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Residual stress measurement in carbon coatings of optical fibers
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The residual stress measurement in carbon coatings of optical fibers is theoretically and
experimentally investigated. A simple formula used to measure the residual stresses in the thin film
deposited on a cylindrical substrate with the bending curvature is proposed. During a temperature
drop, the carbon-coated optical fiber is bent due to the nonuniform deposition of coating materials.
The axial residual stresses in carbon coatings of optical fibers can be measured from the fiber
bending curvature and coating thickness difference. Furthermore, if Young’s modulus of carbon
coatings is known, the thermal expansion coefficient of carbon coatings can be determined. ©2005
American Institute of Physics. fDOI: 10.1063/1.1946912g

The use of hermetic coatings on silica glass fibers can
greatly improve fiber reliability by preventing the mechani-
cal fatigue, so hermetically coated optical fibers are exten-
sively studied.1–13 The carbon material is considered as a
hermetic optical fiber coating, and the coating speed of car-
bon on the glass fiber has been increased to a rate sufficient
to supply low-cost fibers for commercial networks.3 There-
fore, the carbon-coated optical fiber is expected to be a key
technology for optical transmission lines.1–4,6,12,13In the real
operation, thermal load is often applied on the optical fiber.
Once the thermally induced residual stresses exist in the op-
tical fiber coatings, the hermetically carbon-coated optical
fibers may induce the additional bending losses or lose the
hermetic properties.6,12 Hence, it is important to investigate
the residual stress measurement in the optical fiber coatings.
Recently, the residual stress measurement in thin carbon
films deposited on the fused quartz rods has been examined
by Raman spectroscopy and nanoindentation.14 On the other
hand, the residual stress measurement in the thin film depos-
ited on a planar substrate is extensively studied. For ex-
ample, the Stoney equation is mostly used to measure these
residual stresses from the bending curvature of the planar
substrate.15–18 However, no work was found to study the re-
sidual stress measurement in a thin film deposited on a cy-
lindrical substrate with the bending curvature. This is the
motive for this work to theoretically and experimentally in-
vestigate the residual stress measurement in carbon coatings
of optical fibers.

Figure 1 shows that a carbon-coated optical fiber is con-
structed of a glass fiber coated by a carbon material. Here,
the Cartesian coordinatesX,Y,Zd is adopted. The cross sec-
tion of the glass fiber is a solid circle with its center at the
origin and its radius beingr0. Alternatively, the carbon coat-
ings are not uniformly deposited on the glass fiber surface.
The maximum and minimum thicknesses of the carbon coat-
ing aret2 andt1, respectively. The inner surface of the carbon
coating coincides with the outer surface of the glass fiber,
and the outer surface of the carbon coating cross section is a
circle with its center atf0,−st2− t1d /2g. The symbolsE anda
represent Young’s modulus and the thermal expansion coef-
ficient, respectively, and the subscripts “0” and “1” indicate

the glass fiber and carbon coating, respectively. The thermal
expansion coefficient of materials is defined as the average
value of the thermal expansion coefficients during the initial
and final temperatures.

Because the thermal expansion coefficients of the glass
fiber and carbon coating differ, thermal stresses will build up
after the temperature dropDT. Based on the derivations in
Ref. 6, when the glass fiber and carbon coating are assumed
to be elastic, the thermally induced axial force can be ob-
tained as FzsCd=−FzsGd=sa1−a0dDTE0E1A0A1/ sE0A0

+E1A1d. Here, FzsGd and FzsCd indicate the thermally in-
duced axial forces in the glass fiber and carbon coating, re-
spectively. AlthoughFzsGd andFzsCd have the same magni-
tude, FzsGd is a compressive force andFzsCd is a tensile
force. A0s=pr0

2d and A1f=pst2+ t1dr0g represent the cross-
sectional areas of the glass fiber and carbon coating, respec-
tively. BecauseE0A0 greatly exceedsE1A1, sE0A0+E1A1d can
be reduced toE0A0. The centroids ofFzsGd and FzsCd are
located at s0, 0d and f0,−A0st2− t1d /2A1g, respectively.
Hence, the thermally induced axial forcesFzsGd and FzsCd
would produce a bending momentM on theYZ plane, and
this bending momentM is equal toFzsCdA0st2− t1d /2A1. The
bending momentM would bend the fiber with a bending
radiusR. According to mechanics of materials,19 the bending
radiusR is equal tosE0I0+E1I1d /M, whereI0s=pr0

4/4d and
I1=fpst2+ t1dr0

3/4g are the moment of inertia of the glass fi-
ber and carbon coating, respectively. BecauseE0I0 greatly
exceedsE1I1, sE0I0+E1I1d can be reduced toE0I0. After the
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FIG. 1. Schematic diagram of a carbon-coated optical fiber with a bending
radiusR.
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rearrangement, the bending curvature 1/R can be represented
as

1/R= f2sa1 − a0dDTE1st2 − t1dg/sE0r0
2d. s1d

Notably, Eq.s1d shows that if the carbon coating is uniformly
deposited on the glass fiber surfacest2= t1d, the fiber would
not be bent after the temperature change.

The axial residual stress in the carbon coating is induced
simultaneously by the bending moment and axial force.
However, the axial force-induced axial stress is much larger
than the bending moment-induced axial stress, so the axial
stress in the carbon coating can be simply expressed as

sz = FzsGd/A1 = fsa1 − a0dDTE1g. s2d

Substituting Eq.s1d into s2d, Eq. s2d becomes

sz = s1/RdsE0r0
2d/f2st2 − t1dg. s3d

For commercial optical fibers,E0 and r0 usually are
72.5 GPa and 62.5mm, respectively.6 Consequently, if the
relation betweens1/Rd and st2− t1d is known, the axial re-
sidual stresssz can be obtained. Notably, in order to account
for the actual biaxial stress distributions in the carbon coat-
ing, rather than the uniaxial stresses assumed for ease of
derivation in this work, it is necessary to replaceE0 by
E0/ s1−n0d in Eq. s3d. However,n0s=0.17d is small and the
fiber axial length is much larger than the fiber radius, so it is
not necessary to consider the effect of Poisson’s ration0 in
this case. Equations3d is simple and easy to use, it is very
similar to the Stoney equation used to measure the residual
stress in the thin film deposited on a planar substrate from
the bending curvature of the planar substrate.15–18

The experiment proceeded as follows. First, the carbon
materials were deposited on the outer surface of the glass
fiber using the plasma enhanced chemical vapor deposition
sPECVDd method. The glass fiber is a standard single-mode
fiber with outer diameter 2r0 equaling 125mm. The carbon
coating was prepared using methane during the PECVD pro-
cess. Five samples of carbon-coated optical fibers with iden-
tical fiber length s<100 mmd but different coating thick-
nesses were obtained by controlling the deposition time, with
the deposition time being 10, 20, 30, 40, and 50 min, respec-
tively. The temperature of the fiber holder was controlled at
250 °C. After the deposition process was finished, the
samples were cooled down to the room temperatures25 °Cd
in the process chamber. In this step, the temperature change
DT was 225 °C. This experiment showed that the fibers were
bent after the coating process and temperature drop were
finished. The bending radius of the fiber was immediately
measured by drawing the bending curve of the fiber on the
graph paper. Second, the thickness of the carbon coating was
obtained by measuring the cross section of the optical fiber
using the scanning electron microscopesSEMd. Meanwhile,
Young’s modulus of the carbon coating was measured using
the nano-indentersNId. Each datum of Young’s modulus was
obtained from the average value of ten times of indentation
on the same sample. Finally, these five samples were im-
mersed in the liquid nitrogens77 Kd for an hour. After these
fiber samples were taken out of the liquid nitrogen, the bend-
ing radius of the fiber was immediately measured again. In
this step, the temperature changeDT was 446 °C.

After the examination of SEM and NI, the thickness and
Young’s modulus of the carbon coating are obtained, respec-

tively. An example of an SEM photograph to demonstrate the
cross section of the optical fiber is shown in Fig. 2. This
figure depicts that the carbon coating is not uniformly depos-
ited on the glass fiber surface. The fiber thicknessesst2 and
t1d with different deposition time are listed in Table I. Table I
depicts that the coating thickness differencest2− t1d is pro-
portional to the deposition time. Meanwhile, NI examination
indicates that Young’s modulus of the carbon coating is
about 108 GPa, in which the variation of Young’s modulus
with the coating thickness is very small and it is negligible.
Notably, when the coating thickness is smaller than 300 nm,
NI examination is not valuable due to the substrate effect.
However, when the coating thickness is larger than 300 nm,
the variation of Young’s modulus with the coating thickness
is very small. As a result, it is believed that the variation of
Young’s modulus with the coating thickness is negligible.
Alternatively, because the ratio of fiber radius and coating
thickness is not less than 84s=62.5mm/744 nmd, NI exami-
nation shows that the difference of Young’s modulus be-
tween the carbon coating deposited on the planar substrate
and cylindrical substrate is also small. The fiber bending ra-
dius with different deposition time and temperature change is
also shown in Table I. Table I reveals that the bending radius

FIG. 2. An example of SEM photograph to demonstrate the cross section of
the carbon-coated optical fiber, where the deposition time is 50 min.

TABLE I. The carbon coating thickness and fiber bending radius at different
deposition time.

Deposition time
smind

t2
snmd

t1
snmd

t2− t1
snmd

RsDT=225 °Cd
smd

RsDT=446 °Cd
smd

10 149 105 44 78.21 39.46
20 298 210 88 39.11 19.73
30 447 315 132 26.07 13.15
40 596 421 175 19.66 9.92
50 744 527 217 15.86 8.00
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is inversely proportional to the deposition timesor coating
thickness difference,t2− t1d.

Figure 3 displays the fiber bending curvature 1/R versus
st2− t1d at two different temperatures. This figure shows that
the bending curvature 1/R is proportional tost2− t1d, and it is
in good agreement with the theoretical result as shown in Eq.
s1d. The slopes of two straight lines shown in Fig. 3 for
DT=225° and 446 °C are 33105 and 5.73105 m−2, respec-
tively. Equation s3d reveals that if r0=62.5mm and E0
=72.5 GPa, the axial residual stresses in the carbon coating
for DT=225° and 446 °C are 42.5 and 80.7 MPa, respec-
tively. Furthermore, Eq.s1d shows that the line slope in Fig.
3 is equal to f2sa1−a0dDTE1g / sE0r0

2d. As a result, if r0

=62.5mm, E0=72.5 GPa, E1=108 GPa, and a0=0.56
310−6/ °C,6 one obtains thata1 is equal to 2.31310−6 and
2.24310−6/ °C for DT=225° and 446 °C, respectively. The
value of a1 in this study is in good agreement with that
reported in the literature.20

It is worthy to mention that, if Young’s modulus is de-
termined by the NI method, the measured Young’s modulus
is not the exact Young’s modulus of the coating materials.
Usually, the measured Young’s modulusEr can be expressed
as 1/Er =fs1−ns

2d /Esg+fs1−ni
2d /Eig, where Es and Ei are

Young’s modulus of the sample and indenter, respectively,
andns andni are Poisson’s ratios of the sample and indenter,
respectively. However, it is not necessary to knowns with

great precision because Young’s modulus is influenced insig-
nificantly byns in the evaluation ofEr.

21 Therefore, the effect
of Poisson’s ratio on the measured Young’s modulus is not
considered here.

In summary, a simple equation used to measure the re-
sidual stresses in the thin film deposited on a cylindrical
substrate with the bending curvature is proposed. The axial
residual stress in carbon coatings of optical fibers can be
measured from the relation between the fiber bending curva-
ture and coating thickness difference. Furthermore, if
Young’s modulus of the carbon coating is known, the ther-
mal expansion coefficient of the carbon coating can be de-
termined.
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