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ABSTRACT Scanning electron microscopy (SEM) images of polymer blends followed by digital
image analysis is a rapid and easy method for the measurement of particle size and dispersion. The
particle size determination is done with appropriate off-line image analysis software. However, it
is necessary to understand how machine parameters involved in the formation of the SEM image
influence area measurements of morphological features. In this work, the influence of the acceler-
ating voltage used during image acquisition was examined with standard samples and with
polymer blend samples. A systematic study centered on two mutually exclusive assumptions of area
variation or no area variation with accelerating voltage was carried out. The off-line image analysis
software was then calibrated according to the assumptions. The main conclusion of this study was
that kV has an important influence on area measurement in SEM images. This effect was observed
for different standard materials (metallic and polymeric) and for the range of magnifications used.
The higher the accelerating voltages, the greater the error at high magnification for polymer
samples. As the beam energy increases, the primary electrons penetrate more deeply into the solid
specimen, producing low-resolution signals. These signals degrade the image and surface details,
which became less well defined. Therefore, images of polymer samples must be taken at lower
accelerating voltages so the desired surface details can be imaged clearly. To avoid area measure-
ment errors, particle measurement must be done with the calibration of the off-line image analysis
software corresponding to the accelerating voltage and magnification used for the acquired images.
Microsc. Res. Tech. 61:463–468, 2003. © 2003 Wiley-Liss, Inc.

INTRODUCTION
Polymer blends are important technological materi-

als. These blends make possible the creation of new
materials. A majority of the most important blends
available on the plastic market are incompatible, and
when mixed segregate into two or more phases. The
principal advantages of hetero-phase blends can be a
reinforced structural effect or an improvement in
toughness. Several authors (Utracki, 1990; Sperling
1997; Wu, 1982) report that the final blend properties
depend on factors such as blend composition (relative
content of polymer A/polymer B) and phase morphol-
ogy. The morphological properties can be evaluated by
the adhesion between phases, the size and distribution
of the dispersed phase in the predominant phase, the
surface-to-surface dispersed phase interparticle dis-
tance, etc. For a blend composition, evaluation of the
morphology and the measurement of the principal mor-
phological parameters (particle form and dimensions
and interparticle distance) are very important factors
in determining blend characteristics. Microstructure
measurements correlate the microstructure with the
blend’s final macroscopic properties. For this reason,
morphological characterization techniques need to be
easy and quick for rapid morphological evaluation and
for eventual modification of blend preparations to
achieve the desired properties.

Direct observation of the fracture surface of thermo-
plastic blends, using scanning electron microscopy
(SEM) followed by digital image analysis, is the most
widely used method for the measurement of particle
sizes in the dispersed phase. This SEM technique is
useful because the images provide an excellent depth of
field, giving good three-dimensional morphology. It
should be remembered that the size of a feature in 2D
images is related to the corresponding object in 3D
(Geladi et al., 1986, Russ, 1999). Numerous authors
use this method to measure dispersed-phase particles.
Hobbs and Watkins (2000) have done an analysis of the
morphology characterization. Dumolı́n et al. (1991)
used this technique for the measurement of the dis-
persed phase in polypropylene/polyethylene blends and
used these results to analyze the morphology and the
rheology of this blend. Dirlikov et al. (1996) measured
the different phase domains and analyzed the phase
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separation of two-phase epoxy thermosets that contain
epoxydized tridlyceride oils using techniques suggested
by Hobbs and Watkins (2000).

The domains of the rubber-toughening polycarbon-
ate-nylon blends were also evaluated by SEM measure-
ments by Chang et al. (1996). Martuscelli (1995) ana-
lyzed the elastomer domains by this technique and
related the structure and mechanical properties of rub-
ber-toughened polypropylene. Sawyer (1996) made an
extensive compendium of the morphology of a two-
phase polymer system and particle measurements us-
ing SEM images.

The SEM irradiates an area with a finely focused
electron beam that penetrates the specimen. The pen-
etration of the primary electrons in the solid (interac-
tion volume) depends on its average atomic number,
the beam energy, and specimen tilt. A lot of signals are
produced when the electron beam impinges on a spec-
imen, such as secondary, backscattered, and Auger
electrons, characteristic X-rays, etc. The secondary
electron signal is the most frequently used in SEM
imaging due to the fact that it gives topographical
images of the surface. With the secondary signal, the
size, distribution, and morphology of some specimen’s
characteristics can be directly observed. This kind of
signal is defined (Goldstein, 1992) on the basis of its
kinetic energy; that is, all electrons emitted from the
specimen with an energy less than 50 eV. The second-
ary electrons produced by the primary beam contain
the high-resolution signal that preserves both the lat-
eral spatial resolution of the focused beam when the
secondary electrons (SE1) are gathered from a shallow
sampling depth. Also, backscattered electrons generate
other kinds of secondary electrons (SE2), responsible
for a low-resolution signal as they leave the specimen.
Backscattered electrons striking the chamber walls
produce a third source of secondary electrons (SE3).

Errors can arise in measurements depending on to-
pographical contrast, defocus, aberrations, and other
artifacts recorded in the image. Goldstein et al. (1992)
attributes these errors in the image to instrument
faults such as astigmatism, vibration drift, poor focus,
uneven illumination, projection distortion, etc. These
faults are only visible in the image while the sample
remains undamaged by the electron beam. Other im-
aging faults occur due to the specimen–beam interac-
tion. These faults include charging, specimen heating
degradation, and contamination of the sample surface.
Many of these problems can be overcome by modifying
some of the SEM operating parameters.

Sawyer (1996) reveals that polymer blends have ben-
efited from the use of low-voltage field emission SEM,
as have other polymer imaging applications, because
the contrast is improved, surface details can be ob-
served, and the beam damage is reduced. Only in par-
ticular cases is it necessary to use high-beam voltage
because details at greater depth in the specimen can be
imaged and analyzed.

Particle measurement in an SEM image is usually
done with appropriate off-line software for image pro-
cessing and analysis (OLSIPA). The human eye is ca-
pable of recognizing the foreground as particles, but a
computer needs to detect and filter the particle images
to recognize them as individual objects. OLSIPA uses a
binary image or thresholding process to perform these

steps and to digitize the particle shape and position in
an optimized list of coordinates. It is important to point
out the difference between image processing and image
analysis. Russ (1999) pointed out that image process-
ing implies the rearrangement of pixels according to
neighboring pixel brightness or shifted to another place
in the array by image warping without changing their
sheer quantity. Image analysis is used to find the de-
scriptive numeric parameters (areas, distances, radius,
etc) which represent the relevant information in the
image.

The domain’s area is the most basic measurement in
OLSIPA because it is directly determined by counting
the number of pixels within the domain (pixel-based
representation). However, OLSIPA requires a conver-
sion factor that translates a pixel into real dimensions
so that pixel counting gives real area values. This con-
version factor is determined by OLSIPA’s calibration
and is obtained from images of standards. Pixel count-
ing made on a standard is correlated with its known
dimensions.

Most commercial OLSIPAs ask for conversion factors
for several magnifications. However, they do not have
requirements or specifications about how the image of
the standards was made. They assume that the imag-
ing geometry does not vary with changes in the micro-
scope beam voltage used during imaging. As a conse-
quence, a single unique conversion factor is used for
evaluating measurements on images taken at different
electron beam voltages.

Chang (1989) suggested that “the ease of use of mod-
ern image analysis systems does not lead to the equip-
ment being used as a ‘black box’ but rather with con-
stant interrogation as to what the quantities really do
not mean.” According this statement, we performed a
systematic study of the influence of beam voltage on
the actual area measured. The study was carried out
for a wide range of electron beam voltages and two
magnifications were used for SEM image acquisition.
The strong influence of electron beam voltage on area
measurements was observed and analyzed.

EXPERIMENTAL
Materials

Standards. Two kinds of standards were used: 1)
Polystyrene microspheres of � � 5 �m, supplied and
certified by Duke Scientific Corp., were dispersed in a
vial with bidistilled water and immersed in a low-
power ultrasonic bath (�30 seconds) to separate and
spread the particles. A drop of this suspension was
placed on a glass slide and dried at room temperature
for this standard sample. 2) Copper aperture standard
(� � 200 �m), Eastern Analytical PTY.

Blend Sample. Polypropylene/ethylen-propylen-
rubber blends (PP/EPR 70/30) were obtained by blend-
ing 70 weight percent of PP (injection grade) with
30 weight percent of EPR in a twin screw extruder at
190°C. The blend was pelletized and rectangular plates
were obtained by injection molding. The specimens for
microscopy analysis were the cross-sections of the in-
jection plates. To avoid polymer and elastomer defor-
mations, the fracture was performed under liquid ni-
trogen. Taking into account that the particle sections
are not perfectly distinguishable from the polymer, for
an accurate measurement it is necessary to contrast it.
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In this way, a toluene etching was performed. The
superficial elastomeric phase was extracted and the
area of the voids gave a direct measure of the EPR
domains because there is no form variation in the etch-
ing process.

Procedure
Both samples and calibration standards were coated

with a 300 Å gold layer in a sputter coater (PELCO
91000) and observed in scanning electron microscope
(JEOL JSM-35 CF) with a secondary electron detector.

SEM images were acquired at 512 � 400 pixels res-
olution and at different magnifications for each sample.
The Cu aperture standard was acquired at 300� and
the PS microspheres standard or blend sample were
taken at 4,000�. The accelerating voltage was changed
from 5 kV to 30 kV in steps of 5 kV, while other
operating conditions such as load current, condenser
lens aperture, work distance, and magnification were
constant (same value for all voltages).

The processing of images and area calculation on the
SEM acquired images were carried out with Analysis
PRO™ off-line software for image processing and anal-
ysis. To avoid possible errors in the particle measure-
ment due to image warping, different spatial OLSIPA
calibrations (conversion factors) were established for
the horizontal and vertical directions. The two follow-
ing methods were used, depending on the calibration
applied.

Method I. OLSIPA was calibrated only with 5 kV
image and this conversion factor was used for all the
area measurement in the higher voltage images. This
procedure assumes that an area does not vary with the
kV applied during imaging.

Method II. OLSIPA was calibrated for each imaging
kV. This means that a standard was measured at each
kV and OLSIPA used voltage-specific conversion fac-
tors. All image area measurements were performed
using the corresponding kV conversion factor. In this
case, we assumed that an area measurement changes
with the accelerating voltage and it is necessary to
calibrate the analysis software for each imaging kV.
This procedure is schematized in Figure 1 to clarify the
methodology of analysis applied.

The mean overall kV (X� ), the ratio between the stan-
dard deviation and the mean (�/X� ) and the standard
error of the mean or dispersion (�X� ), were calculated
either for standard samples or for four particles from a
polymer blend sample. For standard samples the abso-
lute percent errors (e%) committed in the calculation
was estimated as:

e% � �X� � S
S

� � 100 (1)

where S is the known actual area of the standards.
These values are summarized in Table 1.

RESULTS AND DISCUSSION
The measured area results obtained for the copper

aperture standard as a function of kV using Method I
(filled squares) and Method II (open circles) and com-
pared with the actual area (solid line) are shown in
Figure 2. The principal statistical parameters for the

distributions using Methods I and II and the absolute
errors are summarized in Table 1. When the area vari-
ation is not considered (Method I), an absolute error of
about 4% in the mean area results. Also, the ratio (�/X� )
has a similar error and the measurements done with
this method have a greater dispersion (�X� ). The Method
II area measurements are more accurate (e% � 0.53%)
and have a narrower spread or dispersion. This last

Fig. 1. Flow sheet of the methodology used for this study.

TABLE 1. Principal statistical parameters of all samples measured
by Methods I and II

Standards
sample Method X� [�m2] �/x� (%) �x� [�m2] e%

Copper
aperture I 30134 4.75 585 4.08

II 31249 0.08 10.6 0.53
Polystyrene

spheres I 20.21 8.21 0.68 2.93
II 19.55 0.10 8.1.10�3 0.42

Particles from
blend sample Method X� [�m2] �/x� (%) �x� [�m2]

A
I 5.17 7.35 0.15
II 5.01 4.09 0.10

B I 7.42 7.85 0.24
II 7.18 2.67 0.08

C I 9.87 7.22 0.29
II 9.56 2.19 0.08

D I 8.42 7.11 0.24
II 8.16 1.98 0.07
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observation is evident when comparing the filled
square with the open circles in Figure 2. This figure
also shows that the error, employing Method I, for
mean area evaluation is not so big. However, an error
of almost 15% results if a 5 kV-conversion factor is used
to measure an image area taken at 20 kV. The results
presented above for low-magnification images analysis
(300�) indicate that the area measurement is a func-
tion of the kV applied.

To analyze kV influence on the area measure at high
magnifications, polystyrene microsphere standards
were observed at 4,000�. The results in Figure 3 show
the polystyrene microspheres area measure vs. kV for
both methods compared with the actual area. They
show that kV strongly influences the area measure-
ment. The error (standard and absolute), the ratio �/X� ,
and the standard error of the mean for Method I are
greater than for Method II. Note that when Method I is
used the absolute error of the mean for the measure-
ments of polystyrene microspheres is lower than for the
copper aperture. However, the ratio �/X� is greater,
indicating that the measurements are less accurate.
This conclusion is also evident in Figure 3, where an
error of about 20% results when a 5 kV-conversion
factor is applied to an area measurement at 30 kV.
Figures 2 and 3 show that the measurements per-
formed for each kV are randomly distributed around
the mean for Methods I and II.

Experiments performed on two different materials,
inorganic (Cu aperture) and organic (PS), make it pos-
sible to conclude that the area measurement, with
OLSIPA, depends on a specific kV conversion factor for
each image area. This result does not appear to depend
on the material studied. Also, the area measurement
kV-influence appears to be independent of magnifica-
tion.

Using the conclusions from this study, the question
to be answered is: What error occurs when the particle
area of a polymer blend sample is measured without
taking into account the area variation with kV?

The procedure we used is schematized in Figure
1 and was carried out on a polymer blend sample. The
images of the blend, taken at 5 and 30 kV, are shown in
Figure 4a,b, respectively. The particles measured are
identified in the images with letters (A–D). In Figure

4b (30 kV applied), the particles appear to be greater
than in Figure 4a (5 kV). Also in Figure 4b, details
deeper in the sample can be observed because the to-
pographical contrast is improved. As the accelerating
voltage increases, the primary beam penetrates into
the specimen more deeply, producing high-resolution
secondary electrons, SE1, and a significant number of a
low-resolution SE2. The SE2 degrade the surface de-
tails of the image.

This contrast effect can also create errors in the
particle size measurement using OLSIPAs because
edge definition is affected. To avoid the negative influ-
ence of edge effect, only well-contrasted particles were
analyzed.

Method I was used to measure the area of four par-
ticles recorded for all kV in Figure 4 and the results are
presented in Figure 5a and compared with the actual
particle area (solid line). The particle area measured
shows different values for each kV. In Table 1, the
dispersion of area measurement for all the particles, is
high and the value of the ratio �/X� has a large spread.
In Figure 5a the particle area measured at different kV
shows an irregular variation with respect to the actual
area (solid line). At 30 kV this effect for all particles is
most evident. The difference between the maximum
and minimum area measured can be as high as 20% of
the mean for all kV’s for a single particle.

Figure 5b shows the area measured for the same
particles using Method II. It is evident that the spread
or dispersion of area measurements decreases. All area
measurements with Method II are close to the actual
mean area value (see solid lines in Fig. 5b). The differ-
ence between the maximum and minimum area mea-
surement is no more than 4% of the mean.

CONCLUSIONS
Direct observation of liquid nitrogen fractured ther-

moplastic polymer blends with SEM is a straightfor-
ward and rapid method for characterizing polymer
blend morphology. The morphological parameters such
as size, form, and dispersed phase dimensions and
interparticle distance can be evaluated in images using
OLSIPA. Polymer scientists routinely use this method
with SEM polymer blend images. There are no previ-

Fig. 2. Area measurements using Method I (�) and using Method
II (E) compared with the actual area value (solid line).

Fig. 3. Area measurements using Method I (�) and using Method
II (E) compared with the actual area value (solid line).
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ous studies in the literature on how the SEM acceler-
ating voltage used in the acquisition of SEM images
influence area measurements of polymer blend mor-
phological features using OLSIPA.

The principal conclusions from the systematic study
performed on standards and polymer samples are:

● The SEM accelerating voltage influences area mea-
surements. This effect was observed for metallic and
polymeric materials and at magnifications of 300�
and 4,000�.

● The magnitude of the error in the area measurement
at low magnification is lower (�15%) than at high
magnifications (20%) using OLSIPA.

● For the same magnification, the error resulting us-
ing Method I is higher than 20% of the mean value,
while using Method II it is no more than 4% of the
mean.

● The higher the accelerating voltage, the greater the
deviation from the actual particle area at high mag-
nification (4,000�) for polymer blend samples. As the
electron beam energy increases, the primary elec-

Fig. 4. SEM images of PP/EPR blend (4,000�) made at (a) 5 kV and (b) 30 kV.
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trons penetrate more deeply into the solid, resulting
in the production of secondary electrons SE1, as well
as a significant number of SE2. The SE2 signal de-
grades the image and makes particle borders less
well defined.

In order to avoid errors in area determinations, the
following recommendations are important:

● An accurate calibration of the conversion factors for
OLSIPA in x–y directions for each accelerating volt-
age and magnification used.

● The area measurement must be done with the con-
version factor corresponding to the accelerating volt-
age and magnification used for image acquisition
(Method II).

● After an SEM’s annual maintenance, the conversion
factors of the off-line image analysis software should
be reentered using standards at different kVs at
least once a year.

● Images of polymer samples should be taken at low
accelerating voltages (�5 kV) to visualize the desired
surface detail.
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