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ABSTRACT: The crystalline orientation in nylon-6 and the crystalline and clay layer orientation in nylon-6/clay
nanocomposites produced by°9@qual channel angular extrusion (ECAE) are reported. A temperature of ca.
150 °C was necessary to obtain the highest permanent shear strain for both nylon-6 and nylon-6/clay
nanocomposites, the hanocomposites produced by either melt blending or in situ polymerization. Nylon-6 was
found to affinely deform, while the introduction of the clay causes a nonaffine deformation of the crystal ellipsoids.
By comparison of the orientation angle of clay layers from small angle X-ray scattering, the orientation angle of
crystal ellipsoids from polarized optical microscopy, the calculated orientation angle from the apparent shear
strain, and the main orientation direction of macromolecular chains, the mechanism of clay layer slip was proposed
to explain the results of the high orientation of the macromolecular chains and the lagged orientation of the
crystal ellipsoids in nylon-6/clay nanocomposite during ECAE process. The in situ polymerized nylon-6/clay
nanocomposites achieved the highest orientation, which can be explained by the covalent connection of molecular
chains and clay layers in this system.

Introduction and the crystalline structure transformation influenced by the

introduction of a small amount of cldy 1! Sue et ak2-13

can be utilized for improving the physical and mechanical :ﬁg:’r:%?o rec::él%étﬁaﬁif;? rcc))f eErE::sEofpr:Oﬁ)ensizl?n dor? |E)hne.

propertiesi—3 Numerous research efforts have focused on P 9y . prop y yie
6/clay nanocomposites. The current work reported here considers

ntrolling molecular anisotr in the fabrication pr ) . . .
ﬁge:joto grodﬁfgl;iseraarfgtﬁcl)r?\y Unltikg ;?)Cgitsgs &orﬁ?elstsﬁf in more detail the effect of clay on the deformation behavior

solution, equal channel angular extrusion (ECAE) is a solid- 3??hznggta::nelrr:?hee?gj?,lggegzﬂg Elaailwitgsnggir?;r?irs]ﬁgogf
state process, with the polymer being deformed well below its y lay ) Y,

. - lay-induced crystal lamellae and molecular chain orientation
normal processing or melt temperature. The process is seen a8 y

a potential alternative to other solid-state processes such ad'® discussed. The orientation@fform crystals in nylon-6 is

hydrostatic extrusion, die drawing, and cold drawing that have 'Cnrvitsé'lﬁgtee%r'inegtrggé;oggﬁrrm:ne dtSﬁr:m%a&g thﬁ)ggasioq_:]le
been extensively investigated in the peswith a view to or?/entation of the macromolecu?ar chaigl'ns was st?Jdied a{nd the
fabricating monolithic polymer parts with controlled anisotropy. '

. . mechanism of orientation is discussed.
The success of the ECAE process in modifying metal
properties has led to research to determine whether it is a feasibleexperimental Section
means of controlling molecular orientation and microstructural Two pairs of nylon-6 and nylon-6/clay materials were used in

anisotropy in polymers.” In principle, the ECAE process can  q investigations, these pairs being chosen so that the homopolymer
impose a uniform simple shear deformation on an extrudate nyion in each case is similar to the matrix nylon in the correspond-
without altering its cross-sectional dimensions. Since the ing nanocomposite. One pair of materials was supplied by RTP
polymer is extruded in the solid state, significant molecular company (US) and the other by Honeywell company (US). These
orientation takes place as a result of such a high degree of plastianaterials were RTP 200A (nylon-6 alone, obtained from the RTP
deformation by simple shear. This solid-state extrusion processcompany, abbreviated herein as R), RTP 299A X83133C (nylon-
is potentially more effective in generating a high degree of 6/clay nanocomposite, from RTP company, with the clay incor-
molecular orientation than processes involving extrusion in the Porated by meit blending and abbreviated herein as RN), Capron
molten state. The current ECAE setup has the potential to be 8202 NL (nylon-6 alone, from Honeywell, abbreviated herein as
modified into a more cost-effective continuous extrusion process C), and Capron XA2908 (nylon-6/clay nanocomposite, from

. . . ) . Honeywell, with the clay incorporated by in-situ polymerization
by attaching an ECAE die to a conventional extrusion #nit. and a)llavk\;revi\;vtled herein);lé CN? y n-siiu polymernzat

The ECAE process has been used recently to produce The RN and CN contain 3% 0.5 and 2.9+ 0.2 wt % nanoclay,
deformation in polyethylene, polypropyleheplycarbonaté; © respectively, according to TGA measurements under argon gas flow
and poly(ethylene terephthala®)Nylon-6/clay nanocompos-  on these materiafs. The samples were obtained in pellet form and
ites were the first successful nanocomposite system reportedwere dried under vacuum at 10Q for 14 h prior to compression
demonstrating a dramatic improvement in propeiaspally molding into 10 mm thick, 150 mm side square samples. The
on samples produced by injection molding. Many aspects of hydraulic press and the metal plates us_ed for compression molding
the mechanism of reinforcement have been widely reported,We're preheated to 26% and, after adding the granules, the plate

including th f i d hol f ol hai assembly was kept at 268 for 5 min before pressure was applied.
Including the conformation and morpnoiogy of polymer chains — po pressure was kept constant as the mold was gradually cooled

to 240°C over approximately 15 min. The compression molding
*To whom correspondence should be addressed. E-mail: graham.Was then allowed to naturally cool to room temperature under
edward@eng.monash.edu.au. pressure, which tdo3 h in total.

It is widely known that molecular orientation in polymers
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Figure 1. (a) Schematic diagram of the equal channel angular extrusion
(ECAE) process. (b) Normal directions of the three slices cut for X-ray Sample

investigation from the billets. . - . .
g Figure 2. Schematic diagram of the channel die compression (CDC)

The 10 mm thick sheets were cut into 18 mm wide80 mm process.

long billets for the ECAE process. The billets after the ECAE  pjaced behind the sample thus capturing the diffraction pattern. The
process were further sliced into 1 mm thick samples using an gistance between the film and the specimen was 30 mm. X-ray
ACCUTOM-20 (Struers) cutting machine for X-ray investigations. gitfraction scans of the specimens were obtained with a Rigaku-
Undefor_med billets were also cut into the same size samples for Geigerflex (Japan) wide angle X-ray diffractometer (WAXD) using
comparison. ) o Ni filtered Cu Ko radiation at a generator voltage of 40 kV and a
_ A schematic of the ECAE process is shown in Figure 1a. The cyrrent of 30 mA, utilizing transmission mode. The scanning rate
rig is a steel block with two intersecting channels of identical cross \ya5 2 deg/min, and the diffracted intensity was recorded automati-
section. A billet of material is pushed along one of the channels cally at intervals of 0.02
and around the bend into the second channel. Ideally, the specimen Transmission polarized optical microscope photographs were
undergoes simple shear uniformly across a thin layer located aroundgptained by using a Japan Olympus BH-2 polarizing microscope.
the plane where the two channels intersect. The entire billet canThe samples were microtomed into 20 slices and sandwiched
thus be deformed homogeneously by this method except for the hetween microscope cover slips.
end regions. ECAE is unique in that itimposes a uniform, through-  Additional X-ray scattering experiments were performed at room
thickness simple shear deformation on the extrudate without a"fe”ngtemperature using the synchrotron beamline of the Australian
the dimensions of extrudafesiue to the constant displacement National Beamline Facility (ANBF) at the Photon Factory in
across the channel caused by the rigid push rod. This is in contrastysykuba, Japan. The ANBF beamline is installed on a bending
to the pressure driven melt flow found in processes such as injection magnet port and delivers monochromatic synchrotron X-rays in the
molding, where deformation gradients are found from the surface energy range 4:520 keV to the experimental station in a hutch.
to the interior of the material. In principle, the process could be The resolution of the diffractometer mode is 0.0005 26. The
repeated indefinitely, increasing the shear with each pass. Alter-jnstrument has a multiconfiguration vacuum diffractometer that uses
natively, the shear could be cancelled by reversing the billet for image plates as its detector system. Small angle X-ray scattering
the second pass. o . ) (SAXS) was performed by setting the wavelength at 0.2 nm with
The plastic shear strain incrementhat occurs irN passes with a beam size of 20@m x 200um. The specimens were mounted
no billet reversal depends on the angieletween the intersecting  at the center of the ANBF vacuum diffractometer at a distance of

channels and is given by 570 mm from the image plate. Two-dimensional SAXS patterns
were obtained with the X-ray beam passing through the transverse
y =2Ncotg (1) direction of deformed samples. The X-ray scattered intensity

recorded on the image plate was extracted from the raw image data

This simple relationship assumes complete and homogeneous plastiand then converted to a recognizable format, e.g., scattered intensity
deformation in the extrusion process and ignores any strain | versus angle 2 using PPDA software. Scattering without the
gradients, elastic bending, and possible viscoelastic effects that mayspecimen was recorded as a background scattésjng enable
occur. The value of given by eq 1 is an upper limit to the plastic  correction of measured SAXS patterns.
strain achievable ilN passe$,and for example, with one pass
through a right angle corner, where 2 90, y is equal to 2. Results and Discussion

X-ray diffraction specimens were taken from the central portions

of the billets and cut into 1 mm thick planar slices, and the normal : )
of the specimen was aligned with the direction of the radiation, achieved by nylon R after the ECAE process. At low temper

this being with respect to the transverse direction, normal direction, atures (135°C), the R billet do_es_ not attain a high shear strain.
or shear direction, as shown in Figure 1b. The resultant X-ray When the ECAE temperature is increased, the permanent shear
transmission diffractograms were designated as TD, ND, and SD, Strain of the extruded R billet increases until the temperature
respectively. reaches about 14%. Further increasing of the ECAE temper-

Additional experiments called channel die compression (CDC) ature has little subsequent effect on the shear strain. The reason
were performed using a channel die illustrated in Figure 2, which for this temperature dependence may be attributed to the
was used to apply pure shear to samples. The three directions relate¢hcreasing mobility of macromolecular chains with increasing
to the billet in the shearing process are designated as the compresiemperature and the need to be sufficiently above the glass
son drecton (CD). the ransverse drecton (10), 21d e Yo wansiton temperature of the nyion-5,(= 56 °C) o permi

: P 9 appreciable plastic deformation. With increasing temperature,

TD is zero. th lecul hains b fficiently flexibl that t
X-ray transmission diffraction flat plate films were obtained with € mojecular chains become sutticiently fiexible so that mos

a Philips X-ray machine. Cu & radiation of 0.154 nm in  chains in the amorphous regions can be moved by the shear
wavelength {) generated at 40 kV and 20 mA was used for the force, permitting deformation of the spherulites and more plastic
diffractograms, which were taken by transmigtia 1 mmdiameter strain being acquired by the billet. It can be concluded from
X-ray beam through the 1 mm thick sample. A piece of film was Figure 3 that the optimum ECAE temperature to obtain relatively

Figure 3 shows the effect of temperature on the shear strain



Macromolecules, Vol. 41, No. 2, 2008 Nylon-6 and Nylon-6/Clay Nanocompositeg11

2 has been observed for poly(ethylene terephth&latey be
occurring here, leading to a change in the yield stress, a change
in the deformation zone geometry, or a change in the frictional
resistance to continuing extrusion. The maximum stress for
} nylon-6/clay nanocomposites in a second ECAE pass is found
to be lower than that in first pass (in Table 1), but the stress
does not decrease as fast as for the first pass (see Figure 5b).

} Multiple samples of both the nylon-6 and the nylon-6/clay

-
'l

nanocomposites were processed by ECAE (simple shear) and
CDC (pure shear) at a temperature of P&D Although there

Shear Strain y

{ & was some small variation between ostensibly identical samples,
04 the average values of the maximum stress and strain from three
to five repeated tests and their standard deviations were obtained.
The roughly constant ram stress for ECAE and the resultant
— shear strain of the deformed materials are listed in Table 1 along
120 130 140 150 160 170 180 with corresponding data from the CDC tests. The maximum
Temperature (°C) stress for the channel die deformation is the load divided by
the compressed area. It can be seen that shear strains around
1.3—1.5 were obtained for the four different materials when
subjected to ECAE compared with the theoretical value of 2.0.
This discrepancy is due to nonideal deformation in the die, with
the elements of bending and elastic deformation replacing the
plastic deformation. The channel die deformations were stopped
at a similar strain level to allow for later comparison between
the microstructures. It can be concluded that both the CDC and
nthe ECAE process can apply significant apparent plastic shear

Figure 3. The effect of extrusion temperature on the permanent shear
strain of nylon-6 after the first ECAE process.

high shear deformation is about 190. Further increase in the
temperature is likely to decrease the amount of molecular
orientation obtained despite the plastic strain being roughly
constant with increasing temperature. A similar situation has
been found when orienting polyethylene by tensile drawing,
where although the attainable plastic tensile strains increase wit . . ;
increasing temperature, the extent of orientation decreases astrain to the different materials.
the melting temperature is approached, and an intermediate The first pass of ECAE applied a similar shear strain to all
temperature is best for obtaining molecular orientati@ub- four materials. Compared to the loading stress and the shear
sequently, the ECAE process was carried out atI5@nd an strain in the first pass, it can be seen that in the second pass for
extrusion rate of 10 mm/min was used for most of the results nylon-6 R a similar loading stress was needed and an increased
reported fromhere. shear strain was obtained but for the ny®& a lower loading
Figure 4 shows views of the billets after the CDC and the Stress was required but the shear strain was not enhanced.
ECAE processes. The original square grid lines of the billet However, for nylon-6/clay nanocomposites, the result is quite
after the ECAE process are deformed and tilted at an atgle different; in both cases increased shear strain can be obtained
away from the normal direction (see Figure 2). The plastic shear but with less stress in the second pass than in the first pass. In
strainy induced by the ECAE process was calculated from the addition, for CN with the lowest stress during the second pass,
shear anglé by y = tan(@). The CDC deformation is clearly ~ the highest shear strain was obtained. A possible explanation
nonhomogeneous (due to friction with the die), but samples were is that the orientation of the clay layers distributed in the polymer
taken from the central portion of the specimens, where the matrix has a positive effect on promoting plastic deformation.
deformation is relatively homogeneous as judged from the grid Details will be discussed later.
patterns. Strains due to CDC were estimated from the spacing In order to characterize the orientation produced by the shear
of the horizontal grid markings. strains and to compare the shear-induced orientations obtained
Figure 5 shows typical loading stress vs plunger displacementby the CDC and ECAE process, a WAXD scan along the
curves obtained during the ECAE process. In the early stage ofazimuthal direction where the (002) is maximum with the
the extrusion, as the material conforms to the die channel corner transmitted beam along TD for the samples C and CN was
the load increases as more material yields across the width ofcarried out and the results are shown in Figure 6. The clay-
the extrudate. Once the leading end of the billet is completely induced chain orientation in nylon-6/clay nanocomposites is
around the corner, it is expected that the load is constant, as arcomplex because of the coexistence of éhandy crystalline
unchanging volume of material will be undergoing yield, and forms. It is well-known that the addition of nanoclay to nylon-6
the process has achieved steady state. Figure 5a shows that theesults in an enhancement of thecrystalline phase, which is
plunger load for nylon-6 is almost constant after the deformation also observed by spinning fibers at a high speed in rapidly
becomes established. The maximum stress for the nylon-6/claycooled nylon-6 homopolymer or by iodine treatment of nylon-6
nanocomposite is higher than that for the nylon-6 but decreasesn aqueous KlA followed by removal of the iodine and
noticeably during the ECAE process and finally becomes lower potassium with sodium thiosulfatélf the content ofy crystals
than nylon-6 samples. The reason may lie in the fact that theis relatively large, the orientation and deformation of the
temperature increase of samples during the ECAE process thatrystalline components are governed more by the behavior of

a) b)
Figure 4. Side view of grid line changes after (a) ECAE at 18D and (b) CDC at 150C.
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Figure 5. Typical curves of loading stress vs plunger traveling distance during the ECAE process’éxt 1&0) first pass of R and RN; (b) second
pass of RN.
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Figure 6. The WAXD scans along the (002) high diffraction direction of the undeformed material and after the CDC and the ECAE processes
for (&) C and (b) CN.

Table 1. A Comparison of ECAE and CDC Deformations

ECAE CDC
first pass second pass
stress (MPa) shear strain stress (MPa) shear strain stress (MPa) shear strain
C 127+9 1.44+0.2 115+ 8 1.4+ 0.1 110+ 5 1.3+0.1
CN 154+ 9 1.5+0.2 110+ 8 2.0+0.3 110+ 5 1.44+0.1
R 135+ 9 1.5+ 0.2 135+ 2 1.8+ 0.1 100+ 5 1.3+0.1
RN 167+ 9 1.3+0.2 153+ 2 1.6+0.1 100+ 5 1.44+0.1

y crystals, the orientation and deformation of the remairing  though the strainsy(= 1.11 and 1.16, respectively) by the
crystals also being governed by the deformatiom ofystalst® ECAE process are smaller than thoge= 1.33 and 1.27,
Alternatively, in the situation as in CN (see Figure 6 b) where respectively) produced by CDC. It is evident that the higher
the o phase still predominates, the orientation and deformation apparent shear strains do not necessarily ensure that higher
of the crystalline components will be governed by the behavior orientations are produced and that the deformation path or stress
of a crystals!® Therefore, the diffraction from crystals is used  state may play a role. This also indicates that the ECAE process
to quantify the orientation produced by deformation in both seems to produce higher orientation than does the CDC for
cases. similar strain levels. Also, shown in Figure 6 is the diffracto-
When thea (200) diffraction is set at the same intensity, the meter trace for the undeformed material in each case and it is
relative intensity fromo (002) of C and CN after the ECAE  evident that the deformation induces an orientation that enhances
process is higher than that of the two samples after CDC eventhea (002) diffraction while diminishing the. (200) diffraction
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shear direction ——»

a) spherulites of nylon-6 R b) oriented ellipsoids in nylon-6 R1.34

shear direction —— »

RN RNI.5

e) Schematic of spherulite before and after shear deformation
Figure 7. Relationship between shear angland long axis orientation angte of ellipsoids: (a) spherulites of nylon-6; (b) oriented ellipsoids in
nylon-6 R ¢y = 1.34); (c) undeformed nylon-6/clay nanocomposites; (d) deformed nylon-6/clay RNL(5); (e) schematic diagrams of spherulite
before and after shear deformation.

in this particular azimuthal direction. More complete details of and RN between crossed polars both before and after the ECAE

the deformation-induced orientation appear later in this paper. process. The relatively perfect crystal spherulites of the nylon-6
In order obtain further information regarding the effects of in Figure 7a have a radius of about 4th. After the ECAE

the ECAE process, polarized light optical microscopy was used process, the spherulites appear as shown in Figure 7b, which

to study the deformation of the various materials. Figure 7 shows are highly elongated into ellipsoids with their long axis rotated

the optical micrographs of the thin sections from billets of R clockwise away from the normal direction by an angle that will
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90 4+—L L L L L L L clay nanocomposite. Although the polymer spherulites in the
85_5 ° o, nylon/clay nanocomposites are very small, they still have a size
1 o« 4 of the order 1um in diameter, and so it can be deduced that
~ 809 EE each of them potentially contains some thousands of clay layers.
~ ] Ztay a This large number of clay layers has the potential to influence
=y 75'; A the deformation within a spherulite and possibly cause the
g 70-f § spherulite to fragment into fine crystallites, with subsequent
5 ] A 3 nonaffine deformation of the spherulitic microstructure.
g 65-5 § I I To gain understanding of the effect of clay on the deformation
2 604 i % @ of the polymer, the orientation of the clay layers under ECAE
(@) 55_5 % { process was studied using small angle X-ray scattering (SAXS).
] } The average orientation of the clay layers in the nylon-6/clay
504 nanocomposites was investigated by performing SAXS through
455 the transverse direction of the samples both before and after

ECAE.

The SAXS image for original nylon-6 R with the X-ray beam
perpendicular to the compression direction of the compression
molded sample (shown in Figure 9a) shows a clear uniform
scattering from the polymer crystal lamellae. Wide angle X-ray
patterns also show a nonoriented ring pattern. This suggests that
. ) . . no significant crystalline orientation occurs during compression
be designatediee. Figure 7c shows the polarized optical |ding. A typical SAXS image of nylon-6/clay nanocomposite
micrograph of RN. The addition of the clay in the RN composite gy (shown in Figure 9b) obtained with the X-ray beam
reduces the spherulitic structure to a much finer scale micro- herpendicular to the compression direction shows much stronger
structure. This is in good agreement with the reports on nylon- gcattering which must be be attributed to the presence of clay.
1212/clay” and polypropylene/clay nanocompositésafter This scattering image does not show evidence of any orientation
deformation, although the spherulites have been extremely 5 qgesting that no pre-existing orientation of clay layers is
distorted, the spherulitic morphological structure is also appar- present in the 10 mm thick sample prepared by compression
ently orignteq along a specific direction, clockwise from the molding. The SAXS of R2P1.81TD shows orientation typical
normal direction by an anglee e (from Figure 7d). _ of nylon-6 crystal lamellae. It is difficult to quantify a specific

If the spherulites are assumed to be deformed by shear ingrientation angle of the crystal lamellae because the scattering
the same way as the overall material (i.e., affinely) and the paiern comprises two asymmetrical arcs, suggesting a broad
volume of the spherul[te is constant, an mmglly .(assur.ned distribution of lamellar normals centered in a particular direction.
spherical) spherulite will transform into an ellipsoid, which This center of the distribution of the normal directions of the
would correspond to the principal strain ellipsoid. The theoretical qianted crystal lamellae is shown as an arrow in Figure 9c.
rellatlon of the orientation an.gla. of the major axis of the The nylon-6/clay nanocomposite RN2P1.57TD displays strong
ellipsoid and the shear angfeis given by scattering anisotropy, indicating that the normals of the clay
layers are distributed around the direction shown by the arrow

T T T T T T T
R1.3 RN1.5 c11 c14 CN1.2 CN2P1.6 CN2P23

Nylon and Nylon/clay with various shear strain
Figure 8. The calculated ellipsoid orientatiar r from apparent shear
strain, the crystal ellipsoid orientation angle e from polarized optical

microscope investigation, and the orientation angle of the clay layers
Olay Produced by ECAE process.

o= 1 arctayé— Z) 2 in Figure 9d. The orientation angle of the clay layers can be
2 14 measured from the strong scattering pattern, and some typical
results are plotted in Figure 8 asgjay. It can be seen thatgay
where . . IR .
is always higher than the actual crystal ellipsoid orientation angle
y = tan@) ) og e from polarized optical microscope. Because the orientation

of a semicrystalline polymer in a clay-reinforced nanocomposite
The predictions ofx based on this equation, from the measured depends significantly upon the clay orientatidna more
values off, are plotted in Figure 8, designatedasr. For one advanced clay orientation will mduc_e crystal lamellae orientation
pass under similar ECAE conditions, R and RN attain similar and fu_rther cause t_he fragmentatlon_c_)f crystal spherulites and
apparent plastic shear strain. For the pure nylon-6 (R and C),nonaffme deformation of the spherulitic microstructure.

the values ofig g = 59° + 2°, 56° & 2°, and 60 + 2° observed To gain further understanding of the effects of deformation
using polarized optical micrography are quite close to the on the morphology of the different polymer compounds under
assessedg 1= 62° 4+ 1°, 59 + 1°, and 62 + 1°. This result study, samples of the different polymers were subjected to
is in agreement with similar observations reported on poly- tensile drawing (see ASTM D638) to form a basis for
(ethylene terephthalate) after ECAE deformafi¢gtowever, for comparison of the structures obtained. Figure 10a displays the
the nylon-6/clay nanocomposites CN and RN, there is a WAXD flat plate pattern of a stretched nylon-6 sample R with
significant discrepancy between the calculatagy and the the beam perpendicular to the horizontal tensile direction. The
experimentabe g. This seems to indicate that the deformation sample R was highly stretched (extension rétie= 2.7 or a

of the crystallites of the nanocomposite is in some way different nominal strain of 170%) at room temperature, and the diffraction
from that in pure nylon-6. This could be attributed to the from the (002) and (200) planes is strongly aggregated on the
existence of the clay layers (with thickness of about 1 nm and equatorial plane. This suggests that éhendc axes are largely

length of about 56500 nm) in the polymer matrix. If the clay
layers are dispersed uniformly in the polymer matrix and
supposing the size of each individual clay layer to be 200

x 200 nn#, there are approximately 600 clay layers imrh3

for a 5% clay loading and (say) 250 layers imh?® of the 2%

normal to that plane although there is no distinct diffraction
peak for planes perpendicular to the macromolecular chains (the
b axis for the a-form crystal of nylon-6), the preferred
orientations of the andc axes. Both are largely perpendicular
to the drawing direction which indicates that the majorityoof
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a)R b) RN

Shear direction —————* Normal of

5 clay layers

Normal of
crystal lamellae

¢) R2P1.81TD d) RN2P1.57TD

Figure 9. The SAXS images of (a) compression molded nylon-6 R with the X-ray beam perpendicular to the compression direction; (b) compression
molded nylon-6/clay RN with the X-ray beam perpendicular to the compression direction; (c) nylon-6 R after two ECAE passes, with a strain of
1.81 and the X-ray beam in the transverse direction; and (d) nylon-6/clay RN after two ECAE passes, with a strain of 1.57 and the X-ray beam in

the transverse direction.

002/202

b)

Figure 10. The WAXD flat plate patterns of nylon-6 after (a) tensile stretching along the horizontal direction with extensioh=+a2i@ and (b)
channel die compression (CD) along the vertical direction, with tensile strain (FD) along the horizontal direction, shear=stfaiy and the

X-ray beam along TD.

crystallites are aligned with theib axis along the tensile
deformation direction, typical of a fiber orientation.
Figure 10b shows the WAXD flat plate pattern of the nylon-6

away from TD. The characteristic diffraction patterns from
nylon-6/clay nanocomposites show a similar orientation of the
(002) and (200) planes, suggesting a similar trend in the

after pure shear by CDC, where the X-ray beam is directed alongorientation ofa crystallites in both nylon-6 and nylon-6/clay

the transverse direction TD (see Figure 2). The maximum
intensity from the (002) plane is along the compression direction
(CD in Figure 2), while the intensity minimum from (200) is
also in this direction. On the basis of the interpretation of the
chain slip mechanism proposed by Arg¥n23 the possible
orientation of then-form crystal lattice in nylon-6 is displayed
schematically in Figure 11. Generally, the orientation of the
molecular chains is along the flow direction (FD), shown in
Figure 11 as the axis. The maximum intensity in CD indicates
the main orientation of the (002) planes with their normals
(designated by c*) along CD. For the monoclinic unit celbof
nylon-6 crystals, the normal of the (200) plane (a*) is distributed
about a direction that is 672.5angle, shown in Figure 11)

nanocomposites after the pure shear.

The intensity changes after ECAE deformation of the
characteristic diffraction peaks in the three directions of neat
nylon-6 samples (R, C) and nylon-6/clay nanocomposites (RN,
CN) are displayed in the WAXD flat film patterns in Figure
12. The normal to each respective face of the cube as shown
on the set of axes is the direction of the X-ray beam used to
obtain the diffraction image displayed on that face. Compared
with the diffraction from undeformed samples, the intensity of
the (200) and (002) peaks changed after the ECAE process,
indicating preferred orientation of the crystal planes.

With the X-ray beam directed along the normal direction (ND
in Figure 12), the (002) diffraction peak is the same as those of
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Figure 11. Schematic diagram of the main orientation of the crystal planes.

the undeformed samples. The (200) intensity increases along ao align with SD, the possible orientations of the crystal lattice
spread of azimuthal angle around the transverse direction (TD),are schematically shown as A and B in Figure 13a. With the
indicating that the normal of the (200) planes is probably chain directionlf axis) along the shear direction, the (002) plane
orientated along TD. The pattern also displays mirror symmetry is parallel to theb axis and extends to the inside and outside of
with respect to both the SD and the TD. If the X-ray beam is the plane of the paper. The possible direction of dhexis is
directed along SD, the (200) diffraction increases in intensity also displayed in the two possible orientations. Both of them
around TD, which is in agreement with the information from show the normal of (200) parallel to or close to TD by a small
ND. The intensity from the (002) planes increases around ND, angle (about 225 90 — ) and the normal of (002) away from
which suggests that some of the (002) plane normals are orientedlD by a relatively large angle (90or 3) so that the oriented
along ND. The diffraction images from the SD directed beam crystalline structure causes an increase of the diffraction from
also display mirror symmetry with respect to the transverse and the (200) plane and a decrease of the diffraction from the (002)

normal directions.
The most informative diffraction evidence about orientation

along TD.
Figure 13d displays typical diffraction intensity curves from

appears on the TD diffraction images. With an increase in shearillumination along SD. There is increased intensity along TD
strain, the (002) diffraction intensity aggregates as a set of for the (200) reflection and along ND for the (002) peak. The

azimuthal arcs for a specific direction while the azimuthal
minima of the (200) diffraction are also in this direction. The
bimodal orientation, which is commonly found in deformed
HDPE and PP, is not apparent for the: crystalline form of
nylon-6 and nylon-6/clay nanocomposites after the ECAE
process.

It can be seen that all the diffraction images from illumination
along ND, SD, and TD display maximum and minimum
diffraction directions that indicate the orientation of the mac-
romolecular crystals. Therefore, a comparison of the diffraction
along these directions is potentially a very useful tool to
investigate the structural orientation quantitatively. By use of a

conventional diffractometer, a measure of the extent of orienta-

possible orientations of the crystalline lattice are displayed as
A and B in Figure 13c. In the A condition, the normal of (002)
is parallel to ND and the normal of (200) plane is around TD
by a small acute angle (about 22.®0 — (). Under the B
condition, the normal of the (002) plane is distributed around
ND within a small angle (about 22.590 — ) and the normal

of the (200) plane is parallel to ND.

Figure 13f shows typical diffraction intensity curves from
illumination along TD. If theb axis is aligned generally along
SD, there is only one possible orientation of the (002) plane,
i.e., with its normal perpendicular to the diffraction arc shown
as A in Figure 13e. The two possible directions of thaxis
extend to the inside of the plane of the page. The normal of the

tion can thus be obtained by orienting the specimen to measure(200) planes deviates from the TD plane by an ariiglehich

the diffracted intensity along the chosen azimuthal directions.
Figure 13 shows typical WAXD curves along the maxima and
minima of a (200) anda (002) diffraction for nylon-6 C.

Figure 13b displays the diffraction intensity curves from
illumination along the ND of deformed nylon-6 C along the
orthogonal directions SD and TD (Figure 13a) compared with

does not lead to the decrease of the intensity of the (200) in the
Dmax direction. This indicates that the direction of thexis is
not precisely aligned along the SD at this stage of deformation
but close to the SD by a specific angle, which tends to zero
with the increase of shear strain. The main chain orientation
direction (MCOD) is orthogonal to thBmax of the (002) plane

a trace taken from an undeformed sample. The intensity has nofrom the TD view. It is clear that the A condition in Figure 13a

significant change along SD, while the intensity of (200)

from ND and the A condition in Figure 13c from SD are in

increases and that of (002) decreases along TD. It suggests thaagreement with the result from TD and so the other possibilities
the chain slip of the (002) planes causes rotation of crystalline are excluded. Therefore, a three-dimensional schematic repre-
lamellae. As a consequence, the c* normals of the (002) planessentation of the possible orientation of the crystalline lattice is
rotate away from TD and the a* normals of the (200) planes as shown in Figure 14. The MCOD is close to SD by a specific
congregate around TD. Given the general tendency of chainsangle, and the normal of the (002) plane is mainly oriented along
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o Figure 13. Panels a, c, and e show WAXD flat plate images for nylon-6
C deformed all = 150°C to a shear straip = 1.11, with the beam

along ND, SD, and TD in turn. Also, the possible dominant orientations
of the crystalline axes are illustrated. Panels b, d, and f show the WAXD
diffractometer traces taken along the radial directions, as indicated in

the preceding part of the figure, compared with the diffractometer trace
(labeled C) for an undeformed sample of the same material.

R1.0 (3= 1.0) RNL4(y=14)
undeformed nylon-6 C undeformed nylon-6/clay nanocomposite CN

L

o

‘ . ND > i
D sD
Figure 14. Schematic diagram of the main orientation of the crystal

CLII(p=111) CNL16(p= 1.16) planes

Figure 12. The flat plate film patterns of nylon-6 and nylon-6/clay ~ Of (200) planes are distributed around the direction at an angle
nanocomposites with various indicated shear strains after the ECAE from TD, and their diffraction folds together for the tilt of the
process. (200) planes to form a set of long azimuthal arcs.

From the diffraction patterns of TD, it is apparent that the
the MCOD and has a distribution around the MCOD for the orientated crystalline structure resulting from the ECAE process
tilt of the normal around the MCOD. The two possible normals is similar to that obtained by CDC pure shear but the structure
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Figure 15. The macromolecular chain orientation anges.i» and calculated spherulite ellipsoid orientation angte- of nylon-6 and nylon-6/
clay nanocomposites resulting from ECAE deformation (the numbers followed by the polymer symbols are their apparent shgarosiain
values for the nanocomposites are also shown.

obtained by tensile deformation is somewhat different. The Figure 15 also shows thegain values of the two nylon-6/clay
schematic diagram of the main orientation of the crystal lattice nanocomposites RN and CN being close to theirr values
from the ECAE process can be obtained by rotating the and always being associated with the orientation angle of clay
schematic diagram of the oriented crystal lattice from CDC ojay from SAXS after the first ECAE process. Thenain is
samples (Figure 11). That the tensile test is different is not always slightly smaller than the.ay which suggests that the
surprising, as the tensile test involves a significantly larger strain orientation of clay layers has induced the chain orientation. Since
and a different stress state when compared to samples with onghe crystal ellipsoids in nylon-6/clay nanocomposites experience
or two passes of ECAE or CDC (unless taken to extremes) andnonaffine deformation after ECAE and the orientation of the
the tensile orientation was done at room temperature whereasellipsoid lags behind the theoretical calculatedr, the orienta-
the ECAE and CDC were done at elevated temperatures. tion of the molecular chains is not parallel to the long axes of
The characteristic arcs from (002) diffraction indicate that crystal ellipsoids. This also is attributed to the influence of clay
the simple shear process, due to chain slip along the planes ofayers, and the mechanism is expatiated in detail in the further
hydrogen bonds, causes rotation of fragments of lamellae thatdiscussion.
tend to orient with their (002) planes along the orientation  Another interesting result is that, after a second ECAE pass,
direction of maximum tensile strain. This kind of alignment of the nylon-6/clay nanocomposites obtain a relatively high ap-
the o crystals resembles a twinned monocrystal along the parent strain and high chain orientation with thgai, values
crystallographic planes containing hydrogen botidhe (002) significantly enhanced to more than°8Which is very close to
planes becoming perpendicular to the short axis direction the shear direction (9. It could be surmised that after enough
(equivalent to the compression direction in pure shear), with ECAE passes, the crystalline molecular chain axis would fully
the macromolecular chains aligned along the long #iEhe align with the shear direction. Although RN1.57 has lower shear
apparent twinning symmetry plane is the (002) plane. It is strain than R1.81, itschainiS much higher than that of R1.81.
reasonable to suppose that the main orientation of the crystallineFurthermore, the in situ polymerized CN obtained the highest
planes after the ECAE process is as shown schematically inachain due to the primary chemical bonds between clay and
Figure 14. With the chains orientated along a direction with a molecular chains. These observations strongly support the clay-
specific angle clockwise away from the normal direction, the induced chain orientation mechanism.
normal (c*) of the (002) plane is around the perpendicular line  From the above discussion, a deformation mechanism is
of the chains. Therefore, the diffraction of the (002) plane forms summarized as shown schematically in Figure 16. Whemthe
the two arcs with the aggregated intensity on the TD pattern. form of crystal is dominant, the orientation of the molecular
The normals of the two possible orientations of (002) planes chains is associated with the orientation of the crystal lamella
are inclined and folded together to form the diffraction as shown in Figure 16a. The MCOD is orthogonal to the
distributed along azimuthal angles around the transverse direc-orientation direction of crystal lamella shown in Figure 9. The
tion. It can be seen that the azimuthal angular spread of (200)orientation of crystal lamellae is governed by the affine
diffraction is bigger than that of the (002) diffraction. deformation of the crystal ellipsoid during the first ECAE
The mean azimuthal orientation angle of tle (002) process. For the nylon-6/clay nanocomposites shown in Figure
diffraction, designated aschain iS @ parameter which can be 16b, the clay layers play an active role in inducing the
used to describe the extent of orientation of the macromolecular orientation of the molecular chains and the crystal lamellae. Due
chains in the crystalline phase. Thginvalues of nylon-6 and  to the slip and rotation of the clay layers, the macromolecular
nylon-6/clay nanocomposites after the ECAE process are plottedchains are induced to slip evenly and continuously throughout
in Figure 15. Theachain Values of the two nylon-6 R and C  the crystal lamellae and lend to the rotation and orientation of
samples are very close to the theoretically calculated ellipsoid crystal lamella. Because of the realignment, the orientation of
orientation angleogr, which is in good agreement with  crystal lamellae lags behind that of the macromolecular chains,
orientation of the strain ellipsoid considering the orientation of which is almost oriented along the direction of clay layers. This
molecular chain along the long axes of the crystal ellipsoid. also contributes to the nonaffine deformation of the spherulites.
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Figure 16. The schematic diagrams of clay layer slip and rotation mechanism during ECAE process: (a) nylon-6; (b) nylon-6/clay nhanocomposite
(chain orientation induced by clay layers).

When further deformed in the second ECAE process, the slip In order to obtain a high permanent shear strain by the 90
of the clay layers will stretch the molecular chains and the crystal ECAE process, it was found that an optimum deformation
lamellae in between to induce even higher orientations of the temperature of about 15C for both nylon-6 and nylon-6/clay
molecular chains. As shown in Figure 15, the molecular chains nanocomposites was required. Nylon-6 experienced affine
of nylon/clay nanocomposites achieved higher orientation than deformation during a ECAE process while the nylon-6/clay
the clay layers. The well dispersed clay layers and their tight nanocomposites produced nonaffine deformation on comparison
connection with molecular chains in the in situ polymerized of the calculated orientation angle of ellipsoidst based on
nanocomposites (compared to melt blended matetfafs) the principle of the affine deformed ellipsoids. A schematic
clearly improve the nanoclay influence, and CN shows the representation of the effect of ECAE deformation on the primary
highestochain This mechanism can explain why nylon-6/clay orientation of the crystal lattice of the crystal was suggested
nanocomposites deform with less stress on the second ECAEbased on the analysis of the diffraction of thg002) anda
pass and also why synthesized CN obtains the highest sheaf200) planes in three dimensions. The chain slip of the hydrogen-
strain with the lowest stress as shown in Table 1. At the first bond-containing (002) plane in thecrystalline form was the
ECAE pass, due the random orientation and location of the clay, active mechanism of the orientation of the macromolecular
it is very difficult to deform the composite material, so a higher chains of nylon-6 during the ECAE process. The change in
stress is needed (see Table 1). After the first ECAE process,orientation of the clay layers during the ECAE process caused
some of the clay platelets will be oriented with their planes the nylon-6/clay nanocomposites to achieve high shear strain.
along either the shear direction or the major strain axis, making The clay layer slip mechanism showed that the shear force
the nylon-6/clay nanocomposite more easily deformed. The during the ECAE process leads to the slip and rotation of the
tighter chemical bond in CN between clay layers and the clay layers in the crystalline region, which induced the even
macromolecular chains from in situ intercalative polymeriza- and continuous molecular chain slip. The slip and rotation of
tion?425 possibly make the effects of the clay on shear clay layers caused a nonaffine deformation of the crystal
deformation more significant than that in the melt compounded ellipsoids in nylon/clay nanocomposites, leading to the high
RN. The orientation of clay layers dominates the morphology orientation of the macromolecular chains for any subsequent
of the nanocomposites by inducing the orientation of molecular ECAE passes. The in situ polymerized nylon-6/clay nanocom-
chains and crystal lamellae. This orientation behavior is a further posites achieved the highest molecular chain orientation due to
dominating factor for mechanical property improvements of the chemical bonds between clay layers and molecular chains.
these polymer nanocomposifes.
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