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Abstract—The question posed is whether two solids that are pressed together and at the same time sheared
can undergo a sliding motion without slip at the interface. The mechanism involves a propagating separation
zone, with the tangential shift between the solids taking place in this zone whilst they are out of contact. It
is shown that the applied forces can sustain such motion, and that the separation zones can propagate with
velocities above the speed of surface waves and also in the transonic range. If such motion is induced.
sliding can occur even at very low levels of applied shearing forces.

INTRODUCTION

A rug can be moved from one place on the floor to another by pulling along one of its edges
until friction is overcome and simply making it slip. As is known to every tradesman who has to
handle large pieces of carpeting, which are not easily moved by pulling, there is another way
that takes much less effort. The carpet can be given a fold at one end. and the fold made to
propagate in the direction in which the carpet has to be moved. This process does not require that
friction be overcome and involves no slip. Moreover, the carpet can be given any apparent sliding
motion with respect to the floor by propagating a series of folds.

The carpet fold is often cited in dislocation theory[1]. A dislocation in a crystal lattice
provides an escape mechanism through which plastic deformations can take place more easily
than by slipping a whole atomic plane over another. Similarly, the propagating carpet fold leads
to a global change that requires only a local readjustment and little expenditure of work by an
mechanism which leads to an overall sliding motion between two solids that are pressed
together and at the same time sheared, but does not involve local slip. We do not enquire how
the motion gets started, but merely explore whether it can possibly be sustained by the applied
forces.

Motions of a related nature have been observed in sliding between rubber and glass. They
are known now as Schallamach waves. First reported in 1971[2], these waves involve zones of
local detachment between the two materials. The relative tangential displacement takes place in
the separation zones whilst the bodies are out of contact, and there is little, if any local slip in
the zones where the bodies are in contact. Several confirming observations have been described
since, and propagating zones of separation have also been observed in pulling stiff fibers out of
a soft matrix by Kendall[3], who calls them bubble cracks (if interested, the reader can easily
trace the pertinent articles using Schallamach’s paper[2] as entry in the Citation Index). The
Schallamach waves are very slow in comparison to elastic interface waves, which indicates that
they are not controlled by inertia. Indeed, Barquins and Courtel[4] conclude that the Schal-
lamach waves of detachment are governed by relaxation effects and adhesion between the two
materials.

In contrast, our investigation is concerned with a process that is controlled by elasticity and
inertia. The problem is considered in the context of elasticity theory and, for simplicity, only
identical materials are studied. The formulation takes advantage of the known stress fields for
moving edge dislocations, and the essential aspects of the problem are quickly reduced to
singular integral equations which have closed form solutions. The conclusion we reach is that
the anticipated motion can be sustained and that, if such motion is induced, sliding can occur
even at very low levels of applied shearing tractions.
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FORMULATION

The two semi-infinite solids are forced together by the applied pressure p” and also

subjected to uniform shearing tractions g” at infinity, as indicated in Fig. 1. The separation

zone propagates to the right thh the velocity ¢. We assume that some specnﬁed pressure po(n)
exists inside the separation zone a < 5 < 8, where

7 =x-cl (1
is the moving coordinate. The assumed pressure inside the separation zone may be due to the
presence of a fluid. Although the problem is formulated in general terms, only the case of
po(n) = const will be discussed in detail.

The gap g{(n) and the relative shift k(%) between the two solids are in terms of the displace-
ment components

g(n)=(ﬂy—“y)y50a h(n):(ﬁx”ux)yﬁ) (2)

where bars are used to refer to the upper solid. We want to have

g(n) =0, h(n)=b,>0 forp<a
g(m >0, fora<n<$B
g(n) =0, h(n)=0 forg<n 3

where b, is the shift that is left behind by the propagating separation zone or the total Burgers
vector. We also insist that the normal interface tractions not be tensile. The gap and the shift
may be viewed as being caused by distributions of moving edge dislocations inside the
separation zone a <7 <B. If B\(n) and Bi(n) denote the densities of the climb and glide
dislocation distributions, we have

gm) = - j BiOdE k() =- L " BA&)E @)
It follows from (3) that
8 B
f B(&)dE=b, =0, f By(&)d£ = b, > 0. )

Subsonic case (¢ <c)
Suppose that a discrete dislocation with the Burgers vector b, moves by glide along the
x-axis with the constant velocity ¢. In the subsonic range, the stress components transmitted by
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the glide plane y = 0 are (5]

oy (n)=— ’?T‘zi—f% ay,(n)=0. (6)
The Rayleigh polynomial
R=(1+8&)-408 (7)
where
G=a-¢led” L=a-ce)” ®)

and ¢, and c¢; are the speeds of longitudinal and transverse waves. Similarly, for a discrete
dislocation with the Burgers vector b, moving by climb,

_ /LbyCTzR l

2rctly ®)

on(n)=0, oun)=

ony=0.

If we think of the separation zone @ < 5 <f as an interval containing moving dislocations
with both climb and glide components, the duty of the moving distributed dislocations is to
change the pressure inside the separation zone a <7 < from p” to py(n) and the shearing
traction from g~ to 0. Noting (6) and (9), these requirements lead immediately to the equations

-_nerR [P B(&)dé _

TP Tamd ), Tqog TR @<ns<p w
ac_[.(.(,‘TzR ﬁBZ(f)dfzo a<n<B (11)

2‘”("2{2 a n-— g
with the side conditions (5).
Supersonic case (¢ <c)

For the supersonic case, Weertman(5] gives directly the interface tractions for a climb
distribution By(n) as

oy(n)=0
__2uBi(n) (- 1)2]
o=~ 43 [ (1)
and for a glide distribution B,(n) as
2uBy(n) 1)
on(n)=— f*zi(q [{T+(ﬁ4ﬁ ) ]
ay(n)=0 (13)
where
ag=e’-D"  g=(eF-D" (14)

Note that the tractions are completely determined by the local values of the dislocation
densities.
Using (13) and (14), the conditions on the interface tractions inside the separation zone
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become
« 2pB, 1)
—b gf})[ﬁ“ﬁm’];pn(m, a<n<p (15)
» 2#3.(1} @~
AT [‘f“ g ]"‘l a<n<p. (16)

The first of the conditions (5) that the total climb Burgers vector vanishes, vields if combined
with (15),

B
(B-a)p™= f PoENE. (7

This requirement is satisfied if po(n) is uniform and equal to p~, but then B\(n) vanishes and
there is no gap. Thus pe(xn) cannot be constant, though it must have an average value equal to
p”. Since we discuss only the possibility of po(n)= const, the supersonic case will not be
considered further in the present article.

Transonic case {cr<c<cy) .
In the case of transonic motion, Weertman(5] gives the interface tractions for a climb
distribution B(n) as

G’xy(‘n)=0
B8
ouin) = u{ = C1Bim + < f B'(f’d'f} (18)

and for a glide distribution Ba(7) as

on(n)=0
G [*# B1(§}d£}
= 1= L2 BAsHs 19
o) = | - Ciym + & [ BAEEEL (19)
Here
2
O AP G L 24 0)
c {, c
2C1'2£1 ?_Crzf4
- - 21
C, —r C% “Ej‘é‘” (21
and
g — (1 _ C?.!ZcTz){fz.
The conditions on the interface tractions yield for this case
B8
o+ ut-CtBym+ 2 [ B ), a<n<p @)
TJa M {:
a"+u{—CiBy(n) + sz Bz(f)df} , a<n<pB. (23)

In addition, the side conditions (5) are applicable.
The subsonic and transonic cases are studied separately in the subseguent sections.
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SUBSONIC MOTION
The interval (e. B) is the normalized by the following change of variables:

n:%(ﬁ—a)s+%(§+a§, gzé(ﬁ—a)u+%{ﬁ+a). 24)

In terms of the new variables (10}, (11) and (3) become

By(u)du . ,
f u—s P TPk Is|<1 (25)
1
2 M:“qm ‘S[<l (26)
wiley U—S
I
fB,(u)du=0 (27)
-1
i
f Bau)du = 525 >0 (28)
-1 B—-a
where
_ucrR _uCTzR
= zczé.] [ b—' 2(:252. (29)

The solutions of the Cauchy singular integral eqns (25) and (26) are known[6, Section 113], and
they depend on whether integrable singularities are admitted at any of the ends of the interval
(— 1, 1). For solutions bounded at both ends, the right sides of (25) and (26) must satisfy certain
consistency conditions. For (25) this condition is

and po(n) would have to be larger than p~ over part of the separation zone. Since we consider
only pe(n)=ps=const, and py,=p~ gives Bi(y)=0, the consistency condition cannot be
satisfied. Similarly, (26) has no bounded solution. Thus B(n) and B,(n) must have at least one
integrable singularity. However, the side condition (27) imposes a further restriction on B(n).
It can be shown using the general results[6, Section 113] that no solutions of (25) that are
singular at one end only and satisfy (27) exist, but the details are omitted here.

The solution of (25) singular at both ends of the separation zone is

x Fop 2002
B[(s)=(1~s2)””2{—p Pﬂf L u*”v%c}, < 1. an
- I

The constant C is determined from (27) to be zero. Performing the elementary integrations in
(31), we obtain

Bus) =B fsl<1. (32)

From (9), the total normal traction outside the gap is in terms of the new variables

., a " Biwdu
N(sy=-p~"+— L uss

[s|>1 (3%
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Substituting (32) and integrating,

[s]

N(S)=“Po—(Pw‘Po)(—Sz—:lﬁ)|§. [s|>1 {34)

and for the interface tractions to be compressive, we must have
po<p” (35)
Finally, the gap from (4) is in terms of the new variables

N PP y _(p” = po(B — a)c’Ly BN
sls)= =58 -a) || Biuydu = L2l oy

[s|< 1. (36)

To avoid interpenetration, the gap must be nonnegative. This requirement imposed on (36)
yields

R>0, or ¢>cx 37)
where ci is the Rayleigh wave velocity of the solids. The situation is thus analogous to the
propagation of interface waves involving separation[7]. It should be noted that the normal
interface tractions do not depend on the propagation velocity of the separation zone.

Turning now to the distribution of the glide dislocations, we must consider three possi-
bilities:

Shearing tractions singular at the trailing edge of the separation zone
In this case[6. Section 113]

_qa l—s)'/ZJ"<l+u)”2 du =£(l—s>'/2
Bils) 7Tb<l+s a\M=-u) u-s b \l+s/) ° Isl<1. (38)

The tangential shift or the total Burgers vector of the glide distribution is computed from (28):

7B -a) _ wq ¢ AB ~ a)

= = . 39
bx=""2 wcrR (39
For ¢ > cg, the shift occurs in the direction of the gap propagation. The shearing tractions
outside the gap are given by

i
T(s)=q°°+-b—f M, [s|>1. (40}
mly U—S
Inserting (38) into (40).
. s_l 12
T(s)=g4q ‘—s+1 Is|>1. (41)

Shearing tractions singular at the leading edge of the separation zone
Following the same procedure as in the previous case, we obtain

_q (1+s ”2"" (1—11)”2 du
Bils) wb(l—s) a\l+u) u-s

x 1+‘ 12
“%(1—2)‘ s <1 “42)
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__ 74 H(B—a)
S “
1/2

s+l
T(s)=ql§_—1 . s> 1 (44)

It is noted that the tangential shift is now in the direction opposite to the gap propagation. This
is contrary to our requirement (5), and the case will not be considered further.

Shearing tractions singular at both edges of the separation zone
The distribution Bs(s) of the glide dislocations is of the form (31) with (p™ — po)/a replaced
by — g~/b, and we obtain

By(s)=(1-s})"(C-q"slb), |s|<Ll. (45)

The constant C is determined from (28) as

2b,

=% (46)
C=76-
The shearing tractions at the interface are from (40)
T(s)=(s>—1)""%(q"ls| - Cbsgn s), |s|>1. 47N

In the contact regions, the shearing tractions must not exceed in magnitude the maximum
static friction if slip is not to take place. Thus

[T(m)I<f;|N(n)| (48)

where f, denotes the coefficient of static friction.
Returning to the original variable n, the normal traction is from (34)

-t

-B)(n-a)™

N(m)=-po—=(p”—po) [(n

n<aand B <. (49)

For singularity in the shearing tractions at the trailing edge only,

12

T(n)=q°°|:;—:§ ., m<aandB<n. (50)

The inequality (48) is most critical at 7 = a, and it yields the condition
w 1, «
q <§fs(p ~ Do) (51)
If the shearing tractions are singular at both edges of the separation zone, (48) leads to

@ _ bxﬂ'CTzR o _
q <(fs m)(l) Po)- (52)

In both cases, sliding can take place with much lower applied shearing tractions than required
for frictional slip.
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TRANSONIC MOTION
Normalizing the separation interval (a,8) by means of (24) and assuming constant internal
pressure, (22) and (23) become

C*Bi(s) Cf Bilwdu _ _p"=po < (53)
u—s “
1 =
CsBys)+ &2 [ Bwdu g Is| < 1. (54)
m gy UH—S 12

The side conditions (27) and (28) remain in force.

The Cauchy singular integral equations are now of the second kind. Their solution is
known[6, Section 107]. The corresponding consistency conditions cannot be satisfied if the right
sides of (53) and (54) are constant, and there are no bounded solutions.

The general solution of (53) is

Y el VY AP I f__é"_}
Bi(s) m{c| ﬂ(,w(s) W= +Cwis)ls| <1 (55)

where w{s) is the characteristic function, and the constant C may not be zero only for solutions
singular at both end points. The characteristic function depends on the singularities admitted.
As in the subsonic case, there are no solutions for B(n) that are singular only at one end of the
interval and satisfy (27). Thus B,(n) must be singular at both ends, and the characteristic
function is

w(s)=(1-)*"'(1+s)" (56)
where
Cy_ {4
L} . 57
tan TA c {1{’5 0< A< 7

Applying (27). the constant C in (55} is determined to be zero. The integrals in (55) can be found in
tables [8. No. 3.196 and 3.228]. and thus

Bi(s)= W(l YN+ QA-1+5). Isf<1. (58)

The normal tractions in the contact zones are

w B(u)d x - R
N(s)=~p “Cf ;l(li)gu =—po—(p*=p) 1 —s|* |1+ 2A-1+5],  |s|>1.
(59
Finally, from (4)
d
iinn):“ Bi(n) (60)

and it can be shown that the gap is positive.
The solution of (54) is obviously of the same form as (55); only —(p”™ ~ po)/ g, C1. C¥ need be
replaced by g”/u, Ca, C%. We distinguish again three cases for By(n):

Singularity at the trailing edge
The characteristic function is then

w(s)= (1‘—5)8 (61)
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where

The dislocation density and the shearing tractions are obtained as explained before, and

- q" 1-5\%
Bis) =~ —rmm (13 sl <1 ®)
_ o uC (" By(w)du _ ,‘,‘sﬂ“
Ts)=4q w Ja o u—s s+1j° ts|>1. (63)
From (28) and (62) we determine
by=-T BB (64)

uCy

Note that the tangential shift is now opposite to the direction in which the gap propagates. In
the subsonic case, the reversal in sign occurred for singularities at the leading edge.

Singularity at the leading edge
The relevant quantities are

l+s -B
wo=(13) 65)
= l . i-B .
Bz(s)=u(czz‘jﬁz)m (:j) . Isl<1 (66)
e w s 1R
b)(:WQ”(l*B)(B-a)} ‘
Singularities at both edges
The results are
w(s)=(1-5)%""(1+5)®
IEPPRRY: ~B q” - .
Bisy=(1—-5"""1+5) {Wﬂﬁ MS)**C} fsl<t 69)
_2b.sinwB
TR a0
B GPR 2bpuCr ) 1 1-5® \
T{s) {q (2B z+s}+ﬂs_§}}§*sflﬂ isi> 1 70

Examining (48) for the three cases in the trausonic range and noting that the singulfarities in
N(s) and T(s) are of different orders, it follows that the inequality can only be satisfied when
the singularity is at the leading edge n = 8 of the separation zone. It is then sufficient to require

q° <fdp” - po. (72

Thus sliding without slip can occur in the transonic range with less than the shearing stress
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required for frictional slipping, but only if there is a singularity in the shearing fractions at the
leading edge of the separation zone.

CONCLUSION

It is clear from the integral equations, and also the other conditions imposed, that the
separation between the solids and the sliding motion are only weakly coupled. The coupling
appears merely through the friction law (48). A consequence of this is that the applied shearing
tractions do not drive the separation between the bodies, and that such separation would have
to be induced by other sources at the beginning of the motion.

It is seen from (39) that, for the subsonic case and singularity in the shearing tractions at the
trailing edge, the tangential shift is determined by the applied shearing tractions, length of the
separation zone and its speed of propagation. In contrast, the shift remains arbitrary if the
interface sharing tractions are singular at both ends of the separation zone. In such case, the
shift enters only the relation (52) which restricts the magnitude of the applied shearing
tractions. For transonic motion, a singularity could be allowed only at the leading edge. and the
shift is determined by (68).
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