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ABSTRACT: A study on the mechanisms for embrittlement of polyamide-6 (PA-6) by nanometer-sized clay in
nanocomposites is reported in this paper. Tensile modulus and yield strength in these composites were found to
increase with clay concentration, while the strain at rupture decreased. Similar to the strain at rupture, fracture
toughness also decreased dramatically. Investigation by transmission electron microscopy alone indicates that
multiple crazing appears to be the only significant toughening mechanism for the nanocomposite with 2.5 wt %
clay which does not explain why composites with more clay are significantly more brittle. The deformation
behavior was therefore further studied using wide (WAXS) and small (SAXS) angle X-ray scattering, scanning
electron microscopy (SEM), and optical microscopy. WAXS detected the existence pfpthase of PA-6,
probably due to the presence of clay. However, the occurrence of this crystalline phase cannot explain the observed
changes in mechanical behavior. SAXS study indicated that crazing occurred in the PA-6 matrix in tension and
that the craze concentration depended on clay loading. The highest craze concentration was observed at 2.5 wt
% clay. The existence of crazes in nanoclay composites was also confirmed by optical microscopy and transmission
electron microscopy. In addition, SAXS showed that microcracking also occurred in these nanocomposites along
with crazing, with the highest concentration of microcracks observed at 2.5 wt % clay loading. TEM showed that
microcracks occurred near the interface of clay and matrix. The existence of a high concentration of crazes and
microcracks in the nanocomposite with 2.5 wt % of clay is the likely cause for its high toughness relative to
those composites containing higher clay loading. At higher clay loadings the high incidence of microcracks probably
prevented the crazing mechanism from operating to its fullest possible extent, thus resulting in low toughness.

1. Introduction and Objectives nanocomposites using X-ray scattering and microscopy tech-

Po|ymer/c|ay nanocompositea class of reinforced plastics niqUeS that produce new results not heretofore reported. It is
formed by dispersing nanosized clay particles throughout a hoped that these will help explain why nanoparticles nearly
polymer matrix-have received much attention in both academic always embrittle otherwise ductile polymers. Also reported are
and industrial arenas due to their enhanced mecharieald more conventional wide-angle X-ray scattering and tensile
barrie? properties and flame resistarfcExtensive efforts have  stress-strain behavior results. The objective of these latter
been devoted to the development and characterization of suchexperiments is primarily to show that the materials studied in
nanocom_posi_te‘§12 Yet, the mechanisms responsible for the his work are exfoliated to extents similar to those already
degradation in toughness, a common observation in theseg died and reported by oth&t=?2 and that the matrix crystal-

materlals,_have not been fully identified. . .. linity and macroscopic properties are also similar. No attempt
Polyamide-6 (PA-6)-based clay nanocomposites were first ;- 4o in the present work to investigate why certain types of
studied by a Toyota research grol¥p!® Many subsequent P 9 y yp

investigations have focused on preparation and macroscopicCryStaI polymorphs appear, nor hovy much the crystallinity has
mechanical property characterizati11622 on the influences ~ changed and how that might contribute to the modulus, etc.;
of clay addition to crystalline structure and morphology of however, the role of crystallinity on possible changes in the
PA-620-22 on thermal propertie®¥ 25 and on rheology®2’ modeof deformation is briefly explored. Similarly, no attempt
There has been general agreement that polymer-based clays made to fit the stressstrain behavior to continuum models
nanocomposites are much more brittle than their neat polymerof composites or plasticity because to do so would go beyond
counterpartd?®1316 which severely limits their use in load- the scope of this investigation.
bearing application¥2829 The fundamental causes for em-
brittlement are still unclear; consequently, it is imperative that
they be sought to allow effective toughening of polymer
nanocomposites to render them suitable for structural applica-
tions.

The objective of the present work is to detail the microde-
formation and fracture mechanisms in a series of PA-6/clay

2. Experimental Section

2.1. Materials. PA-6 (SF1080A) used in this study is a product
of Ube Industries. The unmodified pristine clay (montmorillonite)
and modified organoclay (Nanomer 1.30TC) were supplied by
Nanocor Inc. All the samples were dried in a vacuum oven at 80
°C for 24 h before mixing. PA-6/clay nanocomposites containing

:TO whom correspondence should be addressed. 0, 2.5, 5, 7.5, and 10 wt % organoclay were prepared via melt-
Institute of Materials Research and Engineering. . . .

tTexas A&M University. compounding using a Brabender twin-screw extruder at Z50

§ University of California, Irvine. with screw speeds of 80100 rpm. Henceforth in this paper, all

10.1021/ma071781s CCC: $40.75 © 2008 American Chemical Society
Published on Web 12/08/2007



194 He et al. Macromolecules, Vol. 41, No. 1, 2008

mention of PA-6/clay nanocomposites shall refer to the use of the ¥
modified organoclay unless otherwise specified, axnd fn PA-
6/xx shall refer to the weight percentage of clay in the nanocom-

a’yt v
posite. 5

2.2. Specimen PreparationThe extrusion compounded nano- ;PAGICI“

composite pellets were injection-molded with a Battenfeld 300 CD
Plus molding machine into tensile bars that have a cross section of
12.7 mmx 3.6 mm and a gauge length of about 100 mm, which
conforms to ASTM D638. The barrel temperature was set at
250°C and the mold temperature at 80. The pellets were also
injection-molded into rectangular bars with dimensions of 6 mm
x 12.5 mmx 160 mm for single-edge-notch three-point-bending
(SEN-3PB) test& Prior to testing, all specimens were dried in a
vacuum oven at 80C for 24 h.

2.3. Mechanical Testing.The tensile and bending tests were
conducted using an Instron mechanical testing machine (model
5567) at a cross-head speed of 5 mm/min at room temperature. An
extensometer (model 2630-105 from Instron) was used to accurately
determine the engineering (nominal) tensile strain up to the point
where specimen necking began. The tensile tests, data collection,
and analyses were carried out following procedures described in

90/10

\97.512.5

Intensity {arb. units)

ASTM D638. The cross-head speed and specimen combination Madified Clay

produces a strain rate of 0.0033 sFrom the linear portion of the

engineering stressstrain curve the Young’'s modulus was deter- Clay

mined. S ——
The SEN-3PB specimens were notched to a depth of 5.5 mm

with a notch cutter, followed by tapping in a razor blade that had s 0 s a5 ap

previously been chilled in liquid nitrogen. This procedure produced i
a sharp crack, usually to a total crack lengtlof about 6.5 mm 20 ()

(&/W= 0.45-0.55, wheréVis the depth of the specimen) for SEN-  Figyre 1. WAXS patterns of pristine and modified clay, PA-6, and
3PB tests? It will be shown in the Results section that these PA-6/clay nanocomposites.
geometries produced linear load-deflection curves in all but the pure

PA-6 specimens. , _ _ the peak represents the interlayer distalfcé® The WAXS
Double-notch four-point-bending (DN-4PB) specimens were also o terms for the pristine natural clay, organically modified clay

prepared in order to study crack tip damage mechanisms in a - :
subcritically propagated craék.In these specimens two nearly g?gv?mﬁl?:%u;ng the PA-6/organoclay nanocomposites are

identical cracks were prepared with care. _ o
2.4. WAXS/SAXS.Wide-angle X-ray scattering (WAXS) was The WAXS pattern of the natural clay mineral exhibits a
performed with a Bruker X-ray diffractometer fitted with a 2-D  reflection peak at@ = 6.9, corresponding to a basal spacing
detector, using nickel-filtered Cu d¢ radiation source A( = of 1.42 nm. For organoclay, the reflection peak of the basal
0.154 18 nm) at 40 kV and with a current of 40 mA. Testing was plane shifts to 2 = 4.1° with ad-spacing of 2.39 nm, indicating
carried out with 2 scanned between T.%nd 30 at a scanning  that a swollen and intercalated structure was formed by inserting
rate of P/min. Small-angle X-ray scattering (SAXS) was performed  the surfactant into the gallery of clay platelets. After mixing
on a Bruker Nanostar small angle diffractometer, using Gu K y15 pA-6 by the twin-screw extruder, the peak due to the basal

radiation sourceA( = 0.154 18 nm). The SAXS data were first : :
subtracted from background scattering and then divided by detectorplane of °r9"?‘”°°'6?y d|§appears in the .XRD patterns for the
nanocomposites with different clay loading levels up to 10 wt

response. The scattering position was calibrated using the rattail : :
starF:dard. ap g %. The absence of basal peaks in PA-6/clay nanocomposites

2.5. Microscopy.The fine scale dispersion of nanoclay platelets SUggests the formation of a widely spaced platelet or exfoliated
and the initiation and development of crazes in these nanocom-nanostructure. The WAXS results for PA-6/2.5, PA-6/5, PA-
posites were observed using a Philips FEG-CM300 transmission 6/7.5, and PA-6/10 are shown in Figuré*13¢ They are a good
electron microscope (TEM) at the accelerating voltage of 200 kV. indication of successful overall exfoliation although the existence
Thin sections having a thickness of 70 nm were cut for TEM of some remnants of unexfoliated clay cannot be ruled out from
observation from the midsections of injection-molded bars using a WAXS experiments. The TEM (Figure 2) also suggests that
Leica ultramicrotome equipped with a diamond knife under the majority of clay particles had been exfoliated in the PA-6
cryogenic cooling. The fracture surfaces of PA-6 and its nanocom- ayrix I this micrograph the clay platelets appear as distinct
posites from the SEN-3PB tests were observed using a scanningy- - jines dispersed in the polymer matrix. Furthermore,

electron microscope (JEOL-JSM-5600 SEM) at the accelerating . . . ; . . :
voltage of 5 kV. Prior to SEM observation, the fracture surfaces injection-molding process-induced clay orientation can be clearly

were coated with a thin layer of gold. The damage zone region of OPServed, especially near the specimen surface, where this TEM

DN-4PB samples were polished to about:8@ in thickness. The ~ SPecimen was obtained. These results are similar to those

morphologies of these thin sections were examined using transmis-reported in the literaturé.22:37

sion pptical microscopy under both bright field and crossed-polar  The extent of exfoliation and dispersion of the clay in these

conditions. nanocomposites was also investigated using SAXS. Figures 3
and 4 are SAXS of neat PA-6 and PA-6/2.5. Both sets of results

3. Results are dominated by a scattering peakgat 0.08 A1 (q = 4n

3.1. Crystal Structure and Morphology of PA-6 Nano- sin 6/4), which corresponds to d-spacing of 8 nm. This

composite.The nanoplatelets of clay are organized in layers, scattering peak can be regarded as being from the crystalline

similar to the structure of smectic liquid crystéfs3 This layer lamellar structure, and the position of the scattering peak

arrangement gives rise to low angle scattering in WAXS, where represents the lamellar thickness. Except for this peak, there is
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Figure 2. Bright field TEM micrograph showing exfoliated clay in
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3.2. Effect of Clay on the Crystal Structure of PA in the
Nanocomposite PA-6 is a semicrystalline polymer with a rather
complex crystalline structure. It is known that PA-6 exhibits
three crystalline forms that generally coexist in various
amountg138The stable monoclinia-form has a planar zigzag
chain conformation, with the H-bonds lying between antiparallel
chains, within (002) planes. The monoclinidorm has a chain
twist in the amide groups with respect to the methylene segment
so that the monomer unit is in aSTS (T= trans; S= skew)
conformational sequence that slightly shortens the crystal-
lographic chain axis. The H-bonds link parallel chains within
(200) planes, and the H-bonded sheets display a regular up and
down displacement. The metastable pseudohexagbfaim
is not as well identified, which can be viewed as an intermediate
structure betweea- andy-forms from the standpoint of H-bond
setting and chain conformation.

A silicate-induced crystal transformation from the€orm to
the y-form of PA-6 is observed by WAXS (Figure 1); i.e., the

formation of y-form crystals is strongly enhanced by the
presence of inorganic fillers. With the increase in clay concen-

PA-6/2.5. The specimen was prepared by injection-molding. The tration, the population of crystals increases while the popula-

injection direction is approximately horizontal.
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Figure 3. SAXS of neat PA-6, wherg = 4z sin(@)/4 (1/A) andl =

counts/s.
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Figure 4. SAXS of PA-6/2.5 nanocomposite after fracturing in tension
at cross-head speed of 2.5 mm/min, whgre 4z sin(@)/A (1/A) and

| = counts/s.

0.1

0.15

0.2

no significant scattering peak in SAXS up to 80 nm for the
PA-6 nanocomposite, indicating that in these materials the
concentration of aggregates with a dimension up to 80 nm is

tion of a-crystals decreases. Moreover, the overall crystallinity
of the nanocomposite decreases with increasing clay concentra-
tion.

3.3. Molecular Weight of Polymer Matrix. Some mechan-
ical properties of polymers strongly depend on the molecular
weight of the polyme?° For example, the brittle response of a
polymeric material sometimes results from excessively low
molecular weight. It has been suggested that the incorporation
of modified clay into a polymer matrix through melt compound-
ing at a high temperature-50°C) may give rise to molecular
weight degradation catalyzed by the addition of d&y'! It
has been hypothesized further that the yellowish appearance of
the resulting nanoclay PA-6 composites is evidence for signifi-
cant degradation, which could be a cause for the embrittlement.

To determine whether molecular weight degradation occurs
due to melt processing, the ideal experiment to perform would
be to extract the clay out of the composite and measure the
molecular weight of the remnant. However, such an experiment
would be exceedingly difficult to perform given the fact that
the exfoliated clay is only nanometers in size. Furthermore, the
possibility that some polymer molecules remain attached to the
large surface area of clay nanoparticles cannot be ruled out,
thus rendering complete extraction or separation improbable.
Consequently, the comparison was made between two com-
posites of PA-6 and clayone a simple mixture and the other
the melt-compounded nanocompositey measuring their re-
spective intrinsic viscosities. The intrinsic viscosity, which is
obtained from dilute solution measurements, is known to be
particularly sensitive to the high molecular weight fractions of
polymers with a molecular weight distribution and thus would
be useful for signaling any significant degradation. Conse-
quently, the molecular weights of PA-6 containing 5% clay
through melt compounding and physical mixing were deter-
mined using the intrinsic viscosity technique with formic acid
as the solvent. The results are shown in Table 1.

Table 1. Intrinsic Viscosity [] of PA-6 in Formic Acid at 25 °C
before and after Melt Compounding

intrinsic viscosity mol wt, g/mol (from

too low to give rise to X-ray scattering. The strong low angle
scattering observed in the nanocomposite can be attributed to
the scattering tail from exfoliated clay, which has dimensions
of approximately 100 nnx 100 nmx 1 nm.

polymer system [, dL/g Mark—Houwink eq)
PA-6 compounded 0.81 NA
with 5% organoclay
PA-6 simply mixed 0.83 NA
with 5% clay
neat PA-6 0.82 19200
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Figure 5. Stress-strain curve for neat PA-6 and PA-6 clay nanocom- Figure 6. Tensile modulus of PA-6 nanocomposites with various clay
posites with various clay concentrations. concentrations. The error bars indicate one standard deviatierl210
specimens were used to obtain each data point.
The intrinsic viscosity, ], for PA-6 physically mixed with

60 35
5% clay is 0.83 dL/g, while for PA-6 melt-compounded with

the same amount of clay (exfoliated);][= 0.81 dL/g. The .
intrinsic viscosity for neat PA-6 was also obtained and is = = 2 130 .
included in Table 1 for reference. The difference between the S 551 = 2
intrinsic viscosity values is within experimental scatter. Given ~ 125 &
the typical uncertainties in such measurements, it can be © -— k=)
suggested that the melt compounding does not significantly *‘C-'U, 50 | 420 f—f
degrade the molecular weight of the PA-6 matrix. It might be @ =
argued that the large surface area of the nanoparticles of clay &% 11s .%
shouldhave a large influence on the viscosity of the solution, T — 5
: © 45} [65]

and the similarities in the intrinsic viscosities might be due to p -
offsetting effects. However, any further investigation along this 1'°
line is beyond the scope of the present research.

3.4. Tensile Properties.The data reported here represent A — s & 8 P

an average of at least six tests. The engineering (nomlnal) Clay Content (WT.%)

stress-strain curves of the nanocomposites are shown in

Figure 5. rﬁiagnli)r(?orz' oziitglsdwf‘ttf:?/g?itohus(f é)laarégnzterr?tipat%tnsy iilr?eége/)rrgrszréﬁldicate
The maximum in the engineering stress is taken as the yield one stangard deviation. 02 sé)/ecimens were used to obtain each

strength in accordance with ASTM D638. Note that after the gata point.

maxima in the stress the materials underwent some necking,

and the deformation became localized in the neck. Further the materials fractured at ever decreasing nominal strain at break

extension of the Specimen was |arge|y due to extension of theV&'UES (Figure 5) The last observation is one of the motivations

neck. For this reason the data for further extension of the neatfor this investigation.

PA-6 beyond 60% is not shown in Figure 5 in order to show  3.5. Fracture Toughness and Fracture Surfaces of SEN-

the data for the nanocomposites with greater clarity. Note that 3PB SpecimensThe fracture toughness, described as the critical

the strain values reported in these curves are nominal andstress intensity factorKc, was measured using SEN-3PB

conform to ASTM D638. Consequently, these nominal stress  specimens. Thic values were determined using the following

strain curves cannot be used to compare with continuum relationship!344

mechanics models of composites or plasticity except in the linear

region. The tensile modulus is obtained from the initial linear K, .= YM‘

portions of the curves in a low strain range (016). It can ¢ 2BW

be seen that as clay concentration increases, both the Young's

modulus (Figure 6) and the yield strength (Figure 7) of the Y= 1.93— 3.07@W) + 14.53&/W)* —

nanocomposites increase significantly. The modulus of the 25-116/\/\/)3+ 25-806/\/\/)4

nanocomposite containing 5 wt % clay is about 50% higher

than that of neat PA-6 (Figure 6). Such high stiffening efficiency whereY is a shape factoR the load at failureSthe length of

has already been reported by other researciéfs’ and the the spanp the thickness of the specimew, the depth of the

data presented here are comparable. These results highlight thepecimen, and the crack length. Five to seven specimens were

impressive reinforcement effect of the high aspect ratio exfo- tested for each PA-6/clay nanocomposite system to olbtain

liated platelet$>42 For the nanocomposite PA-6/2.5, the yield Figure 8A shows the loagddisplacement curves from the SEN-

strength is increased (Figure 7) while the engineering strain at 3PB tests. Except for that for neat PA-6, the curves are linear,

break is decreased (Figure 5) from the corresponding values ofwhich is typical for materials that fracture with a small plastic

neat PA-6. And, with further increase in clay content, the yield zone. TheKc values calculated using the above equations are

strength continues to rise (Figure 7), albeit more slowly while presented in Figure 8B.
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Figure 9. SEM micrographs of fracture surfaces of PA-6 nanocom-
posites with various clay concentrations: (A) PA-6, (B) PA-6/2.5, (C)
PA-6/5, and (D) PA-6/10.

were more numerous and may not have had the opportunity to
develop fully before final rupture set in.

3.6. TOM Observations on DN-4PB Specimen®DN-4PB
test$! were performed on PA-6 and PA-6/clay nanocomposites
to study their fracture mechanisms in terms of the development
of a damage or process zone (Figure 10).

-0.5
K. (MPa-m™")

0 2 4 6 8 10
Clay Content (wt. %)

=y

Figure 8. (A) Load—deflection curves for PA-6 nanocomposites with
various clay concentrations. (B) Fracture toughrt@sgor PA-6 clay

nanocomposites with various clay concentrations. The value for PA-6
is nominal because it does not meet linear fracture mechanics criteria.

The error bars indicate one standard deviation7 &pecimens were
used to obtain each data point.

For neat PA-6, bright-field TOM micrograph shows that
multiple cracking or crazing occurred upon fracture (Figure
10A). In PA-6/2.5, TOM shows a small damage zone with a
high density of cracks or crazes at the crack tip (Figure 10B).
This damage zone is found to be populated by crazes by TEM
(Figure 11), although SAXS results (see below) show that the
real picture is more complicated.

Surprisingly, for samples with even higher clay concentrations
(=5 wt %), the crack tip damage zone became too small to be
observed (Figure 10C,D). The cracks propagated in a straight

line in such materials. Under TOM using crossed polars, no
The value for the neat PA-6 should be considered nominal sign of birefringence could be detected at any clay level. Thus,
because of the nonlinearity, probably because the crack tipthe TOM results suggest the occurrence of different fracture
plastic zone was large compared to the specimen dimensionsmechanisms at different clay loading levels although none
It can be seen thatc decreases monotonically as clay content involve substantial shear plasticity which would have given rise
increases. The embrittlement effect is clear and consistent withto observable birefringence. The sizes of the damage zones in
the stressstrain results. the nanocomposites are consistent with the toughness values;
SEM observations were performed on the fracture surfacesviz., PA-6/2.5 has the highest fracture toughness and the largest
of SEN-3PB samples coated with a thin layer of-A2d. The process zone, followed by nanocomposites with increasing clay
crack initiation region, i.e., just beyond the razor-starter crack, loadings but decreasing toughness and process zone size.
rather than the crack propagation region was the focus of these 3.7. Microdeformation Mechanisms. The stresses at the
observations because they are more revealing of the fracturecrack tips of 3PB or 4PB specimens are rather complicated due

and toughening mechanisHfsSEM exhibits a relatively rough
fracture surface characteristic for neat PA-6 (Figure 9A),
indicating the occurrence of localized cohesive failure sites
probably crazes (as will be shown latethat merged just
prior to final rupture. Interestingly, the fracture surface of

to the constraint that exists at the crack tip and the subsequent
development of fracture mechanisms during deformation.

Uniaxial tension, in contrast, subjects the specimen to a simple
state of stress during the early stages of deformation before
necking set in. The tensile specimens were therefore interrogated

the PA-6/2.5 specimen exhibits a much rougher surface thanby SAXS during and after deformation (but before necking
in PA-6 (Figure 9B). This surface characteristic suggests the occurred) in order to learn more about the microscopic processes
occurrence of even more cohesive failure or cavitation that operate under simple tension. In particular, known cohesive
events just prior to fracture. But, for the nanocomposite failure mechanisms such as microcracking or crazing were
samples with 5% or higher clay concentrations, the fracture studied.

surfaces are quite different from those observed in neat PA-6 When subjected to deformation, crazing may occur in many
and PA-6/2.5 specimens (Figure 9C,D). These surfaces aresemicrystalline polymers. Crazing is both a mechanism for
still rough, but the roughness is on a finer scale than those with energy absorption and a cause for the failure of polyrffets.
lower clay content, suggesting that the cohesive failure eventsFormation of crazes and the resultant craze concentration are
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Figure 10. TOM observations of DN-4PB specimens as a function of clay concentration: (A) PA-6, (B) PA-6/2.5, (C) PA-6/5, and (D) PA-6/10.
Cracks propagated from left to right.

< e

Orientation of Crazes SAXS Signature

Figure 12. Schematic of craze orientation with respect to the tensile
axis and the expected scattering signature from SAXS. In this schematic
the X-ray beam is perpendicular to the tensile axis. The injection
direction is parallel to the tensile axis.

volume, typically 16 mm?. As shown in Figure 12, if the tensile
deformation direction is horizontal, the SAXS pattern from
Figure 11. TEM from the crack tip process zone in a PA-6/ 2.5 crazes W_Ol.JId resemblt_e a narrow vertical strip V.Vith two "?b.es-
Specimen tested in DN-4PB. Crazes can be read“y seen. The arrowTh|S mer|d|0na| Scatte”ng IS attnbuted to Scattel’lng fI’0m flbrI|S
indicates the direction of crack propagation. in the craze4® which can be quantitatively related to craze
concentration through invariant analysis as follows:

critical to the mechanical behavior of a polymer. If a polymer
system can generate a massive number of crazes during _
deformation, then a tough polymer may result. On the other Q= ZI(q)qu + Qui

hand, crazes could also lead to early and low-energy failure of @

pqumers when only a small de_n_sity of_crazes is generated; in o =K K
this case the polymer would fail in a brittle manner due to the Quil = LJ(Q)Q dq= j;z —qdg= o
premature breakdown of a few crazes. a 2

Many methods could be used to probe the craze morphologywhereK is the slope according to the Porod analy€dsjs a
of polymers. Among them, SAXS is a particularly good relative invariant,q is the scattering vector, anidq) is the
technique for quantifying the dimensional characteristics of scattering intensity from craze. On the basis of this equation,
crazes® In this technique, sample preparation is simple, and the possible formation of crazes during deformation can be
the information obtained represents an average over a significanfprobed.

02
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Figure 13. (A) SAXS patterns for PA-6 clay nanocomposites with various clay concentrations. The % indicates wt % of clay. The letter “u”
denotes undeformed specimens while “d” denotes deformed specimens. (B) Integrated intgnsgys¢attering vectog from deformed PA-6
clay nanocomposite specimens with various clay concentrations, wherds sin(@)/4 (1/A) andlg = count/s. Note that thég scale for each
composition is different. The intensity for PA-6/2.5 is particularly high.

For neat PA-6, SAXS detected a small amount of crazing
after yield. For PA-6 containing 2.5 wt % of clay, the craze
concentration was significantly higher,

Figure 13A.

as shown

posites failed without generating significant crazing. In fact,
SAXS hardly registered any craze signature, as shown in Figure

in 13A. By integrating the scattering intensity along the meridian
as shown in Figure 13B, the total intensity is seen to be less
Note that the SAXS for the deformed specimens was obtainedthan that of neat PA-6 and is only a tiny fraction (1%) of that
after the specimen had been strained to failure. The SAXS isin PA-6/2.5.
from a section parallel to the tensile axis; thus, the craze planes The relative invariants for the neat PA-6 and PA-6 /2.5, PA/5
are parallel to the X-ray beam. When integrating the scattering and PA/7.5 are 0.86, 10.1, 0.13, and 0.10, respectively, according
intensity along the meridian as shown in Figure 13B, the total to the above equation, indicating that the craze concentration
intensity for PA-6/2.5 was found to be about 40 times that of is the highest for the nanocomposite containing 2.5 wt % clay.
neat PA-6. This was probably because the clay platelets For nanocomposites containing 5 and 7.5 wt % clay, the craze
acted as craze nucleation sites. When the clay concentrationconcentration is even lower than that in neat PA-6. This could
increased further, i.e., 5 and 7.5 wt %, the polymer nanocom- be because the crazes could not fully develop before the
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deformation. On the other hand, if the number of nucleation
sites was large, the simultaneous development of many crazes
would have caused the specimen deforming in bending to
become unstable because the compliance would have increased
rapidly. The large increase in strain at a given stress level would
have caused the crazes to transform into cracks without growing
fully along the craze planes. This scenario is consistent with
the observations in this work. Specifically, in the case of PA-
6/2.5, the number of nucleation sites was apparently large
enough to produce a large number of crazes in the process zone,
but not so large as to cause the premature transformation of
crazes into cracks. With further increase in clay, i.e., to 5 or
7.5 wt %, the rapid increase in the number of crazes apparently
caused the crazes to transform quickly into microcracks. This
scenario finds support in the SAXS study described in the
following.

3.8. SAXS Study of Microcracking. Similar to crazing,
cracking is a source of energy absorption as well as cause for
Figure 14. TEM micrograph shows crazes initiated at the interface fa|Iure.i5° H‘?W‘?Ve“ cracking not accompanlt_ad by plast_lc_de-
between clay and matrix. formation dissipates only surface energy, while crazing is itself
a form of plastic deformation, which absorbs far more energy
than cracks of the same length. The development of a process
zone with numerous stable microcracks may, however, generate

1
I L
a “crack wake effect” that can improve crack growth resis-
I/“} tanceX It is therefore important to determine whether significant
I s . i microcracking had occurred, especially in the crack wake.
O Cracks are very difficult to detect using SAXS as the length

scale of a typical microcrack is well in excess of the range of
the SAXS apparatus used in this work, which is normally able
Orientation of Gracks SAXS Signature to detect scattering centers up to about 80 nm in size.
Figure 15. Schematic of microcrack orientation with respect to the NEVertheless, if the crack width is small, i.e., not yet well

tensile axis and the expected scattering signature from SAXS. In this developed, it can be detected by the SAXS system used. The
schematic the X-ray beam is parallel to the tensile stress axis. characteristics of the microcracks would manifest itself in SAXS

. . . e as equatorial scattering lobes. Figure 15 shows a schematic of
specimens ruptured; this possibility was verified in another ¢ expected SAXS pattern from microcracks.
SAXS experiment that will be described below. For a polymer specimen under tension, microcracks must
The effect of clay on craze concentration and the subsequentd | p'thyth rsp Kol di I, to the tensile axi
deformation behavior of the nanocomposite can be explained &< Y0P WIth fhélrcrack planes perpendicuiar fo the tensiie axis.

by the interplay between craze nucleation and their transforma--l.—he crack Iength along the ml_crocrack pr_opa_gatlo_n direction
tion into microcracks. TEM showed that craze nucleation (i.e., perpendicular to the tensile stress direction) is normally

occurred near the interface between the clay platelets and the'®° large to be detected by SAXS' S )

polymer matrix (Figure 14 Fractured samples were s_tudlt_ed in directions perpendicular
Consequently, the number of craze nucleation sites increasecNd parallel to the tensile axis using SAXS, and the results are

with clay content. When the number of nucleation sites was Summarized in Figure 16.

small, each craze nucleus was able to fully develop into along SAXS was obtained from a section taken perpendicular to

mature craze, such as those shown in the TEM in Figure 11.the tensile axis. The scattering in the direction perpendicular to

Such crazes would eventually become a crack upon continuedthe tensile axis has been discussed previously: it is due to

Intensity too

strong to be
safely recorded

— —_—

Tension

X-ray.
Beam

Figure 16. Geometry and signatures of SAXS for PA-6 clay nanocomposites with various clay concentrations under tensile deformation. The %
indicates wt % of clay. The letter “d” denotes deformed specimens.
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scattering from crazes in the polymer samples and arises from The role of the clay platelets apparently was to trigger the
the density fluctuation between the craze fibrils in the crdes. formation of numerous crazes, as observed by TEM and
No significant microcrack formation was found in this direction, corroborated by SAXS. At high clay loadings, microcracks
as the scattering mainly was concentrated on the meridian. Byformed near the interface between the clay platelets and the
contrast, in the directioparallel to the tensile axis, equatorial  polymer matrix. The good dispersion of the nanoclay and the
scattering with reasonable intensity was found for nanocom- fact that the microcracks did not occur directly at the clay surface
posites PA-6/5 and PA-6/7.5. The SAXS scattering for PA-6/ suggest that claypolymer adhesion was adequate. Instead, the
2.5 in the direction parallel to the tensile axis was so intense low cohesive strength of PA-6, an intrinsic property of the
that the image could not be recorded safely in the XRD system polymer which made possible the easy formation of crazes and
used. As a result, the data for this composite is not listed here.ready transformation into microcracks, was apparently the chief
For neat PA-6, there was no such equatorial scattering. culprit in the brittleness of PA-6/clay nanocomposites.

The equatorial scattering demonstrates the existence of density It should be noted that PA-6 without any clay was the
fluctuation along the tensile direction. This scattering is probably toughest material in the present study. The addition of as little
the result of microcracking in the polymer samples with the as 2.5% clay was sufficient to cause embrittlement, although
crack planes perpendicular to the tensile stress. It is reasonablgsome other desirable properties were improved. The ideal
to surmise that the appearance of such scattering can bematerial, as is often the case, depends on the application that it
attributed to the addition of clay that induced cracks. Moreover, Will be put to.
it was shown in the TEM results that cracks occurred near the It is worthwhile to point out that literature data on basic
interface between the polymer matrix and the exfoliated clay mechanical properties of both conventional fiber- or particulate-
and/or within the gallery of intercalated clays. The fact that in filled composites and hanocomposites vary considerably because
neat PA-6 no such equatorial scattering was observed lendsof the differences in polymers, additives, and processing
further credence to this interpretation of the SAXS results.  conditions used. For example, even the reported modulus for

glass-fiber-filled PA-6 could vary by several hundred percent,
4. Discussion and Conclusions depending on the commercial grade and the producer. In the

. ' . case of nanocomposites the exfoliating agent, surfactant,
The work presented here is the first systematic study of the coupling agent, etc., could also significantly influence mechan-

microscopic fracture mechanisms of PA-6/nanoclay composites. . o . )
P Y P ical properties. (This is also true for conventional composites,

despite the fact that such materials have been discovered an%ut the effect might not be as large.) For these reasons the
: 15 Qi .

?;3ﬂ§dtL()er ?evr?;iéorﬁ)?jﬁjﬁssg:(ljlarié? dwg[?;r?t?ﬁ rir?(a:fs:srgze\:;th absolute values of mechanical properties presented in this paper

. - - Y! 9t . are perhaps not as important as the underlying microdeformation

increasing clay c?lnfggtratlon, while the strain at yield and at ¢ opahisms and the causes for embrittlement. With a different

break decreas_é@: ’ Although Fhe addition of nan03|_zed PA-6/nanoclay composite an ideal clay content for toughness

clay platelets in the nanocomposites favors the formation of might be different from 2.5 wt %. The importance of the

they-form crystal, which is more ductile, the presence of clay, ) . L . . . .
. : mechanisms described in this work lies perhaps in their generic
rather than the crystalline form, appeared to play a dominant nature

role in influencing the tensile behavior of the nanocomposites. . . . . . .
g P It is also interesting to note that in conventional particulate-

The fracture toughness measurements show that the normally.. . X . .
tough thermoplastic PA-6 is embrittied by the addition of filled composites poor adhesion between the filler and the matrix

nanoclay. The negative effect on toughness arising from the is often blamed for lower than desired mechanical performance.

addition of organoclay apparently overwhelms whatever positive In the present work adhesion petween the inorganic and. organic
effect there might be from the crystal transformation of the p_hases appears not to be the ISSUe. Rather, _the failure initiation
matrix to the more ductile form sites appear to be in the matrix, though adjacent to the clay.

. . . . This observation suggests that the fundamental cohesive strength
The brittle behavior of PA-6 nanoclay composites may arise

. . ; . of polymers may have been reached in well-exfoliated nano-
from several major factors, which can be categorized as e'thercomposites
intrinsic or extrinsic. Intrinsic factors could include degradation

of molecular weight due to .high compounding tempe'rature, Acknowledgment. The authors thank the AOARD Tokyo
which would favor the formation of cracks, while poor disper- - fice of the US Air Force Office of Scientific Research and

sion_ Of_ clay in the polymer matrix would be ano_ther important e |nstitute of Materials Research and Engineering (IMRE) in
extrinsic factor. No degradation of molecular weight was found, Singapore for their financial support of this work.

however. Although the dispersion of clay was not completely
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