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ABSTRACT: The effect of conditions and routes of defor-
mation in the course of equal-channel multiple-angular
extrusion (ECMAE) on physical and mechanical properties
of polyoxymethylene (POM) have been studied. As defor-
mation routes, Route C (shear planes are parallel, and the
simple shear direction of every deformation zone is changed
through 180°) and Route E (shear planes are turned through
+45° around the extrusion axis and the normal to the axis,
and simple shear direction is changed through 180° or +90°
with respect to the deformation zone) were selected. It has
been shown that ECMAE provides the increase of modulus
of elasticity E more than twice, tensile strength o increases
in four times. At the same time, strain at break g, is reduced

by 1.5%. The value of the achieved effects depends on the
accumulated deformation and the selected deformation
route. The best set of physical and mechanical characteris-
tics was observed in the case of Route E. According to SEM
data, Route C results in partial pore healing and E provides
total pore healing both in longitudinal and transversal
direction. The observed effects are related to orientation
order formation, increase of cristallinity degree and reduc-
tion of structure imperfection of extrudates. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Solid-phase molecular orientation allows significant
improvement of strength characteristics of semicrys-
talline polymers and production of fibers, films,
rods, plates, and tubes with a set of high properties.
This process is realized with using of tensile draw-
ing, die-drawing, roll and roll-drawing, ram and
hydrostatic extrusion, twist extrusion, etc.”?

The whole variety of the methods of solid-phase
molecular orientation can be divided into two
groups. The first group includes methods based on
polymer billet deformation accompanied by form
change (stretching). The second group unites proc-
esses not related to form and size change, being
based on simple shear. The most far-famed is equal
channel angular extrusion (ECAE).>? In the course
of ECAE, a billet is pressed through two channels of
equal cross-sections intercepting usually at 90°. It is
shown in literatures,* that ECAE forms oriented la-
mellar or microfibrillar structure in semicrystalline
polymers. Orientation degree and the achieved level
of physical and mechanical properties are deter-
mined by the value of accumulated deformation (the
number of passes through intersecting channels) and
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the selected deformation route. They include®: Route
A when the orientation of the billet remains the
same at the every pass; Route B when the billet is
rotated 90° clockwise and counterclockwise alterna-
tively around the longitudinal axis after every extru-
sion cycle; Route C when the billet is rotated 180°
around the longitudinal axis after every extrusion
cycle; Route D when the billet is rotated 90° clock-
wise around the longitudinal axis after every extru-
sion cycle.

A modified variant of ECAE is equal-channel mul-
tiple-angular extrusion (ECMAE) that implies pres-
ence of several zones of shear deformation within
one device, in contrast to ECAE.? That is why accu-
mulation of high plastic deformation per one cycle
takes place and at the same time, high homogeneity
of deformation distribution through billet section is
provided.'>™® A specific feature of ECMAE is possi-
bility of realization of combination of different defor-
mation routes during one cycle of the process.

Earlier we have established for polyamide-6, poly-
ethylene of high and low density, polytetrafluorethy-
lene that ECMAE is an effective method of structure
modification of semicrystalline polymers enhancing
the rigidity and the strength of the mentioned mate-
rial with plasticity conserved at a high level."'™"
Besides, ECMAE provides low anisotropy of the
properties at longitudinal and cross sections of the
produced billets.

The structure and the properties of the oriented
polyoxymethylene were studied in a number of
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Figure 1 Scheme of ECMAE process: 1—die, 2—punch, 3—polymeric billet, 4—sacrified billets.

works."*"” They give evidences that the results may
differ essentially depending on the selected deforma-
tion scheme. In particular, this fact was observed in
the course of solid-phase processing with using of
die-drawn, h;ldrostatic extrusion, rolling with side
constrains.'®!” The present article studies evolution
of the structure and the properties of POM at
ECMAE with varied control conditions.

EXPERIMENT

Figure 1 demonstrates ECMAE scheme. A polymer
billet is pressed through a device consisting of sev-
eral pairs of channels of the same diameter intersect-
ing at varied angles 0;. The inlet and outlet channels
were made vertically coaxial to keep the billet point-
ing to the right direction. Inclined channel pairs
form so-called knee. Position of the knee can be
changed by turning the channels around the vertical
axis. The control over the position of the shearing
plane in the space guarantees different variants of
deformation spatial development. Figure 1 shows
also the positions of deformation channels plane
used in the work. They support the shear planes are
parallel, and the simple shear direction of every de-
formation zone is changed through 180° (Route C)
or shear planes are turned through *+45° around the
extrusion axis and the normal to the axis, and sim-
ple shear direction is changed through 180° or =90°
with respect to the deformation zone (we call it
Route E). The extrusion was carried out at the tem-
peratures of 363, 383, 403, 418, and 428 K. For that,
the incoming billet and technological equipment
were preliminary heated up to the mentioned tem-
peratures. Temperature and extrusion pressure con-
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trol was done with using universal measuring and
controlling device TRM-151-01, Owen, Ukraine.
Observational temperature accuracy was 0.1 K, the
pressure accuracy was 1.107* MPa. The temperature
of the deforming block within the container was
maintained with accuracy of *1K.

For the attaining of a uniform deformation over
extrudate length and avoiding the bending of extru-
date ends, we used sacrified billets placed ahead of
and behind the studied object. An incoming billet
acted as the upper sacrified billet when a series of
extrudates was produced.

The plastic deformation intensity AI'; and the
value of accumulated deformation & were deter-
mined by the formulae:'"

Al"i = 2ctg9i (1)
" ctg0;
£ ; ¥ @

where 0; is the half-angle of channel intersection, n
is the number of channel-intersection angles. The
extrusion rate was about 0.6 x 107°m s~', and the
deformation intensity AI'y = 0.83, that corresponded
to optimum conditions of the process.'®"!
Polyoxymethylene TECAFORM AH, ENSINGER
was the object of our research. The melting tempera-
ture of POM was 438 K. The billets of the required
size (the diameter of 15 mm, the length of 50 mm)
were cut from cylindrical rods 16 mm in diameter.
We chose the method of microhardness H mea-
surement as one of the basic investigation methods.
This allowed us not only to simplify the mechanical
testing but also to obtain information on the uni-
formity of the strain over a section of the extrudates.



POLYOXYMETHYLENE ORIENTATION

Because the microhardness of polymers is propor-
tional to the yield strength o,,'® the microhardness
distribution suggests the strain uniformity. Micro-
hardness H was determined using a microhardness
tester of the PMT-3 type. The indenter was a tetrahe-
dral diamond pyramid with the vertex angle of 136°.
The pyramid was fluently pressed into the sample at
the loading of 0.5 N. The value of microhardness H
was estimated by the formula H = 0.1854%, where
F—loading, N; d—diagonal of the indentation; a2/
1.854—area of the lateral surface of produced py-
ramidal indentation. For H, the relative error was
not higher than 5%. The uniformity of H distribution
over the sections of extrudates was estimated by
value of dispersion Dy determined by the formula:

D B O

i—1

where n—number of measurements, H—result of an
individual measurement of microhardness value, H
—average microhardness value. The value of micro-
hardness anisotropy AH characterizing the difference
in the strength properties in longitudinal and trans-
verse sections of extrudates was estimated by the
formula®:
HL

AH=1-—, 4)
H

where H*, H —average values of microhardness in
cross and longitudinal sections of extrudates,
respectively.

The dumb-bell shaped specimens (head size, di-
ameter 10 mm; length, 10 mm; working-part size, di-
ameter, 5 mm; length, 30 mm) were subjected to ten-
sile tests. The specimens were cut along the
direction of extrusion. The supporting platforms
travelled at a velocity of 10 mm min~'. The average
values of yield strength c,, tensile strength o7, mod-
ulus of elasticity E, yield strain ¢,, strain at break ¢,
and standard deviations were determined from test-
ing five specimens of each sample.

The density of specimens p was determined by
hydrostatic weighing (a balance of the AX200 type,
Shimadzu). The volume degree of crystallinity ()
was calculated using the following relationship:

X? - (P - pa)/(pc - pa)a )

where p, and p. are the densities of polymer amor-
phous and crystalline phases, respectively (for POM,
p, =1.25, p, =1.50 g cm ).

The differential scanning calorimetry (DSC) was
performed using a thermoanalytical complex DuPont
9900. The heating rate was equal to 20° min ', the
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Figure 2 Effect of extrusion temperature on the depend-
ence extrusion pressure—extrusion displacement. Route E,
£=44

weight mass—15 mg. Enthalpy of fusion, AHg was
determined by integrating the area under the base-
line correct thermogram. Percentage crystallinity
xD5¢ was calculated from the ratio of AH; /AH; 1000,
where AHy 109, is the enthalpy of fusion for a fullgl
crystalline polymer (for POM, AH 1092,=326 | gfl).2
For the determination of the thickness of crystal-
line stem ., the Gibbs-Thomson equations was used:

26,TY

e = Al (T, = T,y)

(6)

where o, is the lamellar basal surface free energy
(for POM, o, =0.125 J/m?), Ahy is the heat of fusion
per unit volume (for POM, Ahs = 380-10° J/m?), T,°
is the equilibrium melting temperature (for POM,
T,.°=473 K).%°

Scanning electron microscopy (SEM) was imple-
mented by using a JEOL JSM-6490 instrument at an
accelerating voltage of 5 kV. A conducting layer (25-
to 30-um-thick golden layer) was applied to surface
under investigation by cathode sputtering method.
The photographs were taken of the surfaces of cross
and longitudinal spallings of original samples and
extrudates. The spalling was made at the liquid
nitrogen temperature.

RESULTS AND DISCUSSION

The main factors determining the character of
ECMAE process are deformation intensity (the value
of channel intersection angle), accumulated deforma-
tion, processing route, the temperature of the billet,
and the rate of its deformation.

Figure 2 presents typical relations of extrusion
pressure and extrusion displacement, corresponding
to ECMAE along Route E at varied extrusion tem-
perature. The initial stage of extrusion is

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Influence of ECMAE on Maximum Extrusion Pressure and Microhardness of POM
Maximum Microhardness,

Routes of Accumulated extrusion in cross (longitudinal) Microhardness Dispersion in
deformation strain values pressure, MPa sections, MPA anisotropy microhardness
Initial 0 - 132 (133) 0.01 0.50
Route C 44 375 277 (322) 0.14 1.27

6.7 603 317 (367) 0.14 1.09
9.1 1070 320 (368) 0.13 1.01
Route E 44 310 395 (434) 0.09 1.07
6.7 585 410 (445) 0.08 1.05
9.1 890 440 (475) 0.07 0.97
114 1150 448 (477) 0.06 0.95

characterized by increasing pressure of extrusion
(the material is adapted to the angle between matrix
channels). As soon as the front end of the billet
entirely passes the last deforming channel (Point A),
the loading becomes constant because the same vol-
ume of the material is exposed to and the process
enters the stable stage. The observed succeeding
reduction of extrusion pressure value (Point B) may
be attributed to strain softening phenomenon in poly-
mers, to the self-heating effect, or both.?' Extrusion
pressure for POM becomes almost constant after de-
formation stabilization. The maximum extrusion
pressure P, is reduced as the extrusion temperature
increases. Analogous behavior of extrusion pressure
takes place also in the case of Route C, but the value
of the maximum pressure is higher (Table I). The dif-
ference of the absolute values of P,, for varied defor-
mation routes can be connected with realized Bau-
schinger’s effect”? ie., the reduction of plastic
deformation resistance at alternation of loading sign
determined by the residual stresses that collide with
the operating stress at the loading sign change and
cause its reduction. Here the effect is significantly
weakened at multiple cycle loadings. As Route C
implies alternating-sign deformation in the same
plane, the weakening of Bauschinger’s effect will be
stronger than in the case of Route E at the same de-
formation degree because Route E implements alter-
nating-sign deformation in different planes.

With increase in the extrusion temperature T,,
extreme change of H was observed at the both de-
formation routes (Fig. 3), that was characteristic of
solid-phase orientation of semicrystalline polymers,
being explained by competition of strengthening
processes determined by formation of oriented struc-
ture and softening caused by thermo-activated relax-
ation of oriented polymer chains. The behavior of
extrudate density p is correlated within certain limits
with the change of microhardness (Fig. 3). Here
extreme character of p(T,) takes place, too. The maxi-
mum values of H and p are achieved at T, = 403 K,
so this temperature was selected as the optimum
one for further investigations.

Journal of Applied Polymer Science DOI 10.1002/app

It is well-known that the deformation route is the
most important parameter of ECAE process.” Its
effect on the character of the formed microstructure
and the properties of the crystallized polymers was
studied in literatures.>*>® It was shown there that
in the case of Route A, a transition from the initial
spherulitic structure to micro- and macrofibrillar one
oriented along the shear direction is observed. In the
case of Route C, each even extrusion cycle demon-
strated off-orientation of macrofibrils followed by
their thickening and partial renewal of spherulitic
structure. Formation of such structures results in
pronounced anisotropy of mechanical properties
measured in varied directions about extrudate axis
(Route A) or in more balanced mechanical properties
in the case of Route C with less explicit difference in
longitudinal and transversal directions.

Because of sign-alternating deformation character,
ECMAE realizes mode of deformation corresponding
to deformation along Route C or combination of var-
ied deformation routes during one cycle of the pro-
cess. The present work includes the case when simple
shear direction being located in shear planes oriented
at an angle of 45° to the extrusion axis and the nor-
mal to the axis or in shear planes located at an angle
of 90° to the extrusion axis (Route E, Fig. 1).
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Figure 3 Dependences of the mean values of POM extru-
dates microhardness and density on ECMAE temperature.
Route E, ¢ = 4.4.
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Figure 4 Microhardness distribution in the cross-section
of POM extrudates: 1,2—Route C, 3-5—Route E, 1,3—¢ =
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Table I contains the values of maximum extrusion
pressure P,,, average values of microhardness in lon-
gitudinal section of extrudates H!| and cross-section
H*, anisotropy of microhardness AH, as well as dis-
persion of microhardness Dy in cross-section of the
samples obtained at varied deformation routes.
Microhardness anisotropy is an evidence of forma-
tion of oriented structure within an extruded poly-
mer. As the accumulated deformation & increases,
microhardness of both sections of polymer billet
rises and AH declines. Behavior of AH differs from
the traditional variant of solid-phase extrusion, e.g.,
extrusion through a conic die when AH increases
with ¢ increase, t00.'> Absolute values of AH in the
case solid state extrusion through a conic die exceed
the values after ECMAE even at lower accumulated
deformation. The established dependence of AH(e)
at ECMAE is determined by alternating-sign defor-
mation character that forms mainly microscopic mo-
lecular orientation within extrudate.'”> The use of
Route E compared to Route C yields higher absolute
values of microhardness and lower anisotropy at the
same accumulated deformation. At the same time,
more homogeneous distribution of microhardness
through the extrudate cross-section is achieved

(Fig. 4). With all this going on, higher strengthening
effect is obtained at lower P,,. As noted earlier, this
fact can be related to lower weakening of
Bauschinger’s effect in the case of Route E.

Microhardness distribution over the cross-section
of extrudate shows that in the case of Route C, H of
peripheral areas exceeds those of the center (Fig. 4).
Inhomogeneity of H distribution is related to the dif-
ferences of the degree of structure reconstruction of
the peripheral zone and the center. They are deter-
mined by the friction of polymer in the course of its
motion through the deforming channel of the ma-
trix.”” The arising additional shear stresses contrib-
ute to higher strengthening of surface areas com-
pared to the center of a billet. When Route E is
realized, the divergences of absolute values of H at
peripheral areas and at the center are insignificant.
The increase of the accumulated deformation & in
both the cases promotes H increase and lower inho-
mogeneity of its distribution.

ECMAE provides not only increased density and
microhardness of POM but essential improvement of
elastic and strength characteristics: modulus of elas-
ticity E, yield strength o,, tensile strength o1, meas-
ured at stretching of the samples cut along the extru-
sion direction (Table II). Plasticity (yield strain ¢,
and strain at break ;) is slightly reduced here. The
value of the achieved effect is determined by accu-
mulated deformation and deformation route.

The increase of accumulated deformation ¢ results
in increase in E, o, or. Nevertheless, with ¢
increase, the growth of these parameters becomes
less significant. This behavior is characteristic of
ECMAE of semicrystalline polymers,u'12 differing
from the observed behavior in the cases of such
methods of solid-phase processing as die-drawn,
hydrostatic extrusion, rolling with side constrains,
where almost linear growth of these characteristics
with accumulated deformation increase takes
place.'®!” The evolution of plasticity characteristics
at ECMAE also differs from the observed values at
the use of traditional schemes of solid-phase

TABLE II
Influence of ECMAE on Physical and Mechanical Properties of POM
Modulus of Yield Tensile Yield Strain
elasticity strength strength strain at break
Routes of Accumulated Density,
deformation strain values gcm™? MPa Y%
Initial 0 1.3952 2500 54 62 7.0 25.0
Route C 44 1.4061 3450 128 130 5.0 19.6
6.7 1.4100 3900 155 160 5.2 20.7
9.1 1.4107 4050 170 182 53 20.8
Route E 4.4 1.4204 5075 231 240 5.9 23.4
6.7 1.4212 5140 233 242 6.0 23.4
9.1 1.4218 5250 238 248 6.3 23.5
11.4 1.4220 5270 240 248 6.4 23.5
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Figure 5 True stress—true strain dependencies during
tensile drawing for initial POM and after ECMAE, ¢ = 9.1.

extrusion with continuous reduction of plasticity at
deformation accumulation.’®>?® For ECMAE, g, and
g, values reach a constant level starting from certain
values of €. The best combination of elastic, strength
and plastic characteristics is observed at ECMAE,
Route E. At the same time, the best set of deforma-
tion and strength characteristics is achieved at lower
€ compared to Route C.

Figure 5 presents typical true stress—true strain
curves of the initial POM and after ECMAE one. It
is seen that ECMAE calls forth appearance of yield
drop of o — & curves. According to work,” this pro-
cess is pure kinetic phenomenon without any struc-
ture reconstruction in the crystal. The height of yield
drop depends on the concentration of the mobile
dislocations in the sample before deformation and
their ability to multiply and to “gather speed” at
stress increase, and the presence of residual stresses
in the sample that are realized at the maximum
point and reduce the external force. The highest
yield drop is observed in samples deformed by
Route E, being probably connected with higher inner
stress accumulated in extrudates and larger number
of possible slip planes.

Increase of microhardness and strength character-
istics of extruded POM can be determined by both
the formation of oriented structure and increase of
cristallinity degree of the samples.®® The last fact is

BELOSHENKO ET AL.

confirmed by the results of density measurements
and DSC data (Table III). DSC curves of POM sam-
ples exposed to ECMAE demonstrate growth of
onset temperature, insignificant shift of the main
melting peak toward higher temperatures and the
emergence of additional high-temperature melting
peak (Fig. 6). In the case of extrudates obtained with
using Route E, this peak was located at higher tem-
peratures, having larger area than the samples
deformed along Route C. Such behavior of the onset
temperature and the top of the main melting peak
can be related to the destruction of the thickest crys-
tallites as a result of deformation and the conserved
part of larger crystallites that can be even increased
due to deformation-induced crystallization. The last
fact is confirmed by the increase of the total en-
thalpy of fusion AHg which is maximum for POM
processed with Route E (Table III).

Arising melting duplicate at DSC curves was
pointed to in work'” with regard to POM and other
polymers, in particular, high density polyethylene®
that was determined by formation of two types of
crystal structures varying in degree of perfection of
crystallites. DSC curves of POM samples subjected
to ECMAE demonstrated also the reduction of peak
width that can be determined by the declined dis-
persion of crystallite thickness. At the same time,
partial increase of the thickness of crystalline stem /.
(Table III) occurs. The highest values of [. are
achieved at the processing along Route E. One can
notice a small, systematic deviation of the density-
based degree of crystallinity toward higher values as
compared to respective values estimated from DSC
data. Similar differences of crystallinity estimated
from the heat of melting and density are frequently
observed for many semicrystalline polymers.*

It is known that such structural defects as micro-
voids or interlamellar voids of few nanometers in
size, when present in a polymer are thought to act
as potential failure sites when the polymer is
deformed in tension. In particular, the strength of
POM, unlike the modulus, is very much influenced
by morphological factors such as voids. Figure 7
presents the surfaces of brittle fracture surface of
POM before and after ECMAE. Spherical porous
structure is observed in the initial polymer [Fig.

TABLE III
Effect of ECMAE on Structural and Thermal Characteristics of POM
Temperature of Degree of
melt}ng Ilzeak, crystafllinity, Thickness of
Routes of Accumulated s Enthalpy of Xe, ITOM crystalline

deformation strain values T T2 fusion, | gf1 DSC Density stem, [, nm
Initial 0 438 170 0.52 0.58 8.9
Route C 9.1 439 440 196 0.60 0.64 9.4
Route E 9.1 439 443 218 0.67 0.69 10.4

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 DSC traces for specimens of initial POM and af-
ter ECMAE,e = 9.1.

7(a)]. ECMAE, Route C results in partial healing of
pores in longitudinal and cross-sections of extru-
dates [Fig. 7(b)]. ECMAE, Route E demonstrates total
pore healing [Fig. 7(c)].

Histograms of size distributions of pores illustrate
this process (Fig. 8). Route C results in declined av-
erage pore size d in longitudinal and transversal sec-
tions of extrudates from 700 and 694 nm down to
278 and 272 nm, respectively. The distribution
becomes narrow and is shifted toward d < 500 nm,
whereas this interval of the initial POM is 100-1000
nm. In the case of Route E, starting from & = 4.4,
there is no visible porosity in extrudates in both the
sections. It should be noted that in cases of die-
drawing, hydrostatic extrusion of POM,' there was
no actual pore healing but pores became elongated
along polymer drawing direction. The characteristic
ratio A determined as the ration of lengths of the
major and the minor axis of pores linearly increased
with the growth of accumulated deformation (degree
of drawing). The void aspect ratio of the die-drawn
samples is greater than the extruded samples owing
to the tensile nature of the stresses in the former.'
In the case of rolling with side constraints of POM,"”
cavities are squeezed into flat discs. The form of
pores in POM subjected to ECMAE remains close to
spherical and A = 1. This fact can be related to the
formation of a special stress-strain state determined

by alternating-sign deformation at ECMAE and the
absence of significant tensile stresses. Pore healing at
ECMAE correlates to the results of density measure-
ments registering density growth at the increase of
accumulated deformation & (Table II). Maximum
density increase is achieved in Route E case. This
behavior differs from the observed effects in cases of
die-drawing and hydrostatic extrusion,'® where loos-
ening of the material was registered with the
increase of degree of drawing.

Figure 7 Microstructure of initial POM (a) and after
ECMAE: (b)—Route C, (c)—Route E, ¢ = 9.1, transverse
sections.

Journal of Applied Polymer Science DOI 10.1002/app
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CONCLUSIONS

Equal channel multiple angular is an effective
method of solid-phase structure modification of
POM determining the increase in density, hardness
and strength, low anisotropy of hardness, and yield
strength at the conserved high plasticity level. The
achieved result is related to the formation of ori-
ented structure, healing of defects of the source
polymer, the increase of content of the crystal phase
and the degree of perfection of crystallites. The use
of Route E compared to Route C allows the forma-
tion of better set of physical and mechanical proper-
ties at lower values of the accumulated deformation
and extrusion pressure.

The authors express their gratitude to Dr. V.V. Burkhovetskii
for assistance in SEM investigations.
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