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Abstract The transient microbending loss and refractive
index changes in a double-coated optical fiber subjected
to thermal loading with stress-dependent interlayer thermal
contact resistance is investigated. The effects of interlayer
thermal resistance on the transient microbending loss and
refractive index changes of the optical fiber are analyzed
and discussed. The results show that the stress-dependent
interlayer thermal contact resistance will increase the lat-
eral pressure induced by the transient thermal loading in the
double-coated optical fiber and, thus, the microbending loss.
Similarly, the interlayer thermal contact resistance will in-
crease the transient thermal loading induced refractive index
changes in the beginning of loading.

PACS 42.79.Wc - 44.10.4i - 68.65.Ac

1 Introduction

The conventional optical fiber for telecommunication is usu-
ally constructed of silica glass fiber coated by two or three
layers of polymeric coatings [1, 2]. For an optical fiber con-
taining two-layer coatings, usually the inner (or primary)
coating is a soft polymer used as a strain buffer to min-
imize the microbending loss and the outer (or secondary)
coating is a hard polymer used to increase the strength of
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the fiber. However, when silica fibers with polymeric coat-
ings are stressed in a humid environment, strength degra-
dation occurs after a long period of time due to slow crack
growth. To solve this problem of moisture attack, inorganic
coatings such as oxides, carbides, and carbon are being con-
sidered [3, 4]. On the other hand, metallic coatings such as
aluminum, indium, copper, tin,... etc. are also applied to
the optical fibers [5—7]. Some of these fibers exhibit higher
resistance to moisture attack and show higher strength than
polymeric-coated fibers.

Thermal stresses occur in the optical fibers at a low tem-
perature, which are due to the mismatches of thermal ex-
pansion properties of fiber and coating material [8, 9]. Ther-
mal stresses are important in multilayer structures such as
optical fibers, as they cause increased transmission loss in
the optical fibers. Since thermal stresses affect the perfor-
mance of the optical fibers, they have been extensively stud-
ied [10-16]. Nevertheless, to the authors’ knowledge, there
has been little work in the literature considering the effect
of interlayer thermal contact resistance in such layered con-
struction as optical fibers. In this article, we investigate the
effect of interlayer thermal contact resistance on the tran-
sient temperature distributions, microbending loss, and re-
fractive index changes in double-coated optical fibers, which
are subjected to a sudden thermal loading. Furthermore, in
this study, we do not assume a constant thermal contact re-
sistance. Instead, a formula between the contact resistance
and the normal stress is taken.

The stress-dependent interlayer thermal conductance will
make the analysis more complicated, since a nonlinear ther-
mal boundary condition relevant to this contact stress at in-
terlayer is imposed on the linear heat conduction equation.
Consequently, the temperature and displacement fields are
related with each other. This implies that the heat conduc-
tion equation and equation of displacement compatibility
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Fig. 1 Temperature drop 6 distributions in the double-coated optical
fiber at = 0.01 second

are coupled and shall be dealt with simultaneously. After
solving the coupled heat conduction equation and displace-
ment compatibility equation, the transient temperature dis-
tributions, microbending loss, and refractive index changes
in the double-coated optical fibers can be calculated.

2 Temperature distributions

Consider the transient heat conduction problem of a double-
coated optical fiber as shown in Fig. 1. The optical fiber is
constructed of a glass fiber coated by two-layer polymers,
having radii of the fiber and the coating layers ry, r, and
r3, respectively. Assume the double-coated optical fiber is
initially at temperature 7; (r, 0) = Tp, and for time ¢ > 0, the
fiber at its boundary surface r = r3 is subjected to a con-
vective thermal loading of the surrounding temperature T,
Too < To. Here the subscript i = 1 refers to the region of op-
tical fiber, i = 2 refers to the region of primary coating, and
i = 3 refers to the region of secondary coating, respectively.
Define the temperature drop 6; (r, t) = T; (r, t) — Tp; then the
mathematical formulation of this transient heat conduction
problem is given by [14]

9%0;(r.t) | 106;(r,t) 1 06;(r,1)
ar? rooor o ot
i=1-3,0<r<rs;, t>0, (1)
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contact resistance at the interface of the glass fiber and
the primary coating. R, is the interlayer thermal contact
resistance at the interface of the primary coating and the
secondary coating. In this article, a formula proposed by
Tauchert et al. [17] is adopted for the interlayer thermal re-
sistance R; and R, which is of the form

Ri(p1) =81 + S2exp(S3p1), )
and

Ra(p2) = Sa + S5 exp(Sep2), (10)
where S1—Se are constants, p; is the lateral pressure at the

interface of the glass fiber and the primary coating, and p,
is the lateral pressure at the interface of the primary coating
and the secondary coating. In addition, in the analysis, p;
and p; are functions of time.

When we apply the Laplace transformation with respect
to time to the problem of (1)—(8), the results will be

829_1' 1 39_1‘

-— =—s6;, i=1-3, 11
3r2 r or O[is ! ! ( )
90, (0,

M =0, r=0, (12)
ar
301 (1, 36, (1,
ki 1(r1, 5) —k h (11 s), R 1)
or or
5 5 301 (r1, 5)
01(r1,5) — 62(r1,5) = _Rl(pl)kllf)4:7
T (14)
362(r2, 305 (r2,
ko h(r2, 5) ks 3(r2 s), - s
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363(r3, -
203039 W[Os(rs.s) — ATso/s]. r=rs.  (17)

or

where 0; (r, s) is the Laplace transformation of 6;(r, t); s is
the Laplace transformation parameter. Then applying the
central finite difference technique in (11), we obtain the fol-
lowing discretized equations:
0ij—1=20ij+0ij+1 | 01 —=6ij-1 1 -
§ ; ; 1Y, ; = — b ;.
Ar? +; 2Ar ozis "

(18)

where Ar is the space increment, j = 1,2,..., N, and N
is the total node number. Substituting boundary conditions
of (12)—(17) into (18) and writing in matrix form, we obtain
the following equation:

(LA] = s[B])[6:, /1 =1Y1], 19)

where [A] is a band matrix with real number, [B] is a diago-
nal matrix of real number, [6;. ;j]1is a vector representing the
unknown temperatures, and [Y] is a complex vector repre-
senting the forcing terms. In general, we can obtain the solu-
tions of all the nodal points in the transform domain by (19).
However it is very involved to find the inverse Laplace trans-
formation by the residue theorem. In this article, the inverse
Laplace transformation is completed by a general method,
known as the Fourier series technique [18]. On the other
hand, the R values in matrix [A] are calculated from the
equations of displacement compatibility, which will be de-
scribed later.

3 Lateral pressures

The double-coated optical fiber is simply subjected to ther-
mal loading; while we assume that there is no stress in the
fiber at the initial temperature, stress will be induced after
the temperature drops. Since the problem is axisymmetric,
the stress-strain relation in a zero strain condition is [19]

fo(r.1) = u(r,t)
1 — 2
=w-(14+v)-0(rt)+ z
X |:O‘9(I", t) — 12 o, (r, t)], (20)

where u(r, t) is the radial displacement and r is the current
radius. o, (r, t),09(r,1t),e9(r,t), w, v, and E are the radial
stress, tangential stress, tangential strain, effective thermal

expansion coefficient, Poisson’s ratio, and Young’s modulus
of the material, respectively.

The Lamé formula for the stress components in a circu-
lar thick-walled tube subject to internal pressure p;(¢) and
external pressure p,(t) are [19]

a’pi(t) —b*p.(t)  a*b*[p.(t) — pi(t)]

or(r1) = b2 — a2 O —ay? 2D
a?pi(t) — b?p.(t)  a*b*[pe(t) — pi(1)]
og(r,t) = b — a2 — (bz — az)rz , (22)

where a and b are the inner and outer radii of the tube. Sub-
stituting (21) and (22) into (20), we have

1+v
u(r,t)=a)~(1+v)~9(r,t)~r+m
x {(1 =20)[E2 pi (1) — pe()]r
—a*[pe(t) — piD)]/r}, (23)

where £ = a/b is the ratio of the radii.

Using (23), we can obtain the radial displacement
u11(ry,t) of the glass fiber and the radial displacement
up1(r1,t) of the inner boundary of the primary coating, at
r =ry, as follows:

up (ri,t) =wy - (L+vy) - 0101, 1) -y
_ (I4+v)A =2v)rg

E p1(0), (24)
(14 v)r
u1(ri,t) =wy - (14+v2)-62(r1,t) - r1 + m
x {(1 —2m)[Ef p1 () — p2(1)]
— [p2() = p1)]}. 25)

where w;, Eq, and v; are the effective coefficient of ther-
mal expansion, Young’s modulus, and Poisson’s ratio of the
glass fiber, respectively; w2, E2, and v, are the effective co-
efficient of thermal expansion, Young’s modulus, and Pois-
son’s ratio of the primary coating, respectively; pi(¢) and
p2(t) are lateral pressures at the interfaces of the glass fiber-
primary coating and of the primary coating-secondary coat-
ing, respectively; &1 =ry/r.

Similarly, the radial displacement u»; (72, t) of the outer
boundary of primary coating and the radial displacement
uzy(ra, t) of the inner boundary of secondary coating, at
r =r, are

14+ v)r
up(ry, t)y =wr - (14+v2)-62(r2,t) - ro + m
x (1 =2w)[E p1(t) — pa(0)]
—&f[p2() — P D]}, (26)
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14+v3)r
E3(1—£3)

x [(1=2v3)E7 + 1] p2 (1), (27)

uzp(r2,t) =ws - (1+v3)-03(r2,1) -2+

where w3, E3 and v3 are the effective coefficient of thermal
expansion, Young’s modulus, and Poisson’s ratio of the sec-
ondary coating, respectively; &, =rp/r3.

Using the compatibility conditions of displacement at in-
terfaces, uq1(r1,t) = ua1(r1,t) and uxy(ro,t) = uzp(r,t),
we can obtain the formulas for p;(¢) and p,(t). The lateral
pressures pi(t) and p>(t) are proportional to the tempera-
ture drop 6; at the interfaces and depend on the thickness
and material properties of the coating layers. In this arti-
cle, the compatibility conditions are solved simultaneously
with (19) to determine 6;(r, t), p1(t), and p(¢).

4 Normal stresses

The radial stress o, (r, t) and tangential stress oy (r, t) in the
glass fiber can be obtained by setting a =0, p;(t) =0, and
Pe(t) = p1(¢) in (21) and (22), they are

or(r,t) =og(r,t) =—pi(t), 0=<r=ry, t>0. (28)

The axial strain is zero for the case of plain strain; and then
the axial stress from the stress-strain relation is given by

o,(r,t) = E0f(r, t) + v[o, (r,t) + og(r, t)]. (29)
Hence, the axial stress in the glass fiber is

o.(r,t) = Eyw1601(r,t) = 2vip1 (1), O0<r=<ry, t>0.

(30)
5 Microbending loss

The compressive lateral pressure pi(f) in the glass fiber
would produce excess microbending loss I7(¢). Although
this pressure is inevitable, it should be minimized. There ex-
ists a linear relationship between p;(¢) and I"(¢); that is

I'(t) = Kp1 (1), €Y

where K is a constant, and its value is approximately
0.02 (dB/km)/kpsi or 0.0029 (dB/km)/Mpa [20].

6 Refractive index changes

The refractive index would be changed when glass fiber is
subjected to stress. The changes are given by [21]

Anp(r,t) =n, —n=—Byo,(r,1) — Bi[og(r,1) + 0.(r, 1],
0<r<ry, t>0, (32)
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Ang(r,t) =ng —n = —Baop(r,t) — By [or(r, t) 4 o (r, t)],
0<r<ry, t>0, (33)
Any(r,t)=n; —n=—Byo,(r,t) — B; [or(r, 1) +op(r, t)],
0<r<r,t>0, (34)

where n is the refractive index of the unstressed glass fiber,
n,, ng, and n, are the refractive indices of light rays. B
and B; are the stress-optical coefficients for the ordinary and
extraordinary rays, respectively; the values are B; = 4.2 x
107%/Mpa and B> = 6.5 x 1077 /Mpa, respectively [22].

7 Results and discussions

The main purpose of this paper is to investigate the effect
of the interlayer thermal resistance on the transient tem-
perature distributions, microbending loss, and refractive in-
dex changes in a double-coated optical fiber, which is sub-
jected to sudden thermal loading. Therefore, an example
with Ty = 21°C and To, = 20°C will be illustrated. In other
words, the double-coated optical fiber, which has an initial
temperature of 21°C, is assumed to be suddenly subjected
to a thermal loading of constant surrounding temperature
20°C. The material properties and radii of the double-coated
optical fiber are listed as follows [11, 17]:

r1 = 62.5 um, ro = 100 pm, r3 = 125 pum,
v =0.17, vy =0.49, v3 =0.44,
E{ =72.5 GPa, E> =200 MPa, E3; =1.2 GPa,

w1 =0.56 x 107%/°C,
w3 =90 x 107%/°C,

ki =1.1w/m-°C,

k3 =0.149 w/m - °C,
a1 =5.9 x 107> m?/s,
a3 =0.11 x 107> m?/s,
$1 =0.00021 m? - K/W,
§3=0.521 MPa~!,

S5 =0.0021 m? - K/W,

wr =20 x 107%/°C,

ko =0.209 w/m - °C,

ar =0.21 x 1073 mz/s,

S5 =0.0012 m? - K/W,
S4 =0.00086 m? - K/W,
Ss =0.605 MPa~".

Figures 1, 2, 3 depict the temperature drop distributions,
0;(r,t), at t = 0.01,0.02, and 0.04 s, respectively, in the
double-coated optical fiber along the radial direction. Two
different dashed lines refer to the cases with constant ther-
mal contact resistance (abbreviated hereafter as linear case)
and without thermal contact resistance (abbreviated here-
after as no resistance), respectively; while the solid lines
refer to the case with stress-dependent thermal contact re-
sistance (abbreviated hereafter as nonlinear case). For the
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Fig. 2 Temperature drop 6 distributions in the double-coated optical
fiber at r = 0.02 second
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Fig. 3 Temperature drop 6 distributions in the double-coated optical
fiber at r = 0.04 second

linear case the values of the thermal resistance R; and R»
are equal to 0.00021 and 0.00086, respectively. For the no
resistance case the temperature drop is continuous at the in-
terface, whereas a discontinuity in the value of the tempera-

x 107
10

7.5

I (db/km)
W

0.02 0.04 0.06 0.08 0.1 0.12
t (sec)

Fig. 4 Variation of microbending loss I" with time ¢ for the nonlinear
case

ture drop is found for both the linear and nonlinear cases. It
can be seen from (4) and (6) that, in general, the magnitude
of this discontinuity in temperature increases with increas-
ing value of interlayer thermal resistance and the amount of
heat flux across the interlayer. Figures 1, 2, 3 also show that
there exists a discrepancy in the temperature drop distribu-
tions, 6; (r, t), among the above three cases, which coincides
with our expectation. On the other hand, the temperature
drop increases with the increase of radius. Moreover, the
interlayer thermal contact resistance will decrease the tem-
perature drop in the glass fiber and primary coating, since
the existence of the thermal contact resistance will decrease
the heat flux from the glass fiber to the primary coating and
from the primary coating to the secondary coating.

Figure 4 illustrates the variation of microbending loss
with time for the case with stress-dependent thermal con-
tact resistance. It shows that the microbending loss of the
carbon-coated optical fiber increases with the increasing
time, which means that the compressive lateral pressure at
the interface also increases with the increase of time. On
the other hand, the effect of interlayer thermal contact re-
sistance on the microbending loss is depicted in Fig. 5, in
which DIF1(z) and DIF2(t) are defined as

F]in(t) - Fnon(t)

DIF1(7) = x 100%,
Fnon(t)
Tor(t) — Thon(t
DIF2(¢) = Thor(t) = Taon ) 100%,
Thon (1)
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Fig. 5 Variation of DIF1 and DIF2 with time ¢
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Fig. 6 Refractive index changes An, and Ang distributions in the
double-coated optical fiber at = 0.02 second

respectively. Here Ihon(?), Iiin(?), and Ipor(f) denote the
microbending loss of the nonlinear, linear, and no resistance
cases, respectively. Figure 5 shows that the microbending
loss of the linear and no resistance cases is lower than that
of the nonlinear case in the beginning of the thermal load-
ing. In other words, the existence of stress-dependent ther-
mal contact resistance will increase the microbending loss of
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Fig. 7 Refractive index changes An, distributions in the dou-
ble-coated optical fiber at + = 0.02 second
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Fig. 8 Refractive index changes An, and Ang distributions in the
double-coated optical fiber at various times

the optical fiber in the transient state. Nevertheless, as time
progresses, the difference will decrease gradually.

Figures 6, 7, 8, 9 illustrate the transient refractive in-
dex changes An,, Ang, and An; of the glass fiber at var-
ious times along the radial direction, respectively. It can be
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Fig. 9 Refractive index changes An; distributions in the car-
bon-coated optical fiber at various times

found that the refractive index changes decrease with the in-
creasing radius but increase with the increasing time. More-
over, the refractive index changes of the nonlinear case are
higher than those of both the linear and no resistance cases.
In other words, the existence of a stress-dependent thermal
contact resistance will increase the transient refractive index
changes An;, Ang, and An;.

8 Conclusion

The transient effects of interlayer thermal contact resis-
tance on the microbending loss and refractive index changes
of double-coated optical fibers, subject to sudden thermal
loading, are investigated. The results show that the stress-
dependent interlayer thermal contact resistance affects the

microbending loss and refractive index changes in the same
direction. In other words, it will increase the transient ther-
mal loading induced lateral pressure in the double-coated
optical fibers and, thus, the microbending loss. Similarly, the
interlayer thermal resistance will also increase the transient
thermal loading induced refractive index changes.
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