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ABSTRACT: Nanoscale silica was synthesized by acid hy-
drolysis of sodium silicate using dilute hydrochloric acid
under controlled conditions. The synthesized silica was
characterized by SEM, BET adsorption, and XRD. The parti-
cle size of silica was calculated to be 13 nm from the XRD
results and the surface area was found to be 295 m2/g by
BET method. This synthesized nanosilica was used in place
of conventional silica in HRH (hexamethylenetetramine, res-
orcinol and silica) bonding system for natural rubber/Ny-
lon-6 short fiber composite. Nanosilica was also used as
reinforcing filler in natural rubber/Nylon-6 short fiber
hybrid composite. Mechanical, thermal, and dynamic me-
chanical properties of the composites were evaluated. The
introduction of the nanosilica in hybrid composites

improved the tensile strength, modulus, and tear strength
through improved interaction with the matrix which is facili-
tated by the higher surface area. Abrasion loss and hardness
were also better for the nanosilica composites. Resilience and
compression set were adversely affected. The hybrid compo-
sites showed anisotropy in mechanical properties. Peak rate
of thermal decomposition decreased and temperature of ini-
tiation of thermal degradation increased with silica content,
indicating improved thermal stability of the hybrid com-
posites. The storage modulus and loss modulus showed
two-stage dependence on frequency at higher fiber loading.
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INTRODUCTION

Short fiber reinforced composites are finding ever-
increasing applications in engineering and consumer
products. Short fibers are used to improve or modify
certain thermo mechanical properties of the matrix
for specific applications or to reduce the cost of the
fabricated article. Because short fibers can be incor-
porated directly into the rubber compound along
with other additives, the resulting composites are
amenable to the standard rubber processing steps of
extrusion, calendering and the various type of mold-
ing operations such as compression, injection and
transfer molding. These composites find application
in most general purpose and speciality products
ranging from belts, hoses, diaphragms and seals to
tires. The degree of reinforcement by short fibers is
governed largely by the following characteristics:
fiber concentration, fiber aspect ratio, fiber adhesion
to the matrix, fiber orientation and its dispersion in
the matrix.1–6

Fiber-matrix adhesion in short fiber rubber compo-
sites has been a field of extensive research.7–12 In the
case of short fiber reinforced rubber composites, the
load is not directly applied to the fiber; rather, it is
applied to the matrix. To obtain a high performance
composite, the load must be effectively transferred
to the fiber, which is possible only when the fiber-
matrix interface is strong. The adhesion between the
fiber and the matrix should be such that the failure
occurs in the matrix rather than at the interface.13–17

The conventional method for improving the fiber-
matrix bond has been the use of a dipping solution
based on rubber latex and a polymeric resin. But
compared with this adhesive dipping process, the
use of a tricomponent dry bonding system consisting
of hexamethylenetetramine, resorcinol and fine parti-
cle hydrated silica (HRH system) is easier. This is
because, the constituents of the dry bonding system
can be added to the rubber matrix like any other
compounding ingredient and additional processes
like dipping and drying can be avoided. Dunnom18

observed a marked difference in the adhesion
between the matrix and the fiber by adding silica to
a compound containing resorcinol and hexa. Rajeev
et al.,8 Sreeja and Kutty,11 Derringer,19 Murty and
De20 and De and coworkers21 have described the
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various aspects of short fiber adhesion to rubber in
the presence of the dry bonding system. In all these
studies they have used conventional precipitated
silica with particle size in microns.8,19,21–24 As the
role of silica is to improve wetting of the fiber sur-
face,18–20,23 silica with smaller particle size can be
more effective in improving wettability of the fibers.
Recently, Tapasikotoky and Dolui,25 Jerzy Chrusoid
and Ludomir Slusaraski26 have reported the prepa-
ration of silica with particle size in the nanometer
range. In this work we report the effect of nanosilica
as a component of the HRH dry bonding system
and also as a filler in short Nylon-6/natural rubber
composites. The mechanical, thermal and dynamic
mechanical properties of nanosilica/Nylon-6 short
fiber/natural rubber hybrid composites are
presented

EXPERIMENTAL

Materials used

Natural rubber used in this study was ISNR-20,
obtained from R.R.I.I, Kottayam, India. Nylon fiber
(N6) obtained from SRF, Chennai, India, was
chopped to approximately 6 mm length. Zinc oxide,
stearic acid, N-(1,3-dimethylbutyl)N0-phenyl-p-phen-
ylenediamine (6PPD), N-cyclohexyl-2-benzothiazole
sulfenamide (CBS), tetramethyl-thiuramdisulphide
(TMTD), sulfur, hexamethylenetetramine (Hexa) and
resorcinol used were of commercial grade.

Synthesis of nanosilica

Nanosilica was synthesized by acid hydrolysis of so-
dium silicate using dilute hydrochloric acid as sug-
gested by Taposikotoky and Dolui.25 Sodium silicate
is a cost effective silica source as compared with the
more commonly used tetraethoxysilane (TEOS) or
tetramethoxysilane (TMOS).26 Moreover, by using a
purely aqueous medium, the expensive and very of-
ten toxic solvent could be avoided.

Fifteen percent sodium silicate solution was pre-
pared with 1% polyvinyl alcohol solution. Then,
0.5N HCl, was added to it slowly with stirring at a
temperature of 60�C. The pH of the mixture was
maintained between 1and 2. The solution was stirred
at 60�C for 30 min to carry out acid hydrolysis of so-
dium silicate. The sol-gel mixture was then washed
well to remove all the sodium chloride formed. It
was dried at 50�C and then muffled at 600�C.

Characterization of nanosilica

Scanning electron microscopy

The prepared silica surfaces were sputter coated
with gold and examined under scanning electron

microscopy (SEM) Model No. S 360 Cambridge
Instruments, U. K. The tensile and tear fracture sur-
faces were also sputter coated with gold and exam-
ined under the same Scanning Electron Microscope.

X-ray diffraction

The x-ray diffraction (XRD) analysis was performed
with X-Ray Diffractometer, Bruker, D8 Advance
model, employing CuKa radiation (k ¼ 1.54 Å) and
Ni filter operating at 30 kV and 20 mA.

BET adsorption

Surface area of the silica was determined by the BET
method using nitrogen isotherm on a Micromeritics
Tristar 3000, surface area and porosity analyzer.

Preparation of the composites

The formulation of mixes is given in Table I. The
mixing was performed as per ASTM D-3184 (1989)
standard on a two-roll laboratory size mixing mill
(150 � 300 mm2). Nylon-6 fibers were added in

TABLE I
Formulation of Mixes

Ingredients (phr)a

Mix no. Nylon-6 Nanosilica
Commercial

silica HRHb

A series A0 – – – –
A10 10 – – 1.67
A20 20 – – 3.33
A30 30 – – 5

B series B0 – 3 – –
B10 10 3 – 1.67
B20 20 3 – 3.33
B30 30 3 – 5

C series C0 – 6 – –
C10 10 6 – 1.67
C20 20 6 – 3.33
C30 30 6 – 5

D series D0 – 9 – –
D10 10 9 – 1.67
D20 20 9 – 3.33
D30 30 9 – 5

E series E0 – – 6 –
E10 10 – 6 1.67
E20 20 – 6 3.33
E30 30 – 6 5

Natural rubber-100 phr, Zinc oxide-5 phr, Stearic acid-2
phr, N-(1,3- dimethylbutyl)N’-phenyl-p-phenylenediamine)
-1 phr, CBS-0.6 phr, TMTD- 0.2 phr, and sulphur-2.5 phr
were common to all mixes.

a phr, parts per hundred rubber.
b Hexa : Resorcinol : Silica in the ratio 2 : 2 : 1. Total

loading was 16% on fiber content.
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small increments to obtain uniform dispersion. After
complete mixing, the stock was finally sheeted out
through tight nip so as to orient the fibers in one
direction. The thin sheet obtained was cut in the
required dimension and stacked one above the other
to the desired volume. The sheets were vulcanized
in the hydraulic press at 150�C and 200 kg/cm2

pressure to their optimum cure times as determined
using a Rubber Process Analyzer (RPA–2000), Alpha
Technology.

Measurement of physical properties

The tensile properties were measured using Shi-
madzu Universal Testing Machine model AG -1, 10
kN according to ASTM D 412 standard at a cross-
head speed of 500 mm/min. Test specimens were
punched out, with fibers oriented along the milling
direction (longitudinal) and across the milling
direction (transverse) for testing the mechanical
properties. The tear strength was determined
according to ASTM D 624 (Die C). The hardness
(Shore A) was determined as per ASTM D2240-86
using a Zwick 3114 hardness tester. Abrasion re-
sistance of the samples was measured using an
abrader based on DIN 53516. Rebound resilience
was determined by the vertical rebound method
according to ASTM D 2832-88. Compression set at
constant strain was measured according to ASTM
D 395-86 method B.

Volume fraction of rubber, Vr

Vr of the samples was determined from the equilib-
rium swelling data using the equation

Vr ¼ D� FTð Þq�1
r

D� FTð Þq�1
r þ A0q�1

s

where D is the de-swollen weight of the sample, F is
the weight fraction of the insoluble component, T is
the initial weight of the sample, qr is the density
of the rubber, qs is the density of the solvent, and Ao

is the weight of solvent absorbed.
Here, qr ¼ 0.92 g/cc and solvent used was toluene

with qs ¼ 0.886 g/cc.

Thermal analysis

Thermo gravimetric analysis of the composites was
performed in a Q20 Thermo Gravimetric Analyzer,
TA Instruments at a heating rate of 10�C/min from
room temperature to 800�C under nitrogen
atmosphere.

Dynamic mechanical analysis

The dynamic mechanical thermal analysis was con-
ducted using rectangular test specimens having a
dimension of 30 � 5 � 2 mm2 were tested under

Figure 1 (a) and (c) SEM picture of synthesized nanosilica, (b) and (d) SEM picture of commercial silica.

NANOSILICA AS DRY BONDING SYSTEM COMPONENT 2205

Journal of Applied Polymer Science DOI 10.1002/app



tension mode using a TA Instruments DMA Q-800
at a constant temperature of 70�C. The frequency
was varied from 1 to 50 Hz under frequency sweep
mode at a rate of 2 Hz/min. The samples were sub-
jected to dynamic tension strain amplitude of
0.1146%.

RESULTS AND DISCUSSION

Characterization of nanosilica

Scanning electron microscopy

Figure 1(a,b) show the SEM photographs of the syn-
thesized silica and commercially available silica,
respectively. These pictures show that the synthesized
silica has lower particle size than the commercial
silica. The small particle size provides large external
surface area, which results in improved in the me-
chanical properties. Figure 1(c,d) are the SEM of
nanosilica and commercial silica respectively, at
40,000� magnification. It is seen that both the silica
are of nanometer size. In the case of commercial silica
the particles are agglomerated to a larger extent.

X-ray diffraction studies

X-ray diffraction patterns of the two types of silica
are shown in Figures 2 and 3. Both the figures
shows similar pattern with major peak at 2y ¼
22.08�. The full width at half maximum (b) is, how-
ever different for the two type of the silica. The b is
used to determine the particle size using the Debye-
Sherrer formula

Cs ¼ 0:9k=b cos h

where, Cs is the particle size, k is the wavelength of
the incident x-ray beam, b is the full width at half

maximum (FWHM) of the X-ray diffraction peaks
and y is half of the angle 2y corresponding to the
peak. The average particle size, Cs, of the prepared
silica is found to be 13 nm and that of the commer-
cial silica is 34 nm.

BET adsorption

Table II gives the BET adsorption results of the syn-
thesized silica and that of commercial silica. The sur-
face area of the synthesized silica is found to be 295
m2/g and that of commercial silica is 178 m2/g.
From this it is clear that synthesized silica has higher
surface area than that of commercial silica.

Mechanical properties

Figure 4 gives the variation of tensile strength with
fiber loading for mixes containing silica in the range
0–9 phr. The tensile strength increases with fiber
content with an initial minor drop at 10 phr fiber
loading. This pattern is characteristic of any strain -
crystallising matrix such as natural rubber.27,28 The
presence of fibers in such matrices leads to two si-
multaneous phenomena–one the dilution effect due
to its physical presence and two the reinforcement
effect due to its interaction with the matrix. At lower
loadings, because the first effect is more significant,
the ultimate strength is lowered. However, as the
fiber content increase, the reinforcement effect takes

Figure 2 XRD pattern of synthesized nanosilica. Figure 3 XRD pattern of commercial silica.

TABLE II
Surface Area of the Silica Samples

Samples Surface area (m2/g)

Synthesized silica 295
Commercial silica 178
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over and results in much improvement in the tensile
strength.

At any fiber content the tensile strength is higher
in the presence of nanosilica. For the gum com-
pound (mix A0 ) the tensile strength is improved by
13% with just 6 phr of nanosilica. For the fiber filled
samples also the tensile strength is improved in the
presence of nanosilica. For the 30 phr fiber loaded
samples the tensile strength is improved by 40% in
the presence of 6 phr of nanosilica. As the percent-
age improvement is higher in the case of fiber

loaded samples, silica may be contributing positively
to the interaction of the fibers with the matrix. Silica
is also known to improve the wetting of short fibers
in natural rubber matrix.28 Series E is the mixes con-
taining 6 phr of conventional silica instead of nano-
silica. It shows tensile strength values almost equal
to the mixes without silica (Series A). This implies
that the nanosilica has better interaction with the
matrix and hence improves wettability of the short
fibers, resulting in higher tensile strength.
SEM studies of the tensile fractured samples also

support this view. Figure 5(a,b) show the tensile
fracture surfaces of Mixes C10 and C30, respectively.
Fiber surface is not smooth. Matrix is adhered on to
the fiber surface. Fiber ends are seen to be broken.
This indicates that there is a strong bond existing
between the fiber and the matrix. Figure 5(c,d) are
the micrographs of the tensile fracture surface of
samples containing commercial silica (Mixes E10 and
E30, respectively). The fibers are pulled out from the
matrix. No matrix is adhered on to the fiber surface
as the bond is not as strong as in the case of
nanosilica.
For the samples with fibers oriented in the trans-

verse direction (fibers oriented perpendicular to the
direction of application of force), the variation is
shown in Figure 6. In all the cases, the tensile
strength drops to a very low value and shows only
a marginal recovery at 30 phr of fiber loading. With
increasing silica content (Series A-E), the improve-
ment is also very limited. Series containing 9 phr of
nanosilica (Series D) shows the highest tensile

Figure 4 Variation of tensile strength with fiber loading
in longitudinal direction.

Figure 5 Scanning electron micrographs of (a) Mix C10, (b) Mix C30,(c) Mix E10, and (d) Mix E30.
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strength. The transverse orientation of fibers is not
effective in supporting the load as the cracks can
propagate easily through the interface.

The variation of tear strength with fiber loading is
shown in Figure 7. The tear strength registers a tre-
mendous increase in the presence of short fibers.
Tear strength increases from 43 N/mm to 106 N/
mm by the addition of 30 phr fiber in the case of
Mix A. With nanosilica, the tear strength is further
improved consistently for all the mixes. For the se-
ries A containing no fiber, there is 12% increase in
tear strength in the presence of 6 phr of nanosilica.
For the 30 phr fiber loaded samples, the tear
strength is improved from 106 to118 N/mm with 6
phr nanosilica. With the conventional silica the cor-
responding improvement in the tear strength is only
to 108 N/mm. For transverse orientation of fibers,

the variation of tear strength is shown in Figure 8.
The tear strength is improved to 81 N/mm with 30
phr fibers without added nanosilica filler. Incorpora-
tion of 6 phr of nanosilica raises the tear strength to
99 N/mm for 30 phr fiber loaded sample. For the
gum compound (Series A) the tear is improved by
9% with 9 phr nanosilica. For the commercial silica
(Series E), the tear strength is consistently lower
than the nanosilica composites.
Figures 9 and 10 show the variation of elongation

at break with fiber loading in longitudinal and trans-
verse directions, respectively. In both cases, there is
a sudden drop in elongation at break with 10 phr
fiber loading and after that it remains more or less
constant with increase in fiber loading. With fibers
distributed uniformly, the matrix becomes more
restrained and hence fracture occurs at lower strains.

Figure 6 Variation of tensile strength with fiber loading
in transverse direction.

Figure 7 Variation of tear strength with fiber loading in
longitudinal direction.

Figure 8 Variation of tear strength with fiber loading in
transverse direction.

Figure 9 Variation of elongation at break with fiber load-
ing in longitudinal direction.
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The presence of silica does not seem to have a sig-
nificant effect on the elongation at break of the fiber
filled samples.

The modulus at 50% elongation registers almost
linear increase with increasing fiber content. (Fig.
11). There is also significant improvement in modu-
lus values with increasing silica content in the case
of fiber filled samples. For the gum compound (Se-
ries A0–D0), however, the effect of silica is very lim-
ited. By the addition of 9 phr nanosilica, the
modulus increases by 55, 33, and 28%, respectively,
for 10, 20, and 30 phr fiber loaded samples. It indi-
cates that the silica filler has a significant role in the
modulus value of the hybrid composite. The Mixes
A0, B0, C0, and D0 show very low modulus values.
The silica improves the modulus only in the pres-

ence of fibers. Commercial silica mixes have modu-
lus values lower than that of the mixes containing 3
phr nanosilica. This may due the higher surface area
of the lower-particle size nanosilica. Similar trend is
also observed in the transverse orientation of fibers
(Fig. 12). Here, the observed modulus is much lower
than that in the longitudinal direction.
Variation of abrasion loss of the different mixes is

shown in Figure 13. There is a drastic fall in the ab-
rasion loss with increasing fiber loading. By the
introduction of just 10 phr of fibers, the loss is
reduced to approximately 50% in all the cases. With
increasing loading of nanosilica, there is a still further
reduction in the abrasion loss at any fiber loading,
the effect being less prominent at higher fiber con-
tents. For the zero-fiber samples the loss is reduced

Figure 10 Variation of elongation at break with fiber
loading in transverse direction.

Figure 11 Variation of modulus with fiber loading in lon-
gitudinal direction.

Figure 12 Variation of modulus with fiber loading in
transverse direction.

Figure 13 Variation of abrasion loss with fiber loading.
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by 123% in the presence of 6 phr of nanosilica(Mixes
A0 and C0). For the 30 phr fiber loaded samples, the
corresponding reduction is only 36% (Mixes A30 and
C30). Because the matrix along with fiber is abraded
out during an abrasion test condition, the effect of
silica becomes less significant in the case of fiber
loaded samples. The composites containing commer-
cial silica (Series E) show an abrasion loss almost
equal to that of gum matrix, which is significantly
higher than that of the nanosilica series. A softer ma-
trix has higher abrasion loss. In the case of commer-
cial silica, the weak interface renders the matrix softer
and increases the abrasion loss.

Figure 14 shows the compression set of different
mixes. Compression set increases with silica content
and fiber loading. By the addition of 9 phr silica to

the zero fiber loaded samples (Mixes A0–D0), the
compression set is increased to 27%. In the case of 30
phr fiber filled samples (Mix D30), the set is increased
by 57%. In the presence of reinforcing fillers, the
viscoelastic dissipation of energy at the filler-matrix
interface is increased. At the elevated temperature of
compression test, the matrix becomes soft and under-
goes irreversible flow resulting in incomplete recov-
ery on removal of the applied stress. This gives rise
to higher compression set values in the case of rein-
forced matrices. In the presence of the nanosilica, the
reinforcement is further enhanced and hence the
viscoelastic dissipation is also more. This gives rise to
higher compression set in the case of nanosilica com-
posites. Hardness, as expected, is higher for the fiber-
filled samples (Fig. 15). With nanosilica the hardness
is further enhanced at all fiber loadings. The resil-
ience, an indication of the material elasticity,
decreases with fiber content and silica content for all
the mixes, as expected (Fig. 16). Resilience shows a
reduction from 75% at 0 phr fiber loading to 48% at
30 phr fiber loading (Series A). With increasing silica
content, the resilience is further reduced. With 9 phr
nanosilica, the resilience of the nonfiber samples is
reduced by 12% where as for the 30 phr fiber loaded
samples it is lowered by 18%. The dissipation of
energy at the fiber-matrix interface results in lower
resilience of the composites. With a lesser reinforcing
commercial silica, the reduction in resilience is only
marginal.

Volume fraction of rubber, Vr

Volume fraction of rubber Vr is a measure of the
extent of the crosslink formation and the filler-matrix
interaction. A tightly crosslinked/reinforced matrix
is expected to swell very minimum in a goodFigure 15 Variation of hardness with fiber loading.

Figure 14 Variation of compression set with fiber
loading.

Figure 16 Variation of resilience with fiber loading.
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solvent and hence to have high Vr values as the sol-
vent fails to diffuse through the bulk. Volume frac-
tion, Vr, is found to increase with fiber loading and
silica content, as expected (Fig. 17). In the presence
of these fillers, the matrix gets more restrained and
the diffusion of the solvent becomes limited. This is
also evident from the mechanical properties of the
composite. The improvement in mechanical proper-
ties of the composite with fiber and silica may be
attributed to better filler-matrix interaction. Vr of the
nanosilica-containing mixes is higher than that of
commercial silica composites. This may be arising
from the fact that nanosilica can interact better with
the matrix because of their higher surface area.

Thermal analysis

Table III gives the thermal degradation characteris-
tics of the Mixes Ao, A10, A30, D10, D30, and E30. All
the nanosilica composites show improved thermal
stability. Temperature of initiation of degradation
increases with silica content, for all the mixes. There
is not much change in peak degradation temperature
for all the mixes. In presence of 9 phr silica, the tem-
perature of initiation increases from 315 to 324�C for

10 phr fiber loaded sample and for 30 phr fiber
loaded samples it increases from 320 to 329�C. The
peak rate of decomposition decreases with silica con-
tent and fiber content. The peak rate of decomposi-
tion decreases from 1.40% to 1.21%/�C by the
addition of 9 phr nanosilica (Mix D). This indicates
that the material becomes thermally more stable by
the addition of nanosilica. In the Mix E30, i.e., the
mix containing commercial silica, the temperature of
initiation (304�C) and peak degradation temperature
(382�C) are lower than other mixes and the peak
rate of decomposition is high. i.e.,1.30%/�C.

Dynamic mechanical analysis

Figures 18 and 19 show the variation of storage
modulus E’ and loss modulus E‘‘ with frequency.
Plots A10 and D10 represent samples containing 10

TABLE III
Thermal Degradation Characteristic of the Mixes

Sample

Temperature
of initiation

(�C)

Peak degradation
temperature

(�C)

Peak rate of
decomposition

(%/�C)

Mix Ao 314 388 1.44
Mix A10 315 387 1.40
Mix D10 324 386 1.21
Mix A30 320 389 1.37
Mix D30 329 387 1.18
MixE30 304 382 1.30

Figure 18 Variation of storage modulus (E’) with
frequency.

Figure 19 Variation of loss modulus (E‘‘) with frequency.

Figure 17 Variation of volume fraction of rubber with
fiber loading.
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phr short fibers in the presence of 0 and 9 phr nano-
silica, respectively. A0 is the sample containing no
fibers and no silica. E’ and E’’ remain almost inde-
pendent of frequency over the frequency range stud-
ied at lower fiber loading (A10 and D10) with the
silica filled samples showing consistently higher
modulus. For the 30 phr fiber loaded (A30) the plots
show two distinct regions. Up to 10 Hz, both the
modulii show steeper increase. Beyond 10 Hz, the
plots are flat. With additional 9 phr silica (D30),
though the modulus is increased, the trend is not
changed. The two stage frequency dependence of
the dynamic modulus may be attributed to the break
down of the fiber-matrix interfacial bond under the
dynamic deformation conditions during the initial
stages of the test. That such a pattern is not apparent
in the case of A10 and D10 indicates that the contri-
bution of the interfacial bond strength is limited in
these cases. This is in agreement with the observed
trend in the case of tensile strength where the 10 phr
fiber loaded samples showed tensile strength lower
than the gum compound.

CONCLUSIONS

Nanosilica could be successfully prepared by acid
hydrolysis method. The synthesized silica was found
have a particle size of 13 nm and a surface area of
295 m2/g. The nanosilica can be used in natural rub-
ber/short Nylon 6 fiber composite as a component
of HRH dry bonding system and also as a filler. The
efficiency of HRH dry bonding system is improved
in the presence of nanosilica. The nanosilica
improves the interfacial bonding between the fiber
and the matrix better than the commercial silica. Me-
chanical properties are improved using the nanosil-
ica in HRH bonding system. The tensile strength,
modulus and tear strength are better than the con-
ventional silica. Abrasion resistance and hardness
are also better for the nanosilica composites. Resil-
ience and compression set are adversely affected.
The composites show anisotropy in mechanical
properties. Volume fraction of rubber in a solvent-
swollen sample increases with nanosilica. The ther-
mal stability of the composite is also improved in
the presence of nanosilica compared with that of the

composite containing commercial silica. The storage
modulus and loss modulus show two-stage depend-
ence on frequency at higher fiber loading.
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