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*e transition between static and kinetic frictions of steel/shale pairs has been studied. It was found that the coefficient of friction
decreased exponentially from static to dynamic friction coefficient with increasing sliding displacement. *e difference between
static and dynamic friction coefficients and the critical distanceDc under the dry friction condition is much larger than that under
the lubricated condition.*e transition from static to dynamic friction coefficient is greatly affected by the normal load, quiescent
time, and sliding velocity, especially the lubricating condition. Maintaining continuous lubrication of the contact area by the
lubricant is crucial to reduce or eliminate the stick-slip motion. *e results provide an insight into the transition from static to
dynamic friction of steel/shale pairs.

1. Introduction

Slide drilling with a bent-housing motor dominates the di-
rectional market of the petroleum and natural gas drilling
industry [1].*edrill stringwith a length of thousands ofmeters
slides along the axial direction inside the cylindrical borehole
wall at a very low speed (0.1–1mm/s); at the same time, stick-
slip between the drill string and borehole wall occurs frequently
due to the transition between static and kinetic frictions and the
velocity weakening of the friction coefficient.*e frictionmodel
which only considers a constant dynamic friction coefficient
(such as the Coulomb model) used for rotary drilling is in-
applicable in slide drilling. On the contrary, the accurate value of
friction force between the drill string and borehole wall under
the sliding drilling condition is the basis data for designs of well
track and tool face adjusting and is the bond between data at the
wellhead and bottom of the well, which is also the key issue to
realize intelligent drilling [2, 3]. *us, the friction coefficient
between the drill string and borehole wall is a new and very
important problem that needs to be resolved immediately.

A number of studies on stick-slip motion in a low-ve-
locity regime, caused by the time dependence of static
friction, the transition between static and kinetic frictions,

and the velocity weakening of the friction coefficient, have
been carried out. Several friction models have been for-
mulated in terms of friction coefficients as a function of the
relative sliding velocity, displacement, and quiescent time
[4–13], which can be categorized as physics-based [14–17]
and phenomenological [18–21]. Phenomenological friction
models include static [18] and dynamic models [22–24].
Static models are usually described as a function of relative
velocity, such as the well-known Coulomb and Stribeck
models, and can capture the drooping characteristic but
hysteretic behavior of the friction force. *e friction force of
dynamic models depends on internal states along with the
relative velocity of the contacting surfaces, such as the well-
known Dahl [25] and RSF (rate and state friction) models,
and can capture hysteretic behaviors of the friction force at
the same time. In particular, RSF model has been very
successful in describing macroscale friction for many ma-
terials, including rocks [26–31]. In the petroleum and
natural gas drilling industry, Coulomb friction model was
adopted to calculate the friction force between the drill string
and borehole wall in the last few decades, and the Stribeck
model [32], Dahl model [33], and self-contained friction
model [34] were used with the application of technology of
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friction reduction by vibrating the drill string until a few
years ago. *e introduction of these models considers the
effect of stick-slip motion of the drill string on friction to a
certain extent; however, the characteristics of low velocity,
stick-slip, and complex lubricating condition of the relative
motion between the drill string and borehole wall make it
difficult for the friction model related to velocity and qui-
escent time to play a role, and the more complex the model
is, the more difficult it is to identify its parameters. *e
friction model, as a function of the relative sliding dis-
placement, is more suitable for the operating condition in
the petroleum and natural gas drilling industry.

*e critical distance (Dc) is understood to be the elastic
deformation necessary to break the contact between asper-
ities, formed during static contact of the interface materials,
where the static friction coefficient persists before it steadily
decreases to the kinetic one [35], and varies for different
rubbing pairs [36, 37]. Tian et al. [38] carried out nanoscale
experiment to account for the activation and passivation of
chemical reaction sites and the formation of new chemical
bonds from dangling bonds during sliding, and results
showed Dc is sensitive to the surface chemistry and nearly
independent of sliding velocity. Li et al. [39] performed aging
experiments for single-asperity silica-silica nanocontacts to
isolate the physical mechanisms and found the static friction
increased logarithmically with time for hold times from 0.1 to
100 s in the absence of plastic deformation of the contact,
which strongly supported chemical bond formation as the
operative aging mechanism. Mitchell et al. [37] investigated
the frictional properties of gabbro under low normal stress,
dry, and hydrated conditions and found that slip becomes
increasingly more unstable (velocity weakening) with in-
creasing temperature. *us, the transition from static to
dynamic friction coefficient and the critical distance for
different rubbing pairs are influenced by many factors and
difficult to be determined by the theoretical arithmetic.

*e aim of the present paper was to study the transition
law from static to kinetic friction and the critical distance of
steel/shale pairs under unlubricated or oil-lubricated condi-
tions. *is paper is organized as follows: the setup and
procedure of the experiment are described in Section 2, and
the surface morphology and mechanical parameters of the
steel/shale pair were measured through the nanometer in-
dentation method. *e effects of normal load, quiescent time,
sliding velocity, and lubricated condition on the transition
from static to dynamic friction coefficient are shown and
analyzed in Section 3. *e microscopic wear and materials’
transfer of the steel/shale specimens are, respectively, scanned
and measured in Section 4 to analyze the reason for the
transition between static and dynamic frictions.

2. Experimental Details

2.1. Setup and Procedure. *e coefficients of static and dy-
namic frictions and their transition were measured by using a
specially designed ball-on-rectangular solid friction tester
shown in Figure 1. *e steel ball (13mm-diameter balls of
35CrMo) and shale were used as the sliders in the tribological
tests. *e shale specimens were collected from an outcrop of

the Lower Silurian Longmaxi Formation at the Sichuan Basin
in southwestern China, which is the most significant explo-
ration area for unconventional gas in China. *e steel ball
specimen was attached to a rigid square box and pressed by
dead weights of 22 or 38N, respectively, against the rect-
angular solid shale specimen. *e tangential force (FT) ac-
quisition began after applying the normal load, and the steel
ball slid along the axial direction of the screw rodwith speedV

until the terminal of single trip and slid backward after resting
for 0, 1, 5, 30, and 60 s, respectively. Repeat this process until
the experimental set time was over. From the resulting FT

versus time, the static coefficient of friction μs was determined
as the ratio of tangential force at the onset of relative sliding
divided by the applied normal load. After the transition from
static to kinetic friction, relative sliding occurred generally
with the velocity of 22.78, 85.72, and 266.67 μm/s, respec-
tively. *e kinetic coefficient of friction μk was determined as
the ratio of tangential force at the steady relative sliding
divided by the applied normal load. Formore details about the
experimental setup, refer to [40].

Before each test, the specimens were cleaned in an ul-
trasonic bath with isopropanol. Unlubricated tests were run
in the laboratory air at a room temperature of 20°C and the
relative humidity of 64%. In the lubricated tests, additive-
free mineral oil was fed into the contact area before the ball
and the plate were mated, and the viscosity of oil is
η20℃ � 0.294 Pa·s and η40℃ � 0.085 Pa·s.

2.2. Materials. In order to obtain the surface quality of
specimens, white light interferometry and electron micro-
scope scanning were conducted for the commercially
available steel ball and the polished shale before tests. *e
shale specimens were finished by sandpaper with 400, 1200,
and 3000 meshes under a normal force of 10N during 20 s,
respectively. *e roughness value Ra of the steel ball equals
0.20 μm. Figure 2 shows the scanning electron micrographs
of three shale surfaces. *e surface morphology parameters
of the shale samples, including Ra (arithmetic average
roughness), Rpk (height and portion of asperity peaks), and
Rk and Rvk (depth and portion of cavities on the machined
surface, respectively), before tests are shown in Table 1.

*e contact between the real rough surface is usually a
mixed elastoplastic system. *e plasticity index, ψ, was
computed for both contacting surfaces in order to describe
the deformation properties of the contacting asperities.
Whitehouse [41] proposed a plasticity index defined by

ψ �
E′
H

���
Rq

R



, (1)

1
E′

�
1 − ]21

E1
+
1 − ]22

E2
, (2)

where ψ is the plasticity index, the contact deformation is
fully elastic when ψ < 0.6, fully plastic when ψ > 10, and
elastoplastic when 1<ψ < 10; E′ is the composite modulus of
elasticity, MPa; H is the Brinell hardness of materials, MPa;
Rq is the root-mean-square roughness of surface asperities,
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Figure 1: Experimental setup and a hypothetical static to kinetic friction transition diagram.
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Figure 2: Continued.
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μm; R is the radius of curvature of asperities, R� 8 (when
Ra � 0.7–0.8) or 12 (when Ra � 0.4–0.5), μm; E1 and E2 are
Young’s modulus of the steel ball and shale, respectively,
MPa; and ]1 and ]2 are the Poisson ratio of the steel ball and
shale, respectively.

*e dot matrix nanoindentation method [42] was
adopted to obtain the mechanical properties of the shale
specimen, such as Young’s modulus, hardness, and Poisson’s
ratio. *e indenter gradually pressed into the shale speci-
men, the material near the pressure head first generated
elastic deformation and changed to plastic deformation with
the increase of load, and an indentation matching the shape
of the indenter appeared in the sample. When the indenter
was unloaded, the elastic deformation was restored, while
the plastic deformation formed the indentation crack (see
Figure 3). *e load-displacement curve of the nano-
indentation was drawn based on the experimental data,
based on which Young’s modulus and hardness of the shale
were calculated. Substituting the surface morphology and
mechanical parameters of steel/shale specimens measured
into equations (1) and (2), the plasticity of the steel ball/shale
pairs could be obtained, as shown in Table 2. From these
values of the plasticity index, it can be concluded that both
elastic and plastic deformations exist simultaneously.

3. Results

3.1. Friction Coefficient Change during Motion Restart.
Figure 4 shows the change of frictional coefficient in the
restarting process after 30 seconds of motionless. From

Figures 4(a) and 4(b), the frictional coefficient first increases
linearly to the maximum (i.e., the static friction) and then
decreases exponentially to a steady value (i.e., the dynamic
friction) with increasing sliding displacement in one sliding
period under dry friction conditions, and the change laws of
friction coefficient in the two sliding periods are almost the
same, which means that the friction coefficient changes
significantly in the transition process between motionless
and sliding. From Figures 4(c) and 4(d), the static friction
coefficient is significantly reduced, and there is no obvious
transition between static and dynamic friction coefficients
under lubricated conditions. *e fluctuation of the frictional
coefficient is due to the instability of the lubrication state
between the contact surfaces.

3.2. Effect ofQuiescentTimeandSlidingVelocity. *e effect of
the quiescent time and sliding velocity on the transition from
static to kinetic friction was studied under unlubricated and
lubricated conditions. Figure 5 shows the effect of quiescent
time on the friction coefficient measured on steel/shale under
different normal loads and lubricating conditions. *e static
and kinetic friction coefficients were determined as the ratio
of tangential force FT at the peak and steady values divided by
the applied normal load, respectively. When the steel ball
began to slide, the tangential force increased almost linearly
up to peak, and onset of the first slip was accompanied by a
discontinuity in the course of FT versus time. After the
frictional coefficient reaches its maximum in the condition of
dry friction, the frictional coefficient under higher normal
load drops sharply to the kinetic friction coefficient, while this
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Figure 2: SEM micrographs of shale surfaces.

Table 1: Values of the surface morphology parameters of the shale specimen.

Roughness parameter (μm) Shale 1# Shale 2# Shale 3#
Ra (arithmetic surface roughness value) 0.491 0.740 0.421
Rq (root-mean-square roughness) 0.693 0.944 0.622
Rk (core roughness depth) 1.011 1.667 0.970
Rpk (reduced peak height) 0.200 0.399 0.238
Rvk (reduced valley depth) 1.307 1.673 1.266
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Figure 3: SEM pictures of indentation. (a) Dot matrix. (b) Single.

Table 2: Mechanical parameters and plasticity index of steel/shale specimens.

Mechanical parameter Steel ball Shale 1# Shale 2# Shale 3#
E (GPa) 190 44.41
] 0.305 0.24
(GPa) 1.0097 2.64
Rq (μm) 0.28 0.693 0.944 0.622
R (μm) 20 12 8 12
ψ 4.51 3.50 5.00 3.32
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Figure 4: *e friction coefficient during motion restart (V � 22.78 μm/s and quiescent time equals 30 s).
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process becomes very gentle under lower normal load. Under
the lubricated condition, the average value of friction coef-
ficient decreases significantly and fluctuates acutely compared
with the unlubricated condition, and the boundary between
static friction and dynamic friction becomes blurred. *e
quiescent time (from 0 to 60 s) between the adjacent sliding
period had small effect on the average value of coefficient of
friction for the unlubricated condition while larger effect for
the lubricated condition.*ismay attribute to the influence of
quiescent time on the distribution of lubricating oil. Larger
quiescent time was beneficial to oil entering into the interface
of rubbing pairs again where oil has been extruded in the
preceding motion.

Figure 6 shows the effect of sliding velocity on the
transition from static to kinetic friction under different
normal loads. It can be seen that the average frictional

coefficient increases (especially in higher normal load) with
increasing sliding velocity, and the stick-slip motion in-
tensifies which makes the transition between static and
kinetic friction coefficients become indistinct. *e main
reason for the above phenomenon is that the higher sliding
speed extrudes lubricating oil from the contact interface,
resulting in an increase in the average friction coefficient. At
the same time, the deterioration of lubrication conditions
intensifies the stick-slip movement.

3.3. Transition from Static to Kinetic Friction. *e following
law was determined to model the transition from static to
dynamic friction coefficient [12]:

μ � μd + μs − μd( e
− Cq

, (3)
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Figure 5: Effect of quiescent time on the transition from static to kinetic friction (V � 22.78μm/s).
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Figure 6: Effect of sliding velocity on the transition from static to kinetic friction.
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Figure 7: Continued.
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where q is the sliding distance, mm; C is a constant that
determines the convergence rate; μd is the dynamic friction
coefficient; and μs is the static friction coefficient.

Figure 7 shows the fitting results of the friction coeffi-
cient transition from static to kinetic friction using equation
(3). It can be seen that the average friction coefficients
decreased exponentially with increasing sliding displace-
ment under both unlubricated and lubricated conditions.
*e difference between static and kinetic friction coefficients
under the lubricated condition became smaller.

As the friction coefficients fluctuated sharply and
depended on the quality of surfaces strongly under a higher
sliding velocity, the experimental data of low sliding velocity
(V � 22.78μm/s) in Figure 7 are chosen to analyze the
critical distance Dc, which is the length to break the contact
between asperities, leading to a continuous decrease of the
friction coefficient until the kinetic value is reached. *e
calculated results of critical distance Dc for steel/shale pairs
were compared with other materials [43], as shown in
Figure 8. It can be seen that the critical distance Dc of steel/
shale pairs under the lubricated condition is much smaller
than that under the unlubricated condition and is close to
the critical distance of metal materials while lower than the
soft materials (such as acrylic or wood) (see Table 3). Dc
decreases with increasing normal load under the dry friction
condition, and Dc of the lubricated condition is much
smaller than that of the dry friction condition, and the values
of Dc are similar under different normal loads, which is
consistent with the experimental results in the related lit-
erature [37].

4. Discussion

Normal load, quiescent time, sliding velocity, and lubrica-
tion influenced the static friction and transition from static
to kinetic friction at the operating conditions used in this

study. *e static coefficient of friction of both unlubricated
and lubricated pairs decreased with increasing normal load.
*e difference between static and dynamic coefficients in-
creased with increasing normal load under the unlubricated
condition, while its value changed little under the lubricated
condition. *e quiescent time influenced the friction coef-
ficients a lot under low normal load while little under higher
normal load. Under the condition of oil-free lubrication, the
static friction coefficient increases with increasing sliding
speed, and the transition from static to kinetic friction
coefficients basically disappears.

Figure 9 shows the fiction coefficient measured under
the unlubricated condition under the normal load of 38 N
versus sliding displacement and the SEM micrographs of
the friction track on the shale specimen. At the place of
onset of first sliding, the friction force increased to the
static friction coefficient (point 2, Figure 9(a)) owing to
penetration of roughness peaks of the shale into the
surface of the steel ball, and the surface showed white
curve areas accordingly (Figure 9(b)) which revealed
plastic deformation and shale broken, and several light
white-banded scratches on the right of point 2 were also
observed inside the friction track. When the tangential
force overcomes the resistance to abrasive grooving of the
steel surface and shear strength of shale (point 2), the
static friction coefficient decreases to kinetic friction
coefficient (point 3). From point 1 to point 3, the broken
areas of the shale surface (white areas) increase first and
then decrease and remain stable during subsequent
sliding. *e transition from the higher static to the lower
kinetic friction coefficient with the steel/shale pair can be
explained by the rupture of asperities of shale surfaces.
Figure 10 shows the enlarged view of area between point 1
and point 2 with different magnification times shown in
Figure 9(b); it can be seen that the area is low-lying, and a
large number of broken mineral particles still attach to the
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Figure 7: Fitting of the friction coefficient versus displacement (V � 22.78μm/s).
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Table 3: Values of Dc for different materials [36, 38].

Materials Un-/lubricated μs μk Dc (μm) Ref.

Mild steel on copper Unlubricated 0.54 0.39 0.9

Rabinowicz, [35]Lubricated 0.58 0.40 0.7

Mild steel on titanium Unlubricated 0.63 0.45 6.0
Lubricated 0.61 0.45 5.0

Acrylic on wood Unlubricated 0.3 0.06 290.0 Mendez and Miguel [36]Wood on wood Unlubricated 0.2 0.07 420.0

Steel on shale Unlubricated 0.51 0.41 160.3 *is paperLubricated 0.144 0.13 2.19
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Figure 9: Tangential force measured on the unlubricated mild steel/shale pair versus time of testing. SEMmicrographs of the contact area of
the shale after different times of testing (arrows indicate the direction of tangential force applied).
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shale surface although the surface has been cleaned up
before scanning.

Material transfer from the steel ball was detected on the
contact surface of the shale specimen (Figure 11). Starting
from the boundary of the scratch (point B), the proportion of
Si and Ca elements decreases significantly, while that of the
Fe element increases significantly. It indicates that the quartz
minerals (Si element based), calcite, and dolomite (Ca ele-
ment based) in the shale surface decrease after friction tests,
which may be embedded in the steel ball surface or fractured
and removed. At the same time, portion of the Fe element of
the steel ball transfers to the shale surface. Transition be-
havior was changed, and kinetic friction of the steel/steel
pairs was remarkably reduced by oil lubrication in this
paper. Stick-slip effects (Figures 5(c) and 5(d)) occurred on
the lubricated steel/shale pairs. *is was attributed to
squeezing out of oil from the contact area with the onset of
sliding and hence increasing asperities’ contact on the mated
surfaces.*e friction coefficient increases until the resistance
to stick owing to grooving, asperity interlocking, and/or
adhesive junctions, as well as material transfer is overcome,
and slip occurs.

5. Conclusions

*e results of the experimental investigation demonstrate
that the coefficient of friction of steel/shale pairs decreases
exponentially from static to dynamic friction coefficient with
increasing sliding displacement. *e difference between
static and dynamic friction coefficients and the critical
distance Dc under the dry friction condition is much larger
than that under the lubricated condition. *e transition
from static to dynamic friction coefficient is greatly affected
by the normal load, quiescent time, and sliding velocity,
especially the lubricating condition. Maintaining continuous
lubrication of the contact area by the lubricant is crucial to
reduce or eliminate the stick-slip motion. Static and kinetic
frictions are determined by destroying the surface natural
oxide film of steel and the skin layer asperities of shale,
microgrooving owing to protruding carbides of the steel and
mineral of the shale forming or breaking, respectively, of
adhesive junctions. *e change laws of friction of stick-slip
motion between steel and shale and the empirical formula of
friction coefficient fitting from the experimental data in this
study provide an insight into the transition from static to
dynamic friction of steel/shale pairs and have tremendous
guiding significance in the accurate value of friction force
between the drill string and borehole wall under the sliding
drilling condition, which is the key to realize intelligent
drilling.
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