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Temperature and wavelength dependent
transmission of optically transparent glass
fibre poly(methyl methacrylate) composites
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The temperature and wavelength dependent transmission was measured for glass fibre
reinforced transparent composites prepared by sheet lamination and pressure curing processes.
A mathematical model using fibre volume content, glass fibre diameter, refractive index of the
fibre and matrix, non-wet fibre content and thickness of the composites was used to predict
the transmission of the composite as a function of temperature and wavelength. The
transmission calculated from the model for 20-70 °C and between 500 to 800 nm agreed well
with the measured optical transmission for a thin composite containing < 10 vol% of 17 um
glass fibres. A small amount of non-wet fibre (e.g. 2.0% of total fibre) was predicted to reduce
the maximum transmission by up to 17% for a composite containing 7.2 vol % fibres and a

thickness of 0.5 mm.

l. Introduction

Composite materials are widely used as structural
materials because of their light weight and high speci-
fic strength. However, a composite consisting of a
transparent matrix, such as poly(methyl methacrylate)
{(PMMA), usually becomes translucent or opaque
when a transparent reinforcement (glass fibre) is intro-
duced because of light scattering which occurs at the
interface of the two materials [1]. By carefully match-
ing the refractive index of the glass fibres with that of
PMMA, highly transparent PMMA composites have
been prepared [2-4].

Compared to glass fibres, the optical properties of
PMMA are highly temperature dependent [5, 6]. The
refractive index of PMMA decreases with increasing
temperature at a rate (dn/d7) of — 1.I1x107% or
—13x107*°C~* [6,7] below T, (= 100°C) of
PMMA. In comparison, the temperature dependent
change in refractive index for BK-10 glass (dn/dT =
+ 3.5x107°°C~1) [8] below the T, of PMMA is so
small it can be ignored. Thus, the refractive index of
these two materials can be equal (matched) only at one
temperature (7,,,)- At T, the light scattering will be
minimum and the optical transmission maximum, The
light transmission of composites made from these two
materials is expected to be temperature dependent
because of the difference in the temperature coeffi-
cients of the refractive index (dn/dT) for the PMMA
matrix and the glass fibre reinforcement. The differ-
ence between dn/dT of the PMMA and glass fibre
determines the rate of change in the mismatch in
refractive index of the PMMA and glass fibre as the
temperature deviates from T, and controls the tem-
perature dependent transmission of a composite.
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The change in refractive index with wavelength
(dispersion) for glass and PMMA are also quite differ-
ent [8, 9]. In general, the slope (dn/d)) of the disper-
sion curve for PMMA is much larger than that of the
glass, especially near 400 nm. Since the mismatch in
the refractive index will also change with wavelength,
the transmission of a glass fibre/PMMA composite is
expected to be wavelength dependent.

The purpose of the present study was to mathemat-
ically model the temperature and wavelength depend-
ent optical transmission of a composite in terms of the
differences in the refractive index between PMMA and
the glass fibre caused by changes in temperature and
wavelength. The model has been verified by com-
parison with the experimentally measured transmis-
ston, but limitations of the model are discussed.

2. Mathematical model

The scattering of an electromagnetic wave by any
material is related to the optical heterogeneity of that
material [10, 11]. In addition to the reirradiance
(scattering) of electromagnetic energy, absorption may
also occur. Both scattering and absorption remove
energy from a beam of light traversing the material so
that the beam is attenuated. This attenuation (extinc-
tion) is defined as

extinction = scattering + absorption

When an incident beam of intensity /, traverses a slab
of particles over an optical path of length 4, assuming
multiple scattering can be neglected and no change in
phase and wavelength of the light after scattering, the
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transmitted intensity, [, is given by [11]

Iy = Iy exp(— Ah) 1
where the attenuation coefficient, A, is
A, = nC, = nC, + nC, 2)

where n is the number of particles per unit volume, C,
is the extinction cross-section and C, and C, are the
cross-section for absorption and scattering, respect-
ively. For a mixture of different particles the at-
tenuation coefficient is

A, = Y¥nC,; (3)

Since n; is the particle number density, 1/n; is the
average volume allocated to a single particle
of type j, the volume fraction, V% ;, of the particles in
the system is n;v;, where v, is the volume of a single
particle of type j. Thus, A, can be written as A4,
=Y (V1.;/v;)C.,;- For non-absorbing particles, A, can
be expressed as

Ae = szCS’J = Z Vf’jcs’j/l)j (4)

The scattering cross-section is related to the scattering
efficiency, Q = C,/G, where G is the geometrical cross-
section which is 2R per unit length for an infinite
cylinder of radius R. The attenuation coefficient of
composites containing glass fibres with radius R,
becomes

Ae = 2Vf,gQg/nRg (5)

where Q, is the scattering efficiency of the glass fibres.
For normally unpolarized incident light, ¢, in the
forward direction can be expressed as {13]

0, = (1) T ellani2 +lami2) @
where
An = Jn(mx)Jn'(x) — mJn' (mx)JIn(x) ™
mo= Jn(mx)Hn' (x) — mJn'(mx)Hn(x)
An, = mJn (x)n(mx) — Jn(x)Jn'(mx) ®

mJn(mx)Hn(x) — Jn' (mx)Hn(x)

where ¢, = 2 when n > 0 and g, = 1; x = 2rR, /A and
M is the wavelength in the PMMA matrix; m = n,,./
npmuma is the relative refractive index of the glass fibre
(ng) and PMMA (n,); Jn is a Bessel function of the first
kind; Hn is a Hankel function of the second kind; and
the primes denote differentiation of the functions with
respect to their arguments.

The refractive index of PMMA depends strongly
on temperature (dn/dT = — 1.1 x 1074°C~1). The re-
fractive index of PMMA at any temperature T (in °C)
above 25°C and below T, (100°C) can be written as

oual(T) = 14925 — 1.1 x 1074(T = 25) (9)

for PMMA with dn/dT = — 1.1x1074°C~! and re-
fractive index (np) of 1.4925 at 25°C. In comparison,
the change in refractive index with temperature for
the glass fibre was negligible (dn/dT = + 0.035x
10~4°C~ ') in this small temperature range. The rel-
ative refractive index (m) of the 17 pm glass fibre
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(np = 1.4907) and PMMA at any temperature below
the T, of the PMMA is

m(T) = 14907/[1.4925 — 1.1 x 10 (T — 25)]
(10)

For the wavelength (Ain nm) dependent refractive
index at a constant temperature the refractive index
of the 17 pm BK 10 fibre was ng,(2) = 1.4794 +
3920h"% — 808L"* + 0.1L"%.  The  equivalent
equation for PMMA (L method, described later)
was NpyaM) = 14794 + 4557072 + 90304 + 01176,
The relative refractive index of the glass fibre
and PMMA at 25°C was m(h) =(1.4794 +
3920072 — 808L"* + 0.1A75)/(1.4794 + 4557072
+ 903A7* + 0.1179°). (11

The scattering efficiency of a composite, Q,
= 0,(T, %), and the transmission were functions. of
temperature because of the temperature dependent
relative refractive index. Equation 1 can be rewritten
as

WT, W/l = exp(— .2V ,Q0,(T, Mh/aR,) (12)

According to Equation 12, the optical transmission
for a PMMA composite containing glass fibres will
vary exponentially with the volume fraction of fibres
(Vt,¢), the radius of the glass fibres (R,), the optical
path length (h, thickness of the composite) and the
temperature of the composite.

3. Experimental

The glass fibre used for reinforcing the PMMA matrix
was produced from an optical glass whose refractive
index at 25°C in bulk form was np = 1.49776
+ 0.00001. The glass was re-melted and fined in a
resistance heated Pt/Rh ten-hole bushing at 1250°C
for 45min to remove bubbles. When fibres were
drawn at 1204 °C at a speed of 4.0 or 80 ms™!, the
average diameters were 17 and 13 um, respectively,
with a standard deviation of 2.3 pm. Because of rapid
cooling, these fibres had a lower refractive index (ngp
= 14907 for 17 um and 1.4901 for 13 um) with a
standard deviation of 0.0002. Strips of fibres were
prepared by moving a rotating collection drum at a
controlled speed in a horizontal direction normal to
the pulling direction for the fibres. No coating was
applied to the fibres.

Composite specimens with unidirectionally aligned
glass fibres were prepared by either a sheet lamination
(method L) or by palymerization of MMA (methyl
methacrylate) in a pressure vessel (method P). The
composite made by method L contained 7.2 vol % of
17 um fibres, while the composite made by method P
contained 10.2 vol % of 13 um fibres.

For method L a strip of fibres was rinsed with
MMA and placed between two PMMA sheets (75 pm
in thickness) to form a sandwich prepreg. Several
layers of prepreg were stacked vertically, with the fibre
aligned unidirectionally, and then hot-pressed at
140 °C for 180 min. For method P a dip-coating pro-
cedure was used to apply a silane coupling agent
[3-(trimethoxysilyl)propyl methacrylate] to the fibre



strip which had been cut to size and bound at one end.
This procedure consisted of immersing the bound
fibres in a 3 vol % silane in MMA solution at 23 °C for
2 min followed by rinsing in pure MMA. The dip
coating and rinsing were done in an ultrasonic bath to
get better wetting of the fibres and rinsing action.
Surface water on the fibre hydrolysed the silane coup-
ling agent from the methoxy to the hydroxy species
which could condense and bond to the glass surface.
This dip coating procedure is known to deposit 3-8
monolayers ( < 10 nm) of the trifunctional coupling
agent onto the fibre surface [12].

From the rinse bath, the coated fibres were put into
a mould consisting of two 10.2 x 15.2 x 0.6 cm? glass
plates separated by a tube gasket and held together by
binder clips. The two piece poly(ethylene) lid of the
mould, which was machined to fit over the glass
plates, also served to bind the fibres and suspend them
unidirectionally (vertically) in the mould during poly-
merization. The mould was filled with the monomer
mixture (99.3 vol % MMA, 0.5 vol % tetraethylene-
glycol dimethacrylate, 0.1 vol% USP-245 and
0.1 vol % methyl ethyl ketone peroxide) and then
degassed. The assembly was placed in a stainless. steel
pressure vessel and heated to 65 °C by external heating
elements. The pressure vessel, 61.0cm deep and
15.2 cm in diameter, was pressurized to 6.9 MPa with
nitrogen. After 18 h at 65 °C the vessel was depressur-
ized, opened and the composite removed from the
mould while still warm.

The volume fraction of fibre in the composites was
determined by a burn-out method. The composite was
weighed and then put into a Pt crucible which
was placed in a furnace at 600°C for 4 h to burn off
the PMMA. The glass fibre residue was weighed after
the PMMA had burned off. The density of the
PMMA (1.19 gcm™3) and bulk glass (2.39 gcm ™ ?)
were used for calculating the fibre volume content.

The optical transmission of each composite was
measured from 20 to 70°C at 589 nm using a spectro-
photometer (acceptance angle ~ 0.2°) equipped with
a cell that was heated at 0.5°C min~!. In order to
climinate surface reflections, the composite was placed
(normal to the beam with the fibre oriented vertically)
in an optical cell which was filled with a laser liquid
whose refractive index (np, = 1.4920 + 0.0002 at 25 °C)
was close to that of the composite. The transmission
versus temperature curve was recorded with an x-y
recorder. The temperature of the cell was measured
by a J-type thermocouple which was calibrated to
+0.1°C.

4. Results and discussion

The transparency and clarity of the composites pre-
pared by methods L and P are clearly illustrated in
Fig. 1. Both composites were highly transparent at
22°C, as indicated by the ease with which the word
beneath each sample is read. Fig. 2 shows the typical
temperature dependent transmission of PMMA com-
posites containing 7.2 and 10.2vol% 17 um glass
fibres. With increasing temperature, the transmission
of both composites initially increased to a maximum

Ao -.i_ i Transparency

Figure 1 Optical transparency and clarity of glass fibre reinforced
PMMA composites prepared by (a) method L (0.50 mm thick and
7.2vol % of 17 ym fibre) and (b) method P (6.80 mm thick and
10.2 vol % of 13 um fibre). The word “Transparency” beneath each
sample is easily read.
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Figure 2 Temperature dependent transmission of composites pre-
pared by method L (@) and method P (O). Solid (7.2 vol %) and
dashed (10.2 vol %) lines were calculated from Equation 12.

and then decreased. For the composite containing 7.2
{method L) and 10.2 vol % (method P) glass fibres, the
maximum transmission of 96.1 and 87.3% occurred at
49 and 28 °C, respectively, because of the small dif-
ference in the refractive index of PMMA in each
composite.

Flaws of various types, such as voids, any small
distribution (non-uniformity) in the refractive index of
the fibres and non-wet fibres (fibres not completely
immersed in the PMMA matrix but surrounded by an
air pocket), in a composite would scatter light and
reduce the optical transmission if they produced a
mismatch in the refractive index with the matrix. For a
perfect composite, i.e. without flaws, the maximum
transmission should be 100% (disregarding surface
reflection loss) at the temperature where the refractive
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index of the glass fibres exactly matches that of
PMMA. The distribution (standard deviation, G) in
the refractive index for the 17 um glass fibre, o
= 0.0002, was considered of minor importance since
the reduction in transmission caused by such a dis-
tribution was predicted to be only 0.5% for a com-
posite 0.68 mm thick and containing 10 vol % of
17 um fibre [13].

A small amount of non-wet fibre was found to be
the predominant flaw in the composite prepared by
method P, as revealed by the white lines in Fig. 3. Very
few voids or gas bubbles were observed in the com-
posites used in the present work and whose cross-
sections were examined with a scanning electron
microscope, see Fig. 4. Because of the surrounding air
gap (refractive index of air is = 1.0), the effective
refractive index of the non-wet fibre was assumed to
be 1.0 when the transmission of a composite was
calculated from Equation 12. The effect of non-wet
fibre on the maximum transmission of a composite
with a thickness of 0.50 mm and containing 7.2 vol %
of 17 uym fibres (o = 0.0002) was calculated from
Equation 12 for various amounts of non-wet fibres. A
maximum transmission 99.5% was calculated for a

Figure 3 Dark field optical micrograph of glass fibres in a com-
posite made by pressure curing (method P) which shows the pres-
ence of non-wet fibres (white lines).

Figure 4 SEM micrograph of polished cross-section showing no
voids in the PMMA matrix of the composites prepared by
method P.
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composite with no non-wet fibres. However, when
only 0.5% of the total fibres present were non-wetted,
then the maximum transmission decreased to 97.3%.
For a composite assumed to contain 1.0% non-wet
fibres, the maximum transmission was 93.4%. Table 1
summarizes the calculated and measured maximum
transmission for a composite containing 7.2 vol % of
17 um fibre. The transmission calculated for a com-
posite containing 0.7% non-wet fibres agreed best
with the measured maximum transmission (96.1%) of
the composite fabricated by method L. It is important
to note that as little as 2.0% of non-wet fibres in a
composite caused a loss of = 17% in the optical
transmission and, thereby, severely lowered the op-
tical transparency of the composite.

Fig. 2 shows that the transmission calculated from
Equation 12 (solid line) agreed well with the measured
transmission for the thin composite (0.5 mm thick)
containing 7.2 vol % of the 17 um glass fibre when
a dn/dT of —1.1x1074°C~* for the PMMA was
assumed. The calculated transmission as a function of
temperature for the thick composite (6.8 mm) contain-
ing 10.2 vol % of 13 um fibres did not agree as well
with the measured transmission when compared to
the thinner composite containing less fibre. In the
thicker composite the calculated transmission was
more temperature dependent and decreased more rap-
idly on the higher temperature side of the transmission
peak than the measured transmission, see Fig. 2.

Since the shapes of the dispersion curves for glass
and PMMA are different, the match in refractive index
could be at only one wavelength. Fig. 5 shows that the
transmission at 25 °C decreased with decreasing wave-
length in the visible region for composites containing
either 7.2 or 10.2 vol % fibres because of the increasing
mismatch in the refractive index of the glass fibre and
PMMA which occurred at wavelengths below 500 nm.
The rapid decrease in transmission below 450 nm for
composite prepared by method L was due mainly to
the larger mismatch in the refractive index between the
fibre and matrix and a u.v. absorber present in the
PMMA (which caused a large reduction in transmis-
sion below 400 nm). For the composite prepared by
method P a small transmission maximum appeared
near 550 nm, followed by a nearly constant transmis-
sion between 600 and 800 nm.

The refractive index as a function of wavelength for
the glass fibre was estimated by shifting the dispersion

TABLE I Calculated and measured maximum transmission for
a PMMA composite containing 7.2 vol % of 17 um (o = 2.3 pm)
BK10 glass fibres with a mean refractive index of 1.4907
(o = 0.0002). Composite thickness was 0.50 mm

Calculated from Equation 12
maximum transmission (%)

Assumed percent
of non-wet fiber

0.0 99.5
0.5 97.3
0.7 95.7
1.0 93.4
2.0 82.9
Measured 96.1
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Figure 5 Wavelength dependent transmission of composites made
by method L (@) 7.2 vol % fibre, and method P (O) 10.2 vol %
fibre, and for PMMA used in method L (dotted line). Solid (method
L) and dashed lines (method P) were calculated from Equation 12.
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Figure 6 Difference in refractive index between BK-10 glass fibre
and PMMA matrix 25 °C for composite made by method L, 17 um
fibres (solid line) and by method P, 13 pm fibres (dashed lire) as a
function of wavelength.

curve for the BK-10 glass [8] along the wavelength
axis until the measured ny, value of the glass fibre laid
on the dispersion curve, and then fitting the dispersion
curve by a Cauchy equation. The Cauchy equation
obtained by least squares fit was n(A) = 1.4794

+ 3920272 — 80817+ + 0.1 and n(A)
= 14788 + 3920172 — 808 A"* + 0.1 A7° for 17
and 13 um glass fibres, respectively. The same method
was applied to estimate the dispersion curve for
PMMA based on the dispersion data from a
commercial PMMA [9]. The least squares fitted
Cauchy equation was n(d) = 1.4794 + 4557 L2
+903%27* + 0.1A7¢ and n(A) = 1.4773 + 455702
+903 A% + 0.1 L~ 6 for PMMA prepared by meth-
ods L and P, respectively. The difference in refractive
index between the fibre and PMMA matrix as a
function of wavelength is shown in Fig. 6.

The wavelength dependent transmission at 25°C
for the composites was calculated between 400 and
800 nm using the parameters given in Table 11. As seen
in Fig. 5, the calculated transmission (solid line)
agreed well with the measured transmission (@) above
500 nm at 25°C for the composite prepared by
method L. For the composite prepared by method P,
the calculated transmission (dashed line) agreed less
well with the measured transmission (O) except be-
tween 600 and 750 nm. According to Fig. 6, the predic-
ted maximum transmission would be at 650 nm, but
the measured transmission peak appeared at 550 nm.
This disagreement may indicate that the dispersion
data for PMMA from Ref. 9 may be slightly different
from that for the pressure cured PMMA which may be
responsible for the poorer agreement between the
calculated and measured transmission.

5. Conclusions

The transmission of glass fibre reinforced PMMA
composites was temperature and wavelength depend-
ent because of the differences in the temperature coeffi-
cient for the refractive index (dn/dT) and the different
shapes of the dispersion curves (dn/dX) for the glass
fibre and PMMA. The optical transmission of trans-
parent composites was mathematically modelled in
terms of the ratio of the refractive index of fibre and
matrix, fibre diameter, fibre volume fraction, com-
posite thickness and quantity of non-wet fibre. The
calculated and measured temperature dependent
transmissions were in good agreement for a thin com-
posite (0.50 mm thick) containing 7.2 vol % of 17 um
fibres, but agreed less well for a thicker composite
(6.8 mm thick) containing 10.2 vol % 13 um fibres.
Similar agreement was observed for the wavelength
dependent transmission. The percentage of non-wet
fibres in a composite was the single most important
factor affecting its transmission when the refractive
index of the fibre closely matched that of the matrix.

TABLE II Parameters used for calculating wavelength dependent transmission at 25°C

Parameter

Cauchy equation Thickness Composite Fibre content
ng n, n, ng (mm) radius (vol %)
(um)
Method L Fibre 1.4794 3920 — 808 0.1 0.5 8.5 72
PMMA 1.4794 4557 903 0.1
Method P Fibre 1.4788 3920 — 808 0.1 6.8 6.5 102
PMMA 1.4773 4557 903 0.1
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The amount of non-wet fibre had to be minimized to
achieve a highly transparent composite, since as little
as 2.0% non-wet fibre could reduce the transmission
by up to 17%.

Acknowledgements

The authors acknowledge the support of this work by
McDonnell Aircraft Company, St Louis, Missouri.
The PMMA sheet provided by 3M is also gratefully
acknowledged.

References

1.

2.

D. MARCUSE “Light transmission optics” (Van Nostrand
Reinhold, New York, NY 1982).

H. LIN, D. E. DAY and J. O. STOFFER, in Proceedings
of the 6th Technical Conference of the American Society for
Composites (1991) p. 201.

J. O. STOFFER, D. E. DAY and K. D. WEAVER, Polym.
Mater. Sci. Eng. Prepr. 65 (1991) 221,

5198

4,

H.LIN, D. E. DAY and J. O. STOFFER, Polym. Eng. Sci. 32
(1992) 241.

H. A. ROBINSON, R. RUGGY and E. SLANTZ, J. Appl.
Physics 13 (1944) 343.

P. MICHEL, J. DUGAS, J. M. CARIOU and L. MARTIN,
J. Macromol. 25 (1986) 379.

Polymer Handbook, 2nd Edition, edited by J. Brandrup and
E. H. Immergut (John Wiley & Sons, New York, NY, 1975).
Optical Glass, Schott Glass Technologies Inc., Duryea, PA,
USA (1982).

Rohm and Hass Co., Philadelphia, PA, USA (1973).

H.C. VAN DE HULST, “Light scattering by small particles”
(John Wiley & Sons, New York, NY, 1957).

C. F. BOHREN and D. R. HUFFMAN, “Absorption and
scattering of light by small particles” (John Wiley & Sons, New
York, NY, 1983).

Silicon Compounds Register and Review, Petrarch Systems
Inc,, Bristol, PA, USA (1987).

H.LIN,D.E.DAYand J. O. STOFFER, Unpublished work.

Received 17 December 1992
and accepted 21 March 1994



