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Energy of the AE signals in stage 1 versus the dynamic friction coefficients at different tilt angles.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Finite element analysis of the effect of tilt angle.



 
    
       
          application/pdf
          
             
                Creep to inertia dominated stick-slip behavior in sliding friction modulated by tilted non-uniform loading
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33730
            
         
          
             
                Pengyi Tian
                Dashuai Tao
                Wei Yin
                Xiangjun Zhang
                Yonggang Meng
                Yu Tian
            
         
          doi:10.1038/srep33730
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep33730
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep33730
            
         
      
       
          
          
          
             
                doi:10.1038/srep33730
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33730
            
         
          
          
      
       
       
          True
      
   




