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ABSTRACT: A series of measurements verify that the ac-
curacy, reproducibility, and quality of fiber infrared spectra
strongly rely on fiber thickness and morphology, the aper-
ture size and direction, and instrument parameters, despite
the use of high resolution in microscopy by using the
Continupum microscope. The effect of fiber cross section and
testing parameters on the characteristics of the FTIR micro-
scope spectra is discussed systematically. Meanwhile, the
reproducibility of the spectra has also been tested using the
transmission and mapping methods. The experimental re-
sults show that the size selection of the aperture, fiber flat-

tening, and proper contact between attenuated total reflec-
tion crystal and fiber are vitally important for high quality
and accuracy of FTIR microscope spectra. Through reason-
able parameter setting and sample preparation, in fact, the
IR spectra of single fibers can be obtained quickly and re-
producibly. © 2005 Wiley Periodicals, Inc. ] Appl Polym Sci 96:
1003-1010, 2005
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INTRODUCTION

KBr disks have commonly been used in measuring
fiber IR spectroscopy. In this method, the fiber sample
is finely minced and then ground with pure and dry
KBr. The mixture is pressed at high pressure to form a
transparent KBr disc, and then the spectrum of the
slice can be measured.' However, single fiber IR spec-
tra can be measured directly by FTIR (Fourier trans-
form infrared) microscopy.>® Not only the transmis-
sion and reflection spectra, but also the polarized IR
spectra and attenuated total reflection (ATR) spectra
by using a FTIR microscope, can be measured conve-
niently.*> The characteristics of fiber structure and
component can also be measured with little damage to
fibers and high accuracy by means of this method,®”
especially for the measurements influenced due to
fiber morphology. Therefore, the application of infra-
red microscopy, including IR mapping technology, is
increasingly popular in fiber science with the devel-
opment of infrared spectrum instruments.*” Although
there are many advantages to infrared microscopy, it
is necessary to discuss the fundamental issues in the
use of this technique which can easily result in mea-
suring errors, to achieve high quality IR spectra by
using the Nicolet spectrometer attached to a
Continuum microscope.
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EXPERIMENTAL
Materials and sample preparation

Poly(p-phenylene terephthalamide) fibers (PPTA),
polyamide fibers (PA), and soy bean-protein fibers
(SP) were collected for our measurement. These fiber
samples were cleaned with alcohol and ether and then
dried at room temperature to remove the contaminant
and oil agents on the fiber surface.

Instrument and testing conditions

A Nicolet Continupm FTIR spectrometer with micro-
scope'® was used, which was equipped with a Polar-
izer and an ATR attachment and a narrow-band mer-
cury— cadmium-telluride detector (MCT-A, with the
range of the IR spectrum from 4,000 to 650 cm ™)
cooled with liquid nitrogen, and the IR resource com-
ing from a Nexus-670 IR spectrometer. The main com-
ponents of the Continuum microscope include: a X10
eyepiece; a X15 objective condenser; a motorized
stage; a single Reflex™ aperture; a visible illumination
system, and a CCD camera system, etc. For data and
image processing, the OMNIC® and OMNIC Atlus™
software are installed; the OMNIC Atlus™ is particu-
larly designed for mapping analysis. Thus, various
tests can be performed by the Continuum microscope,
such as transmission, reflection, polarized, and ATR
IR measurements, the linear scan and mapping tech-
niques in terms of software, and optic video technol-
ogy for true video analysis. In addition, spatial-reso-
lution FTIR spectra and functional group imaging can
also be acquired and analyzed.
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Figure 1 Continuum FTIR Microscope components and
light path.

The schematic representation of the optical layout
and the functions of the Continuum microscope are
illustrated in Figure 1.

For measuring single-fiber IR spectra by FTIR mi-
croscopy accurately, several primary parameters in
the operation need to be selected and set first, which
include aperture sizes, number of scans, resolution,
velocity of motional mirror, and sampling back-
ground. The parameters and their ordinary values in
measurement are listed in Table I.

RESULTS AND DISCUSSION
Testing parameters

In transmission experiments, the aperture dimension
and the number of scans are usually adjusted. The
effect of these two testing parameters on the quality of
IR spectra was investigated and discussed as follows.

Aperture dimension

An adjustable rectangular Reflex™ aperture is used in
the Continupm microscope. The aperture can be ro-
tated from 0 ~ 360° manually or automatically, and its
dimension ranges from 5 um X 5 um to 100 um X 100
pm in the motorized mode, thus the size, shape, and
orientation of the aperture can be selected according to
the radial and axial direction of a fiber.

The larger the aperture dimension is, generally, the
stronger the transmitted IR signal is, but the smaller
the interested area on a fiber is detected, so that the
absorbance spectrum of the fiber may be concealed in
the background signal. On the contrary, small aper-
ture size may result directly in the weak IR signal and
low signal-to-noise ratio (SNR). Consequently, the ap-
erture size should be adjusted to fit the sample size to
obtain effective and sufficient signal intensity, i.e., the
axis of a single fiber should pass the central point of
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Figure 2 Three types of the aperture size used in transmis-
sion.

the aperture and the aperture width should be
matched to the fiber diameter.

As the fiber diameter used in textiles commonly
ranges from 10 to 25 um, for a comparison, three types
of aperture sizes, namely 50 um X 50 um; 25 um X 25
pm; 15 pm X 100 um, were tested, as shown in Fig-
ure 2.

It is obvious that the transmittance of IR signal inten-
sity (I) for these three sets is Lsw »5<Ii5x100<I50x30
because of the nominal aperture size, but the absorbance
of them follows A;5.100™>Assx05>As0x50 due to the ac-
tual fiber area. The results are shown in Figure 3. The
primary reason is the difference in the effective area to
infrared absorption. As a result, the absorbencies at
15 um X 100 um and 25 um X 25 um are larger and their
spectra are better than those of 50 um X 50 um though
its aperture size is the largest of them.

For the theoretical investigation of the effect of ap-
erture size on IR spectra, the aperture size was ad-
justed in series along the two directions, i.e. x axis
(parallel to fiber axis) and y axis (perpendicular to
fiber axis), as shown in Figure 4. Five different sizes
were selected to detect the IR spectra of PA fibers in
the two directions, respectively. The results are shown
in Figure 4 and Table II.

The IR spectra measured by the Continuum micro-
scope are illustrated in Figure 5. The absorbances of
the N-H stretch band (3,302 cm ') and the C-H
stretch band (2,935 cm ') were used for a quantitative
analysis and the results are shown in Figure 6. It
shows that the aperture size should match with the
fiber diameter. As the PA fiber diameter is about 25
wm, when the aperture size on the y axis (perpendic-
ular to the fiber axis) is less than the fiber diameter, the
absorbance for the longer than 40 um length has no
obvious variation though its size increases along x
axis. The measured results are illustrated in Figure
5(a) and curve A of Figure 6. The aperture size, how-
ever, is larger than the fiber diameter, the IR absor-
bance obviously decreases as shown in the B curve of

TABLE I
The Testing Parameters (Transmission) and General Setting
Item Aperture size (um) Resolution cm ™! Scans Velocity cm/s Background
Setting 25 X 25 8 cm™! 200 1.8988 Air
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Figure 3 The FTIR microscope spectra of PPTA fibers measured under different apertures.

Figures 6 and 5(b). According to the analysis of aper-
ture-size effect on the absorbance of N-H and C-H
stretch bands, the optimal aperture size should be 16
X 40 um? for fibers.

As a result, it is verified in theory and experiment
that the aperture must match with the interested area
of the observed fiber to acquire the characteristic sig-
nal and to avoid disturbance from the uninteresting
area.

Number of scans

Increasing the number of scans can reduce the noise
level of IR spectra, i.e., raise SNR and sensitivity, so
that the small peaks representing fiber characteristics
can be distinguished from the background noise.
However, this increasing of scan number requires a
long time.

Y‘ PA fibre

(b}

Figure 4 The orientation of aperture adjustment. (a) video
image, (b) schematic diagram.

The number of scans is generally about 200 scans.®®
For comparison, four infrared microscope spectra
from 100, 200, 400, and 800 scans have been measured
for PPTA fibers (nonflattened). It can be found from
Figure 7 that the small number of scans results in high
noise and low absorbance at characteristic absorption
bands, such as N-H stretch at 3,325 cm ™}, especially
for the spectrum of 100 scans, as shown in the bottom
curve in Figure 7. Theoretically, according to the mea-
surement principle of the Continuum, the more scans
taken, the lowerer the noise level and the higher is the
quality of the spectrum. However, the large number of
scans requires more time and may increase the distur-
bance from the sample and outer environment. Since
the spectra from 200, 400, and 800 scans are better, and
have little difference between each other, the reason-
able selection is 200 ~ 400 scans at the interesting area
of a single fiber.

Effect of fiber morphology
Flattening effect

For transmission testing, the sample thickness should
be from 5 to 15 pm.'? If the sample thickness is more
than 15 um, the transmittance would be too low to
acquire a better resolution spectrum. On the contrary,
the high transmittance due to thin fibers will also
cause bad resolution because of the low absorbance.

TABLE 11
The Absorbance of N-H and C-H Stretch Band

Expansion along fiber axis (x axis)

Expansion along radial direction (y axis)

A . Absorbance
perture sizes

A . Absorbance
perture sizes

(um) N-H (3302 cm ™ 1) C-H (2935 cm™ 1) (nm) N-H (3302 cm™ 1Y) C-H (2935 cm™ 1)
16 X 80 1.645 1.142 40 X 60 0.305 0.165
16 X 60 1.521 1.121 32 X 60 0.979 0.630
16 X 40 1.652 1.158 24 X 60 1.504 1.069
16 X 20 1.215 1.115 16 X 60 1.538 1.117
16 X 15 0.955 0.933 8 X 60 1.066 0.515
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Figure 5 The IR microscope spectra of Polyamide fibers obtained from the different settings of aperture sizes.

For example, the PA fiber with about 25 um in diam-
eter was flattened to about 10 um and the quality of its
IR spectrum was improved. The IR microscope spectra
of flattened and nonflattened PA fibers are shown in
Figure 8. It can be seen easily that the flattened fiber
has a better spectrum than the non-flattened.

Fibers usually have a round cross section and a
diameter (or width) of 10 ~ 25 um. The scale is almost
the same as the wavelength, from 2.5 to 25 um, of
middle IR radiation. When the IR radiation passes
through a fiber, diffractions at different wavelength
will occur and may influence the absorbance and SNR
of the spectrum. But the flattening makes fiber thick-
ness more even, and effective area larger, thereby
reducing the effect of various diffractions and enhanc-
ing the SNR. The diffraction effect is shown in Figure
9, and the improvement of the spectrum of flattened
PPTA fiber is evident. The test indicates that it is
necessary to flatten fibers with a small metal roller on
a glass slide before the IR measurement.

Effect of the uniformity of thickness

Besides the effect of fiber thickness, the fiber morphol-
ogy, namely the uniformity of fiber thickness, also
influences the characteristics of the spectra at the same
time.
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Figure 6 The effect of aperture sizes on N-H stretch band
absorbance of polyamide fibers.

Let A be the absorbance of fibers and b represent the
thickness. Beer’s law'' shows

A =1g,/I) = ab (1)

Where a is the specific absorptivity (cm ™) of fibers, I,
is the intensity of incidence, and I is the intensity of
transmission.

If the specimen thickness is nonuniform and cannot
be measured, deviations from Beer’s law will occur
and influence the characteristic constant, a. For exam-
ple, as shown in Figure 10, one specimen is uniform,
which has the thickness of 20 um. The other is non-
uniform, but the average thickness is 20 um, in that
half of the specimen is 5 um in thickness, while the
other half has a thickness of 35 um. Referring to eq. (1),
for the uniform specimen, I = 1,1072°%; for the non-
uniform spectrum, the thin part of the specimen trans-
mits I; = [,107°, while the thick part transmits I,
= I,107%*, and the average transmittance I = 12(10'>
+ 107157 X (1072*],). The value of (10> + 10~ is
more than 1, so the following relationship is evident: T
>1 A<A.

If one considers the cross section of a fiber as round,
as shown in Figure 11(a), the transmittance can be
derived from the following equations. Since b
= 2Rsing,

1 )
Iz’ — W IO — 101072111{ sin « (2)

R T
Io= f Idx = f [,10"2R s (R sin a) (3)
R

0

-1 , 1!
Ic = ZRJ 1,107 2R sn R sin ada = EEL‘ (4)

0 i=1

If the same cross-sectional area, as shown in the fiber
in Figure 11(a), is adopted, but in uniform thickness
and the same width, 2R, as shown in Figure 11(b), the
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Figure 7 Transmission spectra of PPTA fiber from different scans.
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Figure 8 Comparison of the IR transmission spectra of PA
fibers.

equivalent average thickness is mR/2, and the equiv-
alent transmittance (I) can be found as:

Iy = I,10" ™R/ %)

Suppose that the specific absorptivity is 100 cm ™!, i.e.,
a =100 cm !, the fiber diameter is 20 um (R = 10 um),
from egs. (2) and (4); the average transmittance (I) is
0.7538 1,, corresponding to an absorbance of 0.1227;
the equivalent transmittance (Ig) is 0.6966 I, and the
absorbance is 0.1570. The distribution curves are
shown in Figure 11(c). Therefore, it is verified again
that the flattened fiber has a higher absorbance and
better resolution spectrum in theory and practice, as
shown in Figure 12.

Interference effect

Although the quality of IR spectra can be improved,
by flattening fiber morphology, there still exists ques-
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Figure 9 Comparison of IR transmission spectra between
non-flattened and flattened PPTA fibers with about 12um in
diameter.

tions of a light interference. When the IR radiation
passes through the flattened fiber with even thickness,
interference phenomenon may occure due to multiple
internal reflections in the specimen, as shown in Fig-
ure 13(a). If the path difference, between the transmit-
ted and the reflected component light, matches a mul-
tiple of a wavelength, the result of the light interfer-
ence will affect the shape of the IR spectrum at that
wavelength. Generally, some sinusoidal fluctuation
will appear on the baseline, which is shown in Figure
13(b).

According to the peak position of the sine wave,
the fiber thickness, b, after being flattened can be
estimated:"'

b=1/2n(p, — #) (6)

where 7 is the refractive index, in air n ~ 1, and #;, and
7, are adjacent wavenumbers at the maxima of the sine
wave. For example, from Figure 13(b), the thickness of
flattened SP fiber can be calculated: b = 1/2(2360
— 1790) = 0.000877 cm = 8.77 wm.

ATR spectra

The slide-on ATR attachment in the Continuwm FTIR
microscope can be applied to analyze surface defects
and inclusion of fibers with little or no sample prep-
aration. For very fine fiber, to make good contact
between ATR crystal and fibers, several fibers were
arranged compactly on a glass slide and flattened with
a steel roller to make the surface smooth and the
thickness even, as shown in Figure 14(a), and then the

20pm i

Figure 10 Comparison of absorbance between uniformity
and non-uniformity membranes.
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Figure 12 The effect of morphology on transmission spectra of PPTA fiber (a) non-flattened; (b) flattened.

ATR crystal was pressed on the surface of the fibers.
The spectra of PPTA fiber were recorded in the reflec-
tion mode by 200 scans at 8 cm ™! resolution and 100
pm X 100 um aperture. Proper contact pressure must
be kept during the signal collecting, otherwise much
noise will occur in the spectra, as shown in Figure
14(b).

Reproducibility of spectra

During measurement, heat radiation, atmosphere
variation, and nonuniformity of fiber can all affect the

VAV

I

(a) Internal reflection in sample

Absorbance

microscope spectra. For the investigation of test repro-
ducibility, soybean protein (SP) fibers sensitive to heat
were measured, which were treated by IR radiation
for different aging times in situ, as illustrated in Figure
15. Obviously, the aging time covers all of the normal
measuring time. Meanwhile, the fibers were moved in
and out at every measurement to fit an actual situa-
tion. The imitation test indicated that no significant
differences were found in the spectra of the SP fiber:
only minor differences in peak intensity and shape
were observed. A similar investigation was performed
by the following mapping technique.
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(b) Sine-wave effect on PA and SP fibers

Figure 13 Interference effect on transmission spectra of the top PA fiber in 2640~1860cm ' and the bottom SP fiber in

2360~1790cm ™.
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Figure 14 ATR measurements (a) video image of PPTA fiber, (b) Comparison of ATR spectra of PPTA fiber at different

contact pressure.

Mapping technology in infrared microscopy was
also carried out in further studies for reproducibility
tests. It is a powerful analytical technique for the com-
ponent distribution measurement of fibers. A large
number of spectra can be collected quickly and auto-
matically by measuring a series of spectra at each set
point in a sample area. The point-of-interest analysis
can be performed automatically, and the difference of
the chemical composition at different positions can be
figured out by using OMNIC Atlus™ software.

In the automated point-of-interest analysis, two
points of interest of a SP fiber (1 and 2) and the same
background (B) of air were specified, as shown in
Figure 16(a) and then the spectra were collected alter-
natively at points 1 and 2 compared to B, respectively,
with an aperture of 12 um X 80 wm and 200 scans at
8 cm ™! resolution. Six spectra at each point were ac-
quired. The results are illustrated in Figure 17(a). An-
alyzing the spectra measured at the same point

2.0

showed that no significant difference could be found
at either point 1 or point 2. This indicates that FTIR
microscopy is a reproducible technique for obtaining
IR spectra of single fibers.

However, a differences of the spectra between the
two points can be distinguished easily due to their
different locations in the radial direction and the dif-
ferent effective areas analyzed. The measurements
show that the mapping technique for IR microscopy
can be used in the component and distribution char-
acterization of microregions with high accuracy and
sensitivity.

It seems there is no difference among the spectra in
Figure 17(b) because the mapping line is the fiber axis.
The mapping conditions used for recording Figure
17(b) were as follows: an aperture of 25 X 25 um?, 200
scans for each single spectra at a resolution of 8 cm ™,
10 um step-length along the line direction with 110
pm total length, and the air background as a reference
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Figure 15 Transmission spectra of SP fibers. (a) untreated; (b) treated for 8 min by IR radiation; (c) treated for 16 min by IR.
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Figure 16 The video images in the Continupum microscope. (a) automated point-of-interest analysis, (b) line map analysis.
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Figure 17 Transmission spectra from two points of SP fibers. (a) Two points: point 1 in the center and point 2 at the edge
of the fiber, (b) All the points on the mapping line are along the fiber axis.

1.2
1.0
0.8
0.6

Absorbance

0.4
0.2

3500 3000 2500

2000 1500 1000

-1
Wavenumbers (cm ')

Figure 18 Spatial-resolution FTIR spectra of the SP fiber at 10um step length.

point. The total collecting time was about 20 min. The
spatial-resolution FTIR spectra (waterfall) were made
and are shown in Figure 18. Some difference between
points 1 and 2 indeed exist because the last three
spectra differ from the others at the height of several
absorbent peaks. The results imply that there is vari-
ation of component or structure in the different re-
gions of the fiber.

CONCLUSION

A study of the application of FTIR microscopy on
single fibers was carried out, and the effects of fiber
morphology and testing parameters on the IR spectra
were analyzed. The accurate and reproducible IR
spectra of single fibers can be acquired through ap-
propriate parameter settings of the Continuum micro-
scope and sample preparation.

Apart from the issues mentioned in the present
paper, there still exist some factors influencing the
quality of IR spectra, e.g., the contaminant or damage
on fiber surface and H,O or CO, in the atmosphere,
which should be analyzed in further experiments.
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