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Abstract

The perturbation method is applied to investigate the frictionally excited thermoelastic dynamic instability (TEDI) of a
functionally graded material (FGM) coating in half-plane sliding against a homogeneous half-plane. We assume that the
thermoelastic properties of the FGM vary exponentially with thickness. We also examine the effects of the gradient index,
sliding speed, and friction coefficient on the TEDI for various material combinations. The transverse normal stress for two
different coating structures is calculated. Furthermore, the frictional sliding stability of two different coating structures is
analyzed. The obtained results show that use of FGM coatings can improve the TEDI of this sliding system and reduce the

possibility of interfacial failure by controlling the interfacial tensile stress.

Keywords Thermoelastic dynamic instability - Frictional heat - Functionally graded materials - Stress analysis

1 Introduction

The effective material properties of functionally graded
materials (FGMs) can change in a continuous and smooth
manner, since they are usually formed from two distinct mate-
rial phases with continuously varying fractions [1]. Over
the past 20 years, contact problems involving FGMs have
attracted attention from many researchers. The frictional con-
tact problem of an FGM coating structure acted on by rigid
parabolic and cylindrical stamps was analyzed by Guler and
Erdogan [2-5], whereas El-Borgi et al. [6] and Elloumi et al.
[7] investigated the axisymmetric receding contact problem
for FGMs and the fully coupled partial slip contact problem
for a graded layer. A linear multilayer model was developed
by Ke and Wang [8] to analyze the fretting contact prob-
lem for FGM coating structures. Such studies in the fields
of tribology and contact mechanics suggest that resistance to
contact deformation and damage can be improved by using
FGM coatings [9-18].
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Inrecent years, researchers have paid more attention to the
thermoelastic contact of FGMs, due to their excellent ther-
momechanical properties. Since FGMs are frequently used in
high-temperature environments, it is important to understand
their thermoelastic contact properties for use in practical
applications. It was Choi and Paulino [19] and Barik et al.
[20] who first tried to investigate the thermoelastic contact
problem of FGM coatings and interlayers, investigating the
effect of frictional heat generation on the contact stress distri-
butions. With consideration of frictional heat, Shahzamanian
etal. [21,22] used the finite element method to solve the tem-
perature and contact stress distributions in an FGM rotating
brake disk. The thermoelastic frictional contact problem of a
graded layer was investigated by Chen et al. [23,24], who also
discussed the interface traction and temperature distribution
under a prescribed thermoelastic environment for different
parameter combinations. The cited results show that FGMs
have great potential to provide better resistance in such ther-
moelastic contact problems.

For the sliding frictional contact problem, the frictional
heat generation at the contact interface depends on the contact
pressure, friction coefficient, and sliding speed. If the sliding
speed exceeds a critical value, the contact becomes unstable
under small perturbations. This class of instability involving
coupled thermal and mechanical effects is called friction-
ally excited thermoelastic instability (TEI) [25]. The hot spot
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and hot judder effects in brakes and clutches are related to
TEI Some numerical and theoretical results have shown that
FGMs have potential to enhance the stability behavior of
brake and clutch systems [26-29]. The frictionally excited
TEI of FGMs in brake and clutch systems was first consid-
ered [26-28], including the thermoelastic contact problems
of an FGM-coated disk, an FGM half-plane sliding against a
homogeneous half-plane, and an FGM layer sliding against
two homogeneous half-planes. It was observed by Hernik
[29] that application of FGMs in brake disk structures can
reduce the possibility of TEI, compared with homogeneous
materials. These results showed that FGMs can delay inter-
face separation and improve contact stability in frictional
sliding systems.

Work by Afferrante et al. [30-34] revealed that the inher-
ent elastodynamic vibration mode becomes unstable because
of the extremely weak coupling between elastodynamic and
thermoelastic effects, resulting in instability of the system at
any, low speed. This new phenomenon is known as ther-
moelastic dynamic instability (TEDI). They considered a
homogeneous elastic layer sliding against a rigid half-plane
and two conducting elastic half-spaces sliding each other.
More recently, Liu et al. [35] investigated the TEDI of an elas-
tic half-plane sliding against ahomogeneous layer half-plane.
Because of the advantages of FGMs in improving frictionally
excited TEI, we believe that FGMs could be further used to
improve the TEDI of sliding systems. However, to date, liter-
ature on TEDI of FGMs remains very limited. The dynamic
instability of an FGM-coated structure with exponentially
varying elastic properties was analyzed recently by Liu et al.
[36]. However, they did not consider the thermal effect on
the dynamic contact characteristics of the FGM.

In the present study, we examined the stability of the ther-
moelastic wave caused by a perturbation in an FGM-coated
structure, with consideration of frictional heat. The thermoe-
lastic properties of the FGM coating are assumed to vary
exponentially through the coating thickness. The effects of
the gradient index, friction coefficient, and sliding speed on
the TEDI of the sliding system are discussed. Furthermore,
the transverse normal stress distribution in the depth direc-
tion is calculated for a homogeneous half-plane with an FGM
or homogeneous coating.

We studied the TEI of FGMs in our previous papers
[36-38]. However, that work considered the dynamic insta-
bility of the FGM coating structure without taking account of
the thermal effect [36] or only studied the static thermoelastic
instability of FGMs induced by the pressure-dependent ther-
mal contact resistance [37, 38]. In this paper, we attempt to
improve these studies by: (1) taking account of the coupling
between thermal and dynamic effects, (2) considering the
dynamic effect on the TEI of FGMs, and (3) paying special
attention to the thermal stress distribution in FGM-coated
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structures, which is important for understanding interfacial
failure.

2 Problem description

In this paper, we consider a homogeneous elastic, conduct-
ing half-plane (half-plane 2 in Fig. 1) sliding (with relative
speed Vo) against an FGM-coated half-plane (half-plane 1 in
Fig. 1). As shown in Fig. 1, the normal force Py and tangen-
tial force Qg are applied to half-plane 2. Coulomb friction is
assumed to occur at the contact surface, i.e.,

Q0 = [Py, (1)

with f being the friction coefficient, generating heat at the
interface. The heat flux is equal to the product of the contact
pressure, friction coefficient, and sliding speed

q = fPVh. (2

The contact problem is defined in a coordinate system
(x, ¥) moving with constant speed V. where V does not
necessarily equal Vo. The homogeneous half-plane 1 and
half-plane 2 have mass density o1 and p», shear modulus
w1 and wo, thermal expansion coefficient o and o2, thermal
conduction coefficient K1 and K>, and thermal diffusivity
coefficient k1 and k», respectively. Itis assumed that the FGM
coating and the lower half-plane are perfectly bonded to each
other, and that the thermoelastic properties of the FGM vary
in the thickness direction according to the exponential forms

p(3) = poe?, u(@) = noe, a(y) = age™,
K (9) = Koe™, 3)

where pg, 1o, &g, and K are the mass density, shear modu-
lus, thermal expansion coefficient, and thermal conduction
coefficient at the bottom (y = 0) of the FGM coating,
respectively, while &, 1, and 7 are the gradient indexes.
The Poisson’s ratio and thermal diffusivity coefficient are
assumed to be constant (vg and k¢) for simplicity.

We now study the stability of the above sliding system.
We assume that the system is disturbed by a small perturba-
tion, then analyze the properties of the thermoelastic wave
formed and propagating in it. The sliding is stable if this
thermoelastic wave decays with time; otherwise, the sliding
is unstable.

For linear isotropic elastic half-planes, the thermoelastic
wave motion equations based on the moving coordinate sys-
tem can be written as

0% 0% _1(00 \78@ @
a2 992 k\ar ax )’
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Fig. 1 Homogeneous elastic half-plane sliding against an FGM-coated half-plane
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where v is the Poisson’s ratio. For the FGM coating, the
thermoelastic wave motion equations are

3% 3% 96 a0 .90

Tttt = ——V—A > (N
%z 9y2 9y ko 0%

2(1 —vg) 824, 9%y 1 3%,

1—2vy 9%2 = 932

diy iy
el —— + ~ —
ay ox

1 — 2 9239
21 +v0) 590

1 —2u 9%
_ 921, 28 Uy Aazﬁx>
+V —2V—2=21), 8
( 972 ax2 ax0f ®
2(1 — vo) 3%, %0y 1 9%,

ot ot
1—2v9 992  9x2 1 —2vy 0%y
[2(1—u0) diy, 2w aﬁx}
gl —— ———

1—2u 89  1— 2w 0%
2(1 + o 2(1+ .00
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In the next sections, we examine the stability of the ther-
moelastic wave by solving Egs. (4)—(9) under the boundary
conditions.

3 Thermoelastic wave field

The following quantities are introduced:
X :)?/l, y = j}/l, t:fcs/l, V= V/\;cscs,
_ ba(1+v)
(1—v)’
we e,y 1) = ix (2.9.0) /1 uye,y, 1) = ity (£, 3.7) /1.

cs=u/p. 8 (10a)

(10b)
These are made dimensionless using the characteristic
length / defined as

o1
=2 ==, (11)

21w
where w and A are the wavenumber and wavelength of the per-
turbation, respectively. Using the dimensionless quantities,
the thermoelastic wave motion Eqgs. (4)—(6) can be expressed
in dimensionless form as

3%, 9%, k; (00 a0,
ot = - Vi— (12)
ax ay ar ax
ﬁ282uxj azuxj +( 2 _ 1)3 Uyj B 289]
7 9x dy? J 9xdy J ox
0°u 3%u, 0“u
2 xJ 20 Uxj xj
; —2V; 13
Xf( 02 " Tax2 J 8x8t> (13)
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- (e o
where
BF =201 —v))/(1=2v)), kj =ki/kj. xj=csj/cq.
y =ki/ (cal), Vi =V,/est, (15)

with subscripts j = 1, 2 denoting the half- planes 1 and
2, respectively, and Vo —V| = Vo, Vy = Vo/ Vocsl It is
assumed that the constant ‘71 and \72 are the sliding speeds
of the half-planes 1 and 2, respectively.

For the FGM coating, Egs. (7)—(9) can be rewritten as

8260 926, 860 _ 12 360 aeo
CHLEA, I D (16)
ax2  9y? ay ot Yox
9%u 0 9%u 0 3%u 0
e (ﬂ% -5
x2 8y dx0dy
Y dutx0 " duyo _ ﬂgeﬂ/)’%
dy ax ax
9%u 0 9%u 0 9%u 0
2 X 2 X X
= +V -2V , 17
XO( a2 1 Tx2 ! 8x8t> {17)
532 uyo 9? uyo 3%uyo
A + (8- 1)
dy? ax2 dxady
17 RIT
+o| g2 20 ( 2 2) Y
8[ 05y +fo ox
/., 06,
- ,30(77 +€)e77y90 — Bge’Y — 0
dy
82u 0 3 U0 321/1 0
2 y 207Uy y
= + V] —2Vi—— |, 18
XO( 012 %2 18x8t> (18)

k=ki/ko, B3 =2(1—v0)/(1—2v0), x0=cs1/csor

€0 = \/m, =1l & =¢l, 0=l (19)

In addition, the constitutive relations between the dimen-
sionless stress and displacement are defined by

A ) Oy 1o OUy;
Oxxj = O'xxj/:u’j = :3.,2'68 }a_;fj + (:33 - 2>eg ya_;]
— Bye ), (20)
8 / Ollyi
A 2 xj
Oyyj = Gyyj /) = :316” </3 - ) o

_ ,3]2-6(8,“7/)))9]'7 1)
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i f Quyj Oy
Ocyj = 6xyi /i =€ LX), j=0,1,2.
xyj wa/“] <8y ax J

(22)

We can obtain the constitutive relations for the lower and
upper homogeneous half-planes from Egs. (20)-(22) by set-
tinge’ =n =0.

We suppose a perturbed temperature and displacements
of the form

0;(x,y, 1) = O;(y)e*, (23)
Ui (x, y, 1) = Uyj(y)e*, (24)
iy (x, y, 1) = Uyj(y)e™*, (25)

where j = 0,1,2,1 = v/=1, ©;(y), Uyj(y), and Uy;(y)
are complex functions, and b = bR +ib!. Thus bR is the real
part of b and represents the exponential growth rate of the
disturbance. Note that b is positive for unstable sliding, zero
at the threshold of instability, and negative for stable sliding.
Substituting Eqs. (23)-(25) into Egs. (12)—(14) yields

0O — [y +kj(b—iv;)]®; =0, (26)
vy =B+ a3 b= iv,)* Uy

+i(p2 - 1)
gy, —[1+ 36— 1vy)*]uy,

+1(ﬁ —1)

with j = 1, 2. The general solutions for the lower half-plane
can be expressed as

Uy —ip70; =0, (27)

. — plO; =0, (28)

=d1Apze’™, (29)
= Ane’Y + Appe’?’ + Az, (30)

Yt apApe™ +aizApe’™, (31

O1(y)
Ux1(y)
Uy1(y) = anAie

with

s = VI —V2, s =1+ —iVi)/82,
si3=+ 1+ —iV1)/y, (32)

an = 1/@s11), aip = —isi2, a3 = —1is13,

dy = (b —iV)IBT/y — (b —iVDI/GBYD). (33)
and
Re{si1} <0, Re{s;p} <0, Re{s;z} <O0. (34)

The general solutions for the upper half-plane are

O2(y) = drArze’?, (35)
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Ua(y) = A21€™Y + Ape® + Axze™,

Uyr(y) = a21A21€"Y + axp Apne’ + axz Apze’™”,

(36)
37

with

s = =142 —VaR, sm2 = =1+ 30 — V228,

523 = —/1+ka1(b —iV2)/y, (38)
ayy = 1/ (is21), ap = —isxn, axp = —isx,

dy = (b—iVa)[Bika1 /v — x3 (b —iVD)]/ (iB3). (39)
and

Re{sz1} > 0, Re{sy} > 0, Re{so3} > 0. 40)

The general solutions for the FGM coating are given by

BOo(y) = dosApse™ + dos Agse™”, (41)
4
Uro(y) = ) Agke™ + Agse(05t1)7 4 Agee(Coo)y — (42)
k=1
4
Uyo(y) = ZGOkAOkeSOky +ags Aose (0¥ 4 ags Agge (05t
k=1
(43)
where
I S s _ L, 1
S01 = 28 2/30 q1 q2, S02 = 25 2[30 q1 q2,
(44a)
I S S
503 = 25 2/30 q1 t+q2, S04 = 28 2/30 q1 q2,
(44b)
s0s = —7' /2 + \/1’2/4+ 1+kb —ivi)/y,
soﬁ:—f’/2—\/12’/4+1+I€(b—iVl)/y, (44c)
with
a1 =2x2(b - iv1)2(;sg + 1) + ﬁ§(4 +e/2),
. 2
g2 = 2 X3 — V(B2 — 1)} — 4B (2 —2).  (45)
and
aot = i{— (B — DIxGb —iVi)* + 2631+ q2/2)
/2831’ + (B — Dsorl}. (46a)
agy = —i[2¢' (B — 2) + 2502(B5 — 1)]
(B3 = D[xg® —iv)* +2] — q2/2}. (46b)
aps = i{—(B5 — 1)[x3 (0 —iV)* +285] + g2/ 2}
/283" + /(B¢ — D)sos]}. (46¢)

aos = —i[2¢' (B — 2) + 2504(B5 — 1)]
(B = Dxg b —ivi)* +2] — q2/2},
aoj = i{lk(b —iV1)/y — x§(b —iVp)*
+30' (0 — )+ (7 — &) +4e'n Iso;
+(3n' — v 26Nk — Vi) )y — (' + &)
b =iV +0 [ +&* +2] — 7'}
/Ixgb —iVi)? — k(b —iV1)/y — 20" — ')so;
—n?+&?, j=5,6, (46¢)
doj = —i{(e' + 20 — T )xd (b —iV1)’s0; + B3(e’ + 20 — T')
[—2k(b — iV Jy + x3(b — iV + &' (x/ —21)
— (@' =) = n1s0j — Bglh(b — iV /v T
26" — xg (b — iV)* — B3lk(b — iVy)/y]
(20 — ) +26'By’ — ) +21'%)
+(L+ Bk — iV fy + 0 + ']
xqb —iVi)? 83120 — ') +26/(® — 7' +21)
+ 22+ %)+
JBGLxg (b —iVD)* — k(b —iVi)Jy
+ (¢ = 2n)s0; — 0 + €1}, j=35,6.

(46d)

(46f)

In Egs. (32), (38), and (44), the multivalued v func-
tions are taken as the branches with positive real part.

Since the FGM coating is perfectly bonded to half-plane 1,
the components of the displacement and stress on the bonded
interface (y = 0) satisfy the continuity conditions. We can
write them in dimensionless form as

uxl(x» 01 t) = MxO(xy 07 t)» uyl(xs 0’ [) = uy()(x’ Ov t)s
(47)
(MI/MO)nyl(xv 0, 1) = oxyo(x,0,1),

Ml/MO)Uyyl(X, 0,1) = UyyO(xv 0, 7). (48)

The perturbation of temperature is also continuous at
y=0as

Bo(x, 0, ) Doy
o ’
_ a1Dg 06p(x, 0, 1)

01(x,0,1) =

K1 001(x,0,1)

e 3 3 , (49)
0 y y=0 @0 y y=0
where
2 3 2 4

R
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We can express Egs. (47)—(49) in matrix form with the
help of general solutions Egs. (29)—(31) and Eqgs. (41)-(43):

with Vi (x, 0, 1) = Vi(x, 0, 1)/Cs1 and Py = Py/u1. In addi-
tion, we consider that the frictional heat, the continuity of
temperature, and the heat flux on the frictional sliding inter-

Ml[AU Al A3 ]T = MO[A01 A Aoz Aoga Ags Ags ]T, face (y = — h) can be formulated as
(51)
with
_ ) ) . T
Lan (si+ian)pr/po [Bisnan +i(Bf —2)]m1/wo 0 0
M = | 1ap (s;2 +ia) 1/ mo [Bisioaiz +i(BF — 2)]m1/mo 0 0 ; (52a)
| Las (s13+iaz) /o [Bisizais +i(B? — 2) — Bidiz] i /1o diz si3dizK1/Ko
_ 4T
1 apr  so1 +1iao ,3350](1()1 +i(,3§ — 2) 0 0
1ay so2+iag ,38_9026102 + 1(,38 — 2) 0 0
1 aps so3 +1ags ,32s03a03 +1 ,32 -2 0 0
My = . ‘; .( 2 ) (52b)
1 aops S04 +1ap4 ,30 So4a04 + 1(,30 — 2) 0 0
1 ags sos + 1’ +iaos B3 (sos +n')aos +i(Bg — 2) — Bdos Dodose1 / ety Dososer1 [ o
| 1 aos so6 + ' +iaos B (sos +1')aos +i(B5 — 2) — Bidos Dodoser1 / et Dososer1 / o |
The soluti fEq. (51)1i
e solution of Eg. (31)is 6o(x. h. 1) = Daagba(x. h. 1)/ . (60)
Aok = FiiAn + FoAn + FaA, k=1,2,...,6, (53) @2, h,1)+qo(x, h,1)
:fP(xshat)VS(xvh»t)_fPOV()v (61)
where Fy; is the element of matrix M 'M 1. Finally, the
dimensionless displacement and stress at the frictional slid-  with
ing interface (with y = —h) are required to satisfy the
boundary conditions 2(382 — 4

oxyo(x, —h, 1) = — foyyolx, —h, 1),
Oxy2(x, —h,t)= _nyyZ(xv —h, 1), (54)
uyo(x, —=h,t) = uy(x, —h,t),

55
(MO/MZ)UyyO(xv _h7 t) = O'yy2(x» _h7 t) ( )

Substituting Egs. (35)-(37), Egs. (41)—(43), and Eq. (53)
into Egs. (54) and (55) yields

Az = mi1Ar + A, (56)
Ay =Dh1An +1nAr, (57)

Az =n11A11 + 12412,
Ay =1l11An +12Aq,

where n1;, 12;, 117, and Iy; (j = 1, 2) are given in the Appendix.

Half-plane 1 is regarded as stationary, while half-plane 2
moves along the x-direction with speed Vo. Therefore, the
dimensionless speed (V) and contact traction (P) at the con-
tact interface are

P(x,0,1) = Py — oyyo(po/ 1), (58)

duxo Ouyo
Vs(x,0,1) = Vy — - ,
s(,0.1) = Vo ( ot ot )

(59)
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h = .
B3 (367 —4)
Substituting Eqgs. (58) and (59) into Eq. (61) and dropping
the second-order term in the product (PV) yields

ao/az 002(x, b, 1) | oy, 90(x, b, 1)
Ko/ K> dy dy
fH ouxr(x, h,t) ouxo(x, h,t)
2y ot at
MoVoayyo(x,h,t)]’ 63)
M1
with
2 ki 1+ Ki/ Ky 1
Hy = M101K] Vl’ _ 1/ 0_. (64)
Ky 1—n ar/eo Do

Substitution Egs. (35)-(37), Eqgs. (41)—(43), and Egs. (58)
and (59) into Egs. (60) and (63) yields

g11A1 + 812412 =0, g21A11 + 82412 =0, (65)
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with

glj = <d05F536S°5h +d06F63€X°6h)’71j
— Dadp3e™" (111 + nalaj)an /2, (66)
4
fHi '
&) = Wé Z(Pob + Voe© "y tto/ Ml)
k=1
(Fij +m1 j Fia)e™ox"

FHI A, o
" 2_)/1E > Vo "[Bgaok(sor + 1) +i(B5 — 2)]
k=5

10/ 141 + Pob} Fize 0y,
fHi 2 (g'+n)h sosh soh
- WEVO,BOC (dos Fs53e’%5" + dog Feze )

nijio/ i1

'h sosh so6h
+e’ (d05505F53eY°5 + doSo6 Fe3e™ )mj

H . :
— _fZ IEPQb(lll'eAZ]h +12jeA22h)
% .

ap/ar
D2d23S23)
Ko/K>

(a1l j +noabaj)et®, j=1,2. (67)

— (ﬂfi:POb +
2y

The nontrivial solution of Eq. (65) requires

811822 — g12821 = 0. (68)

When the material properties, friction coefficient, and slid-
ing speed are given, the complex nonlinear Eq. (68) can be
solved using the iterative method and the unknown complex
b obtained. Then, at the contact interface, the dimensionless
contact traction (P) and dimensionless speed (V) can be cal-
culated via

P(x,—h,t) = Py — (no/ 1) C1A 11"+,
Ve(x, —h, 1) = Vo — bCa Ay e, (69)

with

4
Cr=e¢"Y " yu[Fu — Frogin/ en
k=1

+Fi3 (1 = niagin / g12) ]

+eh i[ﬁg (SOk + n/)a()k * i(’Bg B 2)]

k=5
Fk3(nll - nlzgll/glg)e(SOk"'??’)h

!’ ’ o
— Blete ) (dos Fs53e"05" + dog Fsse“’éh)

(m1 — mag1/ g12), (70)

WE

Cy =Y (Fu — Fagii/ gi2)e™”

~
I

1

+ F53e(s05+n’)h 4 F63e(s05+n’)h]

L —

x (m1— magii/ g12)
— [(e‘mh + nzlemh)(ln —hagi1/ gn2)
+(es22h " nzzemh)

x (1 —Ingi1/ g12)]- (71)

4 Results and discussion

When the effect of the material gradient property is neglected,
we can simplify the problem as two half-planes sliding
against each other, just like the study of the TEDI by
Afferrante et al. [34] between two frictional sliding elastic
homogeneous half-spaces. Thus we conduct a direct com-
parison between those results reported by Afferrante et al.
[34] and ours. The effect of the sliding speed (V) on the
critical friction efficient (f) is presented in Fig. 2, revealing
excellent agreement between the present results and those in
Ref. [34].

The dynamic instability of the FGM-coated structure was
analyzed by Liu et al. [36], who found that the instability of
the Adams’ family wave occurs at almost zero friction with
small mass density ratio p2/p;. For the Rice’s family wave,
the instability occurs at small friction when the mass density
ratio pa/p1 is more 10 times larger than the modulus ratio
2/ 1. However, the material combination in the latter case
is rare in nature. Furthermore, the thermoelastic dynamic
instability of the homogeneous coated structure was studied
by Liuetal. [35], who found that the Adams’ family wave was
more susceptible to thermoelastic dynamic instability than
the Rice’s family wave for the same material combinations.

0.8
061 Present results
V=1-1.2¢
504F A Afferrante’s results [34]
- . V=1-1.2¢4
Ada,, R A V=-cq
02F A A A A ..
0 . , . .
0 0.1 0.2 0.3 0.4 0.5

Fig.2 Relations of f.; versus Vo for Pg = 0.1, x = 0.2, y = 1074,
ar/ay = 1.2, k1/kp =0.1,and K{/Ky = 0.1
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Therefore, this paper only presents the stability of Adams’
family wave for common material combinations and small
friction coefficient. We assume that the reference coordinate
system s fixed to the lower FGM-coated half-plane,i.e., V| =
0and V, = — V). The thermoelastic properties are continuous
at the bonded interface y = 0, i.e., po = p1, Lo = U1, X9 =
a1, K1 = K>, and kg = k1, and the gradient indexes satisfy
&’ =t/ = 5’ = L. Also, the Poisson’s ratios of all materials
are chosenas vy = vp = v, =0.25,y = 1074, and H; = 1
[30,39].

4.1 Effect of gradient index on TEDI

Figures 3, 4, and 5 show the relations of the dimension-
less gradient index (1) and exponential growth rate bR for
various material combinations ( ng, n1 / o). It is seen that
bR remains unchanged when 1 is less than a certain neg-
ative value; if A is further increased, bR fluctuates and then
decreases gradually to zero. For given shear wave speed ratio
(xzz), bR increases with decrease of p1/uy when A is pos-
itive and X22 < 1; bR increases with increase of "1 / w2,
and the range of A for instability increases when X22 > 1
(Fig. 3). For given shear modulus ratio 11 / wo, bR increases
with decrease of X22- The range of A for instability increases
when X is larger than a certain positive value (Fig. 4). Fig-
ure 5 shows that bR decreases with increase of 1 / 2 when
we select X22 = Ui / wo. Interestingly, one can observe that
the sliding is stable when the gradient index is larger than a
certain positive value, remains unchanged when the gradient
index is less than a certain negative value, and fluctuates with
change of the gradient index from negative to positive.

4.2 Effects of friction coefficient and sliding speed
on TEDI

Figure 6 shows the relations of the friction coefficient f and
exponential growth rate bR for different values of the gradient
index A. Note that, for fixed gradient index A, bR increases
with increase of the friction coefficient. It is also seen that
different values of the gradient index correspond to different
critical friction coefficients. The relations of the dimension-
less sliding speed V and exponential growth rate bR for some
selected values of gradient index A are presented in Fig. 7.
Note that bR decreases gradually to zero with increase of the
sliding speed. This implies that the system is susceptible to
TEDI even at small sliding speed. We define a critical sliding
speed V¢ when the exponential growth rate bR is zero. It is
also shown that, for fixed V, this critical sliding speed V;
increases with increase of the gradient index. These results
imply that one can modify the sliding stability, critical fric-
tion coefficient, and critical sliding speed by adjusting the
gradient index of the FGM coating.

@ Springer

a 0.015
—— u/u2=0.5
,,,,,, /,11/[12 =0.8
ootof pe =12
,,,,,,,, Hi/pz=1.5
= e U1/2 = 2.0

0.005

0
-8 -6 -4 2 0 2 4
A
b 0.020
_— /_11/[.12 =0.7
0015 - Hi/z = 0.9
......... /2 =1.2
. — /=15
= 0010 /2 =2.0

0.005
0
-8 -6 -4 -2 0 2 4
A
c —— ui/u2=0.1
0.008 1 _____ H/pz2=0.2
,,,,,,,, Hi/u2=0.3
0.004 F ———— H1/l2=0.5
,,,,,,,,,, Hi/p2 = 0.7
» [Jl//Jz =1.5
< 0

8 -6 -4 -2 0 2 4

Fig. 3 Relations of bR versus A with ki/ky = 0.1, aj/as = 1.2, and
K1/K; =0.1:a x2=1.0,b x3=0.5, ¢ x2=1.5

4.3 Thermal stress distribution

It is known that FGM coatings are better for controlling inter-
facial tensile stress compared with homogeneous coatings.
This can improve sliding stability and reduce the possibil-
ity of interfacial failure [36]. To confirm this advantage of
FGM coatings, this section presents the distribution of trans-
verse normal thermal stress in the thickness direction, and
examines the effect of the FGM coating on it. We discuss
two cases: (1) an FGM coating with continuous material
properties at the bonded interface y = 0, i.e., po = o1, 1o
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Fig.4 Relations of bR versus A with ki/ky = 0.1, aj/ap = 1.2, and
Ki/Ky =0.1:a 1 /u2=1.0,b uy1/u2=0.5,¢ w1 /pu2=1.5

= u1, 29 = a1, Ko = K1, and kg = k|, where the mate-
rial parameters of the lower and upper half-planes satisfy
,u]/,uz :Ol]/Olz :k1/k2 = K]/K2 =, and the coat-
ing gradient index is defined as A = ln(l/w)/ (=h); (2) a
homogeneous coating with the same material properties as
those of the upper half-plane.

As the stress increases with time, the calculation is for the
moment when loss of contact is just initiated, i.e.,

R
Py = ‘(Mo/m)clAueb t‘, (72)
with

R
lA11l= Po/I(10/11)Creb 1] (73)

0.020

p/p2 = x>=0.8
0.015 ------ pi/p2=x3=1.0
: un/;u:)(i: 1.2

0.010F ____. i/ pz = Xzz =1.5

Fig.5 Relations of bR versus A with ki/ky = 0.1, aj/ap = 1.2, and
Ki/K, =0.1
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Fig.6 Relations of bR versus f with Pp = 0.1, Vo = 0.1, X% = 0.3,
wi/mu2= 0.3, k1/ky =0.1, a1/ap = 1.2, and K1/K, = 0.1
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Fig.7 Relations of bR versus Vy with f = 0.2, Py = 0.1, Xzz = 0.8,
HI/MZZ 0.5, kl/kz = O.l, 0[1/0(2 = 1.2, and Kl/Kz =0.1

Then, for the FGM-coated structure, the amplitude of the
tensile stresses can be expressed as

loxxol = Po|Eo/ (Cipo/ 11)], (74a)
loxxil = Po|Er/ (Cimo/ 11, (74b)
loxxal = Po|E2/ (Cipo/ 11)], (74¢)
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k=1
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k=5
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— B3e )Y (dos Fs3e™5Y + dos Feze™™)

(n11 — n2g11/ 812),

@ Springer

(75a)

Ey = [iff + (B — Dasnle™”
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Fig.9 Effect of dimensionless layer thickness & on the distribution of
the dimensionless dynamic normal stress (|oyx|) with = 0.4

For the homogeneous coated structure, the results can be
obtained from Eq. (74) by setting &’ = ' = 0.

The amplitudes of the dimensionless transverse normal
stresses |0y | for the two different coated structures with a
selected coating thickness are presented in Fig. 8a—e. The
amplitude of the dimensionless interfacial stress is contin-
uous at the bonded interface y = 0 for the FGM-coated
structure, while that in the homogeneous coated structure
is discontinuous because of the mismatch in materials prop-
erties between the lower half-plane and the coating. With
decrease of the coating thickness, the discontinuity in the
amplitude of the thermoelastic dynamic interfacial stress
becomes increasingly obvious at the bonded interface y =
0 in the homogeneous coated structure. Furthermore, the
amplitude of the thermoelastic dynamic interfacial stress in
the homogeneous coated structure is lower than that in the
FGM-coated structure at the sliding interface y = —h. This
continuous and smooth stress distribution can significantly
reduce the possibility of interfacial failure in the FGM-coated
structure.

Figure 9 shows the relations of the amplitude of the dimen-
sionless transverse normal stresses |0y, | and the dimension-
less layer thickness for the FGM-coated structure, revealing
that the amplitude of |o,,| decreases with increase of the
coating thickness at the bonded interface y = 0 as well as at
the sliding interface y = —h. Aty = 0, the effect of the coat-
ing thickness on the distribution of |y | for some selected
values of ¥ in the FGM-coated structure is shown in Fig. 10,
revealing that the amplitude of || decreases with decreas-
ing value of the material mismatch parameter v at y = —
h. These results indicate that the amplitude of the interface
stress can be effectively reduced by changing the coating
thickness properly. This is of practical importance because
large tensile stress |0 | is the main cause of interfacial crack-
ing.

0.5

xx

lo,]

Fig. 10 Relations of |oy,| versus i for selected values of v at the
bonded interface y = 0
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Fig. 11 Variation of the exponential growth rate b® with dimensionless
layer thickness 4 for = 0.4
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Fig. 12 Variation of the exponential growth rate bR with v for h = 0.4

Analysis of the stability of the two different coated
structures for selected coating thicknesses are presented
in Figs. 11 and 12. For the given material mismatch,
bR increases as the coating thickness increases for both
coated structures, whereas AR in the FGM-coated struc-
ture is less than that in the homogeneous coated structure,
especially for large coating thickness (Fig. 11). For given
coating thickness, bR in the FGM-coated structure is less
than that in the homogeneous coated structure, especially
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for large material mismatch (Fig. 12). These results imply
that the frictional sliding of the FGM-coated structure is
more stable than that of the homogeneous coated structure,
especially for large coating thickness and/or large material
mismatch.

5 Conclusions

By considering the stability of the Adams’ family wave
caused by a perturbation, this paper investigates the fric-
tionally excited TEDI of an FGM-coated structure. The
thermoelastic properties of the FGM are assumed to vary
exponentially with thickness. We examined the effects of the
coating gradient index, sliding speed, and friction coefficient
on the TEDI for various material combinations. In addi-
tion, we calculated the transverse normal stresses varying
in the thickness direction for two different coating struc-
tures and analyzed the effects of the FGM coating on the
stress distribution and frictional sliding stability. It is found
that:

1. The exponential growth rate remains unchanged when
the gradient index is less than a certain negative value.
As the gradient index increases from negative to posi-
tive, the exponential growth rate fluctuates then decreases
gradually to zero.

2. Theresults imply that one can modify the sliding stability,
critical friction coefficient, and critical sliding speed by
adjusting the gradient index of the FGM coating.

3. Unlike the homogeneous coating structure, the FGM-
coated structure has continuous tensile stresses at the
bonded interface.

4. The amplitude of the interface tensile stress can be
effectively reduced by changing the FGM coating thick-
ness properly. This means that FGM-coated structures
are more effective for controlling the interfacial tensile
stress. One can use this to reduce the possibility of inter-
facial failure.
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Appendix
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