988 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 19, NO. 7, JULY 2001

Diffusion of Moisture Through Optical Fiber Coatings

Janet L. (Armstrong) MrotekMember, OSAM. John Matthewson, and Charles R. Kurkjian

Abstract—The strength of polymer-coated fused silica optical of the fiber is sensitive to the concentration of the moisture at
fiber is dependent on the ambient moisture because of stress corro- the glass/polymer interface. This dependence can be empirically
sion. The diffusion rate of water vapor through the polymer coating described as follows [4]:
can be estimated by monitoring the strength as a function of time ’
after suddenly changing the ambient humidity. Not only is this
technique a new way of sensing humidity, but it also allows estima- og=A+ Be “H (1)
tion of the time needed for the coated fiber to equilibrate with its
environment. A comparison has been made between the diffusion

coefficients measured in this way and by monitoring the weight of where L
free-standing polymer films as a function of time. Fickian diffusion o fiber's strength;
has been assumed and is justified by the good agreement between H relative humidity;

the experiment and theory. The diffusion of water vapor both into A. B. andC
) )

and out of various polymers was investigated. fit parameters.

Besides measuring the diffusion coefficients, this technique
Index Terms—Coatings, diffusion equations, humidity measure- 550 determines the equilibration time needed for the test envi-
ments, reliability, stress measurement. ronment to reach a steady state at the glass/polymer interface.
Previous work, in which the diffusion coefficient of moisture
I. INTRODUCTION was monitored in a similar way, was published by Bouten [5].

T HE STRENGTH of fused silica optical fiber depends O#e monitored the strength of the fiber as a function of relative

N AP 0 X -
the activity of water at its surface due to the stress corr?)um'd'ty in two ranges—60% to 100% relative humidity and

. . . o> o from 42% to a vacuum of 10* Pa—and found that the diffu-
ffect. Pol | | I fibefg +<70 1 . .
sion effect. Polymer coatings are always applied to optical fibe |gn coefficients determined from these two experiments were

to protect them from mechanical damage during handling. suth

coatings also act as a diffusion barrier to moisture reaching tlﬁ%r: tzeeifg?éégn Z)s(f?g;“g;fovrvmcli T;Ig\]/\r/]r: (?r?a t;:]?jtigclf)r?triﬁmg
glass surface from the surrounding environment. In addition 3"y P 0 ' ty

its mechanical protection role, it has been suggested that {igle[g‘]trﬁ_r;gre::rr:utigu dr?'(.jr']ty Seh;y;g;r\:\{ari_fo&ngebg I;rl::%an
coating’s ability to reduce water transport might enhance tt dff CKi t', IS drying exper '9 panning
fiber's lifetime [1]. wo different kinetic regimes.

Moisture diffusivity in the coating has important practical im%. .Th? d'ﬁlltj.s'l(.) n dcg e:frllmentl Ok:'lpte rn}e'{ﬁbn(;t%/r (the f[j|ff1f15|o|n coef-
plications. When modeling the lifetime of optical fibers based €Nt Muitiplied by the SOIUbIliLy ot the diffusan ) of polymers
_usually measured using flat films. Because the geometry of

. . . ]
on proof testing, it is usually assumed that the service environ-_..~ . . o .
ment is the same as the proof test environment. Griffioen [ e film is easier to model than the cylindrical shape of the fiber

points out that this will produce longer lifetime estimates if thgoatng, film samples are more convenient to work with. On the

proof test environment is less aggressive (colder and drier) thczjatrqer hand, the curing conditions for the polymer when coated

the service environment. Further, when a fiber is drawn, it e2! the fiber in-line and when cast as a freestanding film are dif-

periences a dry environment characteristic of the draw furn éi?; 2??;2%:5;’;32 ggﬁ;?nljg:;g}e dﬁg:%ﬁ?&?"ﬁg?&m%&;iﬁ_
and takes some time to equilibrate with the ambient humidi 9 9

[2]. Therefore, it is advisable to wait some time after drawin ﬁ'ﬂegtsl |r;hpct>ly:necrj Tmf’ gre \ge'ﬂht r(r:1hang|e,bulsedoft Crt]edmb
before proof testing to avoid the lifetime modeling being to&a abels that are detected optically, mass abels detected by

opimistc How o th wa neds e contle by """ 16 Deelecaterie, Rean Secin pobs, Loaing o
diffusion coefficient of the moisture in the coating. P ’ 9 ’ (UV) ption,

An approach for the determination of the diffusion coefficienf‘tl.nd optical density of thin layers [7]. Another more recent tech-

of moisture through polymer coatings has been developed t Kue r[17]’ r[fr] It? tr? lﬁf‘ 'rgirf? reidn evaneiscen1t_r1:|ieltds :]c;]idete:m;ne
involves monitoring the strength of fibers as a function of tim%eCO centration ot tn€ difiusing species. This technique s tea-

' . - . ible as long as the optical intensity is known as a function of the
after changing the ambient humidity [3], [4]. This is a novei ncentration of diffusant. A more detailed discussion on some

way of sensing humidity and is feasible because the stren ; .
y 9 y % he measurement techniques can be found in books by Crank
[9] and Vieth [10].
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accumulated mass of the diffusing species at tindé,, is given /—\

by [11] x ( @/

M, > 8 —D(2n 4+ 1)%7%t
=1 e — [ S
;::o (2n +1)22 P < 42

5

)

M., mass that has entered after infinite time;
D diffusion coefficient;
20 thickness of the film [see Fig. 1(a)]. ’ 2l ¢

To calculate the diffusion coefficient of moisture for the
) o ; (@ (b)
coated fiber, cylindrical symmetry must be used. In this _ _
work, the boundary conditions for this geometry were a§i9-1- The geometry for (a) polymer film and (b) coated fiber.
sumed to be that the outside concentration is a constant,
C(r = b,t) = C1, and that the glass/polymer interface is imspecies and form clusters within their structure, in which case
permeablefC(r = a,t)/0r = 0. The solution corresponding the behavior of diffusion in and out of the polymer will not be
to these boundary conditions for the diffusion equation ifhe same [8].
cylindrical symmetry is [11] Schlotter and Furlan [8] classified diffusion in polymers into
three cases. The first, case |, is Fickian diffusion, which assumes

C(r,t) = 2 that there are no changes in the polymer structure as a result of
1= C, =" Z: exp(—Dart)J1(acn)Jo(bo) interactions with the diffusing species. This type of diffusion,
"_;O(M V1 (acen) — Jo(ran)Yi(aay) which is based on.the.random.walk with no interaction theory,
< - = = i ) occurs when the diffusion rate is slower than the polymer relax-
Jo(barn)? = Ji(ac) ation rate. Therefore, by the time the diffusion process is over,
3) the polymer structure is no longer changing and does not react
or interact further with the diffusant. This is the type of diffu-
where _ _ sion that is assumed in this paper. The second, case II, is based
c(r,t) conc_entrat|on _at a distaneefrom the center of on strong interactions between the polymer and the diffusant. In
the fiber at a time; this case, the diffusion is occurring so fast that there is no time
D diffusion coefficient; for the polymer to relax. Because the polymer is still changing at
a glass fiber radius;

: : _ the end of the diffusion process, there appear to be interactions

b coating outer radius [Fig. 1(b)]; occurring. In this type of diffusion, sharp boundaries appear be-

JiandY; Bessel functions of orde¥, which may be yeen the polymer and the diffusing species. The third, case I,
approximated by polynomials as given by,ccyrs when diffusion rates and relaxation rates occur on the

Abramowitz and Stegun [12]; same time scale. This type of diffusion is called non-Fickian or
Qn nth positive root of anomalous diffusion. One purpose of the work presented in this
paper is to determine whether diffusion of moisture in typical
Ji(ac)Yo(bar) — Jo(ba)Y1(aa) = 0. (4)  optical fiber coatings is Fickian.
To obtain a diffusion coefficient, the concentration at the II. EXPERIMENTAL PROCEDURES

polymer/glass interface&’(r = a,t) = Cpy, has to be known )
as a function of time. A simple way of measuring this concefY Rims

tration is to determine the strength of the fiber. Because theThe gravimetric method was used to measure the diffusion
strength of the fiber depends on the activity (assumed propef-moisture into and out of freestanding polymer films. Films
tional to concentration) of the moisture or water vapor presewith ~ 80 m (acrylate) and~140 um (polyimide) thickness

at the interface, as described by (1), the effective concentrati@nd~ 3 cn¥ surface area were suspended vertically from a bal-

of water vapor can be obtained from these results. ance arm. The weight{10 ;:g) of the films was monitored as a
function of time with a computer-controlled balaric&wo hu-
B. Types of Diffusion Behavior midity chambers were used in order to measure the diffusion of

The above model is based on the assumption that Fickian JYEFer moisture into or.ogt of the films. The balance was placeq
inside one of the humidity chambers that was controlled to ei-

fusion is taking place, i.el) is a constant independent of con-

. . . . ther 20 or 95+ 1% relative humidity at a constant tempera-
centration. Polymers show variability in their permeability an o ) : L
Y . e . . ure of 25+ 0.1°C. The films were placed in another humidity
diffusion rates for different diffusing species. This is becaus

S 0
the diffusion behavior is very sensitive to the diffusant and thcimmber maintained at 95 or 201%, at a constant temperature

temperature. Some polymers will tend to absorb the diffusingtSartorius Research, Germany.



990 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 19, NO. 7, JULY 2001

of 254 0.1°C. If the chamber containing the balance was con- 1.2 prr—rr e
trolled to 95% humidity, then the chamber with the films was 5.8x 10" m%s ]

controlled to 20% and vice versa. The films were left overnight 10 L
in this chamber and then moved to the humidity chamber con- 0.8 - -
taining the balance. The weight of the film was then measured r ]
as a function of time until an equilibrium weight was achieved. S 08 - ]
To measure diffusion of water vapor into the films, i.e., “wet- 0.4 -
ting,” one humidity chamber was set to 20% relative humidity - 1
and the other chamber containing the balance was set to 95%. 0.2 © ]
The reverse humidity settings were utilized to measure diffusion 0.0 F* e |
of water vapor out of the films, i.e., “drying.” Although most op- L 52x 10" m%s .
tical fibers are coated with UV-curable acrylate polymers, there -0.2 bt il el ool
are some fibers that are coated with polyimide or silicone rub- 1.2 prr—r T
bers for specialty applications. Films of typical compositions of T 9.2x 10" m¥s ]
all three types of polymers were studied. 1.0 - ]
0.8 < -
B. Fibers - y
A two-point bend apparatus [13] was used to measure the g“ 06 L _
strength of the fiber and was operated with a constant faceplate 04 -
velocity of 5000:m/s. These experiments were conducted in 02 B i
the same manner as the weight change experiments; namely, the L )
fiber was equilibrated overnight in one humidity chamber be- 0.0 fo—" 13 2 -
fore being broken after being rapidly placed in a second. Once 02 o 94’('10 rp /Sl o]

the specimens were moved to the second chamber, the strength
was measured until the equilibrium strength for the new envi-
ronment was reached. This produced the strength of the fiber as
a function of time in the test environment. To obtain diffusion

coefficients, the strength was convertedto an equivalent COﬂC%ﬁ* 2. Normalized film weight as a function of time after suddenly changing
. the ambient humidity for the diffusion of moisture ine) and out of(o) (a)

tration or humiditY atthe glass surface. TO ma_ke this CONVETSIQyate film and (b) polyimide film. Solid lines are fits to the diffusion equation
a separate experiment was performed in which the equilibrateyl and legends show the value of the diffusion coefficient determined by the

strength of the fibers at different humidity values in the randés:
of 20-95% was measured. Twenty samples were broken at each
humidity. By fitting (1) to those data, values for the fit paramerpe giffusion coefficients were found by fitting the data to (2).

tersA, B, andC were found. By using this relationship [(1) withThe diffusion coefficients of water in the acrylate film were
constant values], the strength measured in the diffusion exp&ggnd to beD = (5.2 £ 0.1) x 1073 m?/s for diffusion in

ments was converted to an equivalent humidity. or “wetting” and D = (5.8 £ 0.1) x 10713 m?/s for diffu-

The fiber specimens investigated here were coated with o§ign out, or “drying.” The small but statistically significant dif-
of the following: a single layer of UV-acrylate (12&m glass ference between these values indicates a slight deviation from
diameter and 25@m overall diameter), a polyimide (22@m  Fickian behavior. The errors represent a 95% confidence in-
glass diameter and 245n overall diameter), and a silicone (14Geryal. Values of (9.4+ 0.4) x 107** m?/s for wetting and
wm glass diameter and 26150 overall diameter). While these (9.24 0.3) x 10~** m?/s for drying were found for the poly-
polymers were notidentical to the free-standing film specimengige film; this behavior appears Fickian. Ogawa and Nagata

10 10" 102 10 10*  10°
Time, t(s)

they were of similar compositions. [14] obtained a similar diffusion coefficient of 2 107* m?/s
for water in a polyimide film using a weighting technique that
[ll. RESULTS AND DISCUSSIONS utilized thermogravimetric analysis.
A. Film Study Gravimetric measurements on the silicone film could not be

] ] made for two reasons. First, the film was too weak to be hung

The results of the weight change experiments for the acryladg the balance, and second, the diffusion into the film occurred
and polyimide freestanding films are shown in Fig. 2. For clarityyq fast to be measured. As a result, the diffusion coefficients
the normalized weight change is shown for this silicone film could not be obtained and are not shown

here.
Wy —Way M,

W, = = (®)
Wet = Wary - Moo B. Strength Measurement Results
where Fig. 3 shows the raw data for strength as a function of time
W, weight of the film at time; after changing the ambient environment for the acrylate, poly-

Wary  equilibrated weight in the drier environment (20%);imide, and silicone-coated fibers. As stated earlier, the diffusion
Weet equilibrated weight in the wetter environment (95%)coefficients cannot be directly obtained from strength data since
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Fig. 4. The equilibrium strength (at 25C) as a function of humidity. Solid

Fig. 3. Strength as a function of time after suddenly changing tHies are fits to (1).
ambient humidity for the diffusion of moisture intpe) and out of (o)
single-acrylate-coated fibers, polyimide-coated fibers, and silicone-coated

fibers. H, effective relative humidity at time;

Hy, lowest relative humidity (20%);
strength is a nonlinear function of humidity. The strength must Hyien  highest relative humidity (95%)
. . . . g ugh .
first be converted to the corresponding effective humidity at thﬁ\e results for the effective relative humidity are shown in Fig. 5
glass/polymer interface. This conversion was performed by { i

ting the equilibrated strengths at various humidities to (1), a%gether with the fits of (3) to the data and the calculated diffu-

shown in Fig. 4. This equation was then used to map the res@%ﬂ coefficients. The diffusion coefficients are for the acrylate
it —13 2 : —13 .2
in Fig. 3 into effective humidity at the fiber surface, i.e., the' +0.6 x 10 ™ m7/s (drying) and 9.2: 1.0 x 10" = m°/s

value of the ambient humidity that gives the sagagiilibrated ?wettmg) and foritzs p(;ly|m|de_& 4 x 1077 me/s (drying)
: . : and 12+ 4 x 10 - m*/s (wetting).

strength. For easier analysis of the data, the normalized effec: " . . e .
tive humidity &, is calculated In the S|I|con§ coating [Fig. 3(c)], .the diffusion occurred in

" less time than it took to make the first strength measurement
H, — Hiow (~10 s). Based on this information, the actual diffusion coeffi-

= Hyiot — Hiow (6) cient cannot be measured, but a lower limit can be placed on it,
& which isD > 10~ m?/s. This value was calculated assuming

where that the diffusion process took 10 s to be completed. Crank and

Hy,
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1.2 vy NP R R Another result shown in Fig. 5(a) is that the diffusion into
o .

o ° . ] and out of the acrylate coating is slightly asymmetrical with

&
. ‘igo 4 ] diffusion of moisture out of the polymer apparently occurring
0.8 R0 o P slightly slower. This slight deviation from Fickian behavior
\ H 1 implies that the water vapor may be interacting with the
. 086 7] polymer. A slight asymmetry was also observed in the planar
T 0.4 i films [Fig. 2(a)], but the sense is reversed. It is therefore not
° . clear whether this asymmetry is significant. The polyimide
0.2 %, . films [Fig. 2(b)] appear to be symmetrical, but because of the
0.0 i o i \ ] large error found in Fig. 5(b) for the strength technique, no
L Ay 0 _ conclusions can be drawn on this matter. The assumption of
O2b——ed o oad vl i Fickian diffusion is valid for this work, since the diffusion
@ equation used here, which assumes Fickian diffusion, fit the
data rather well.
1.2 v RIS ML BRI R Orcelet al. [1] have found correlation between the strength
1.0 | f.e L8 R A degradation observed in fused silica optical fibers exposed to
H ,l. 4 aggressive environments and the permeability of the coatings.
0.8 :$° B They therefore suggest that coating permeability is a controlling
06 [ ¢ ] factor in the degradation. However, in this work, it is shown
= 19x10°"® m¥/s] that moisture penetrates the coating withirt 10 10* s. This
0.4 8x10°"® m2/s] is rapid compared to the service life of an optical fiber, which is
i e ] typically ~10° s (25 y). Itis therefore unlikely that permeability
0.2 o o | of moisture is a controlling factor, though the permeability of
0.0 g . other species might be [15].
0.2 ST B R R T BRI R RTTT] N S S W RTIT
10! 102 108 10* 10° IV. CONCLUSION
Time, t(s) Diffusion coefficients for water in polymer coatings on op-
(b) tical fiber can be measured by monitoring the strength of the

. . . - _ fibers as a function of time after the ambient humidity is sud-
Fig. 5. Normalized effective humidity at the glass surfdfe as a function . . . . . .7
of time after suddenly changing the ambient humidity. Results are the diffusii¢nly changed. This teChmql{e gves diffusion coefficients that
into (e) and out of( o) (a) acrylate-coated fiber and (b) polyimide-coated fiberare comparable to those obtained with the more commonly used
film weighing technique. It is, however, more meaningful to op-
Park [9] reported a moisture diffusion coefficient o6710~? tical fiber strength and reliability because it is insitu mea-
m?/s, which is indeed greater than10 m?/s [9]. surement that does not rely on the assumption that the film used
Similar values for the diffusion coefficients were found botln the gravimetric technique has the same cure conditions (and
when weighing the freestanding films (Fig. 2) and from thhence has the same properties) as the actual coating. However,
strength measurement technique (Fig. 5). The diffusion codfie precision with which the diffusion coefficient can be deter-
ficient was found to be slightly higher in the polyimide than thenined is somewhat lower and is limited to coatings with a dif-
acrylate for both techniques. This validates the strength mdasion half-life greater than-50 s.
surement technique. It should be noted again that this techniqué&or all of the coatings studied here, moisture penetrates on
determines thén situ diffusion coefficient for the real coating, a time scale 0f~10° to 10° s. It is therefore unlikely that the
rather than for a model sheet specimen. However, the diffusidiffusivity of water in the coating is a controlling factor in how
coefficient is not measured as accurately with this technique ke coating influences the fiber reliability on the time scale of
cause of the inherent variability in the strength; it is harder t010” s (~25 y).
measure small changes in strength than small changes in weight.
This is aggravated by only having a limited experimental time
before the half-life of the diffusion process is reached (where the
normalized effective humidity is 0.5). As a result, the standard[1] G. Orcel, J. Y. Boniort, J. Y. Barraud, and R. J. Overton, “Hermetic and
error in the estimates of the diffusion coefficients made here is  Polymeric coatings for military and commercial applications, Piroc.
. . . for th . . h Int. Wire Cable Symp1995, pp. 330-334.
approxmately three times h'.gh.er t.har? or the gravimetric tec “[2] W. Griffioen, “Evaluation of optical fiber lifetime models based on the
nique. Fig.5(b) illustrates a limitation in the strength measure-  power law,”Opt. Eng, vol. 33, pp. 488-497, 1994.
ment technique. Since the polyimide is so thin (12rB), the [3] C.R.Kurkjian, J.L. Armstrong, M. J. Matthewson, and I. M. Plitz, “Dif-
. . . fusion of water through lightguide coatings,” Broc. Nat. Fiber Optic
diffusion does not aIIovy enough time to make many measure-  gngineers Confvol. 2, 1996, pp. 133-138.
ments before the half-life. As a result, the half-life is not well [4] J.L. Armstrong, M. J. Matthewson, and C. R. Kurkjian, “Moisture pen-
defined and fitting to the data produced large error estimates. igggon thf7°3U29h7ggﬂca' fiber coatings,” Int. Wire Cable Symp. Proc.
. . , Pp- —739.
The_ str_ess mea_surement technique is therefore not accurate f%’] P. C. P. Bouten, “Lifetime of pristine optical fibers,” thesis, Technical
a diffusion half-life below about 50 s. Univ. Eindhoven, Eindhoven, The Netherlands, 1987.
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