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SYNOPSIS: Oriented polymer blends whose major component is highitlepslyethylene (HDPE) are
strained until failure. Two-dimensional (2D) small-angleray scattering (SAXS) patterns monitor the
nanostructure evolution, which is related to the macroscmgchanical evolution. Data evaluation meth-
ods for high-precision determination of macroscopic antbsaopic parameters are presented. The hardest
materials exhibit a very inhomogeneous nanodomain streictDuring straining their domains appear to
be wedged and inhibit transverse contraction on the naresrsetle. Further components of the blends are
polyamide 6 (PAB) or polyamide 12 (PA12) (20-30%) and Yp&r&%02 (YP) as compatibilizer (0-10%).
Some HDPE/PAG blends are additionally loaded with comna¢rzinoclays (Nanom@ror Cloisite®), the
respective amounts being 7.5% and 5% with respect to PA.dBigrof HDPE with PA12 causes no syn-
ergistic effect. In the absence of nanoclay, PA6 and HDPE fatheterogeneous nanostructure with high
macroscopic Young’s modulus. After addition of YP a rath@miogeneous scaffold structure is observed in
which some of the PA6 microfibrils and HDPE crystallites agpte be rigidly connected, but the modulus
has decreased. Both kinds of nanoclay induce a transititreitlDPE/PA6 blends from a structure with-
out transverse correlation among the microfibrils into anolattice with 3D correlations among the HDPE
domains from neighboring microfibrils. In the range of exiens between 0.7% and 3.5% the scattering
entities with 3D correlation show transverse elongatiatidad of transverse contraction. The process is
interpreted as overcoming a correlation barrier execugetid crystallites in an evasion-upon-approaching
mechanism. During continued straining the 3D correlatioreduced or completely removed.

Keywords: blends; clay; drawing; SAXS; structure-property relasion

INTRODUCTION materials are the microfibrillar-reinforced composites

(MFC).1% In them, both matrix and reinforcements
In polymer engineering, materials with uniaxial oriare obtainedn-situ, by transformation of blends of
entation are frequently manufactured. These are maérmoplastic polymers into micro- or nanostructured
only fibers, but also extruded strands and pipes. Basggtems using appropriate mechanical and thermal
on co-extrudates from various polymers and nanopaeatments. The preparation of MFCs comprises three
ticles, great efforts are made to produce materidasic steps. Firstnelt-blendingis performed of two
with tailored properties. A special class of such
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2 DENCHEV, DENCHEVA, ET AL

or more immiscible polymers. Inthe polymer blend sabtained. For advanced methods of SAXS analysis
formed, the minor phase should always originate frome need high-quality two-dimensional (2D) scatter-
the higher melting material and the major one from tleg data, and this requirement limits our time reso-
lower melting component. Second, the polymer blehdtion to presently 30 s. Moreover, compared with
is drawn at temperatures slightly above the glass tratudie$ of elastic materials that break at 200% elon-
sition of both blend components leading to their orgation €) or more, the study of thermoplastic mate-
entation (i.e.fibrillation). Finally, selective liquefac- rials that break at 10% elongation requires a much
tion of the lower melting component is induced. Thisigher resolution ire to resolve structure evolution.
causes a nearly complete loss of orientation of the nTdus, the presently achievable strain ratéor ther-

jor phase, and the isotropic matrix of the compositensoplastic materials is by 3 orders of magnitude lower
created. During thissotropizationthe temperature isthan the typical industrial strain rates. To our knowl-
kept below the melting temperatufgy of the higher edge, the first paper on polymer deformation based on
melting and already fibrillated component. Thus, thew-noise patterns with an exposure of 15 s and a cy-
oriented crystalline structure of the reinforcing fibele time of 30 s has been published by Chetral®

rils is preserved, and the MFC is formed. Controln this and similar studies a stream of high-precision
ling the polymer blend composition and the conditiorssattering data is obtained. The stream can be consid-
at each processing step, the diameter of these fibrilsed quasi-continuous, if the variation of nanostruc-
their length and alignment, as well as their adhesiture from frame to frame is small enough. In this case
to the matrix can be madified. In such a way, diffee survey of the mechanisms of structure evolution is
ent composites can be produced from similar polymeecoming possible.

blends with tensile and flexural properties adjusted to In the present work we study various MFC pre-
the specific use. cursors, i.e., oriented blends before isotropization. As

Because the mechanical properties are closely W& are aiming at the investigation of materials that fail
lated to failure or fatigue mechanisms on the nanonf&ly at 10% elongation, even the required determina-
ter scale, monitoring of nanostructure evolution dufon accuracy of structure parameters becomes a chal-
ing tensile tests or fatigue experiments is of fund’gNge as compared to studies of elastomers. More-
mental relevance. The mechanisms revealed in sQ4§", because many scattering patterns must be eval-
studies should help to improve the significance Hpted. automated data analysis is desirable. Corre-
modeling by advancing the predominantly homog&Ponding methods are presented both for the high-
neous modefswhich are commonly used to predicPrécision determination of the macroscopic sample
the properties of polymer materials. Moreover, bettglongation, and for the determination of subtle vari-
understanding of nanostructure evolution mechanisAfons of nanostructure parameters.
may immediately gain practical relevance by directing
the search for tailored materials. METHODS

Static nanostructure can be observed by electron-

microscopic methods. Nevertheless, such studies My cqrrelation method to determine the

be impossible for some highly oriented polymer M3acroscopic elongation from sample pho-
terials, if the sample cannot be adequately fracturggl

or cut. This is the case for the materials presented

here. On the other hand, scattering methods do notlreerder to determine the true macroscopic elongation
quire special sample preparation. Moreover, they capthe sample with fiducial marks (see Fig. 1a) is mon-
provide time-resolved data. In particular the smaltored by a video camera. Fiducial marks have been
angle X-ray scattering (SAXS) can be used to studyfixed to the sample by a rubber stamp. In this study
the nanostructure evolution, although the availaklilee elongation steps are so small that it is insufficient
instrumentation is enforcing a compromise. Eithés measure the mark distances on the screen. Here we
low-noise patterns are recorded with low time respropose a method by which the true macroscopic elon-
lution, or noisy patterns with good time-resolution aigation can be determined automatically and with high



DYNAMICAL STRAINING OF MICROFIBRILLAR REINFORCED HDPE/PABLENDS 3

precision, if the sample is kept straight and the coftem scattering theordf the 2D correlation function
trast among the fiducial marks is high enough. Fig- 2

ure 1 demonstrates the method. During the deforma- Yo (Xy) = M

tion experiment single frames are grabbed from the m (0,0)

video stream and stored as photos. A suitable clogka functionp, (x,y) can be computed, with

rate is two frames per cycle time of the X-ray detec- ) _

tor. Only once the user has to provide some input. It is Pm(%,Y) = Pm (XY) = Pm

based on the firstimage from the TV camera (Fig. 1"?‘épresenting the fluctuation pf, (x,y) about its aver-

The pseudo-color representation provides good visg@le om, and the autocorrelation being defined by the
contrast. The sample is the straight bar crossing {g.gra|

whole image from the left to the right. The blue spots -

on the sample are the fiducial marks. The ring-shaped *2 (x,y) = // f (u,v) f (U+x,v+y) dudv

object behind the sample is the flange fixing the en- -

trance window of the vacuum tube between sampte Fig. 1b the colored caps demonstrate, where
and detector. The distance between the fiducial magk$x,y) is positive. Because bar-shaped marks have
is 2 mm in the shown image. been affixed to the sample, only the macroscopic elon-
gationgn, in straining direction can be extracted from
the sectiony; (x) = [y2 (X,y) |; (X) of y» in straining di-
rection. Figure 1 presents this curve and its analysis.
Conforming to the nomenclature of the scattering the-
ory, the first positive peak is the long-period peak that

0.5 -| isrelated to the actual average distance of the fiducial
SH I 1 marks,Ly. Using the 7 data points around the peak
> maximum, a parabola (dashed line) is fitted, and the

I / T 4 position of its vertex is determined (arrow). Thus, in
o+ ! A - our experiment, is determined with an accuracy of

/ N
/l 26.49 pix \ 0.01 pixels. LetLyp the initial distance between the
o v = 1 marks, then the macroscopic elongation is
0 10 20 I 30 40 5 L
X [pixels] e~ Lm g

Lmo

Figure 1: True strain from recorded video frames. In-
seta: In the first video frame a region of interest (ROI
with fiducial marks is defined. Insdi: From the
ROI the 2D correlation functiog (x,y) is computed.
Main drawing: The center of the long-period peak i
Vi (X) = y2(x,0) is fitted by a parabola (dashed line) tceg 301
compute the distance between the fiducial marks 8
20

The center of the X-ray beam on the sample
marked by a cross in the image. Close to this cent 10
the user defines a rectangular region of interest (RO
Pm(%y). In Fig. 1a this region is bordered by a dashe 001 : 10 : 20
line. x andy are pixel coordinates in the direction ol t [min]
strain and perpendicular to it, respectively. The same
ROI is applied to all video frames of an experimenEigure 2: Accuracy of the correlation method is
The ROI is structured by the fiducial marks runnindemonstrated by the macroscopic elongatgt)
perpendicular to the straining direction. As is knowdetermined in a load-cycling experiment

50

40~
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The high accuracy reached is demonstrated in In analogy to the first method of Section “Meth-
Fig. 2 by angy (t)-curve recorded in a load-cycling exeds”, a ROl must be defined by the user. Inside this
periment of one of the MFC samples. The estimat&DI the algorithm searches for the peak. However,
error is below 0.001. Nevertheless, it increases carmew the 2D peak must be fitted to a 2D function. Like
siderably if the contrast of the bar sequence is low (iim- the first method, a set of measured data points is
sufficient illumination) or if the sample is not straighted to a regression algorithm. Instead of the 7 high-
in the beginning. The determination error may alsst points of a 1D peak, now all those points in a
increase after necking has occurred and the samag are used, for which the intensity is above a user-
has begun to slide through the ROI. Finally, it appeadsfined level. The 1D quadratic polynomial from the
worth to mention that in Fig. 2 the minima and thérst method is replaced by a 2D (bivariate) polynomial
maxima of theey (t) curve had to be approximatedof 2nd degree. Am-th degree bivariate polynomial
because of a synchronization error between the video .
capture routine and the cross-bar movement of the ten- f(X,y) = S o (x’)i ()/)J
sile tester. i.=0

in the image coordinates andy is defined by its

Automated 2D peak analysis in scattering coefficient matrixC’. Let the center of gravity of
patterns the fitted polynomial be(xy,yy). then central coor-

_ dinates are defined by = X' —x; andy =Yy — .
Nanostructure parameters can be extracted either frofg fitting of 2D data by a bivariate polynomial is
the measured 2D SAXS patterh: 2, s3) in recipro- g standard methold. In the programming environ-
cal space, or in real space from the CB(F12,13) (¢f. ment PV-WAVE®2 we utilize for this purpose the li-
Paragraph “Data evaluation” in Section “Experimetbyary modulePOLYWARP . PRO and link it into our rou-
tal”). Because narrow peaks of the CDF directly réne sf_peakfit.pro (free source code availaBR.
flect the probability distributions of domain distanceg¢ _peaxfit returns the peak center and the 3 co-
complex multidimensional modeling can be avoidegficient matrixC in the central coordinate system. We
if it is assumed that peak superposition can be ngssume that the profile of the peak in the principal di-
glected. Thus, to a first approximation nanostructUfgctionsx andy can be approximated by Gaussians.
parameters can be determined directly from peak gfsak widths of Gaussians are characterized by their

sitions and shapes. In analogy to the first method frafifyndard deviations, which are readily expressed in
Section “Methods”, the determination error can be rgsrms of the coefficients ot

duced significantly by fitting the peak, and this means

that even small variations of nanostructure parameters Coo Coo
UX = ; ) Uy = ; (2)
can be tracked. . ' . 2Cz0 2Co2
For example, if the long-period peak of the matrix '

material in the CDF is analyzed, then its position 0fﬁom the series expansion of the Gaussians (routines:
the meridian 3) is the long period. that measures 3% -2napeaks.pro, sf_anapeakso.pro). Here oy

the distance in straining direction between neighbd?'ar_r-]d th measure tthe :axt\e/:\r/\smnl of thetr;])eakgra_ndyll- _
ing crystallites. Let (t) the long period at timg, and Irection, respectively. Yve only use the principal-axis

Lo = L (0) the long period at the beginning of a defor_?_lﬁme?ts Ofi\f for thteh descrlpu?[n offt:]he peilf[hs hta}pg
mation experiment, then a nanoscopic elongation € Information on . € convexity o ) € pea . arisin
the other elements is not yet exploited. Typical con-

L(t) cavity is reflected in a banana-shape bending of the
€nano(t) = m - 1) peak (cf. Fig. 3b). Figure 4 demonstrates the fit of the
long-period peak from Fig. 3b by a bivariate quadratic
can be defined. Similarly, if a peak is considered thadlynomial. In order to assure numerical stability of
measures the distance between domains in equatdhal regression module on digital computers, the max-
(r12) direction, the nanoscopic transverse elongationum intensity in the measured peak data has been
£12nano CaN be determined. normalized to 1.
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ridges related to the diameter distribution of microfib-
rils. Thus, the lateral extension of the peak is a mea-
sure of the average diameter of the microfibrils. Then

D (t) = ~1

is the deviation from the initial microfibril diameter.
For example, iDy (t) = —0.1, then some average di-

ameter of the microfibrils at timeis by 10% smaller

Figure 3: Demonstration of peak-shape change fr Fpan before the deformation. In a scattering study

convex () to concave (b) in a straining experiment flle scattering entities that cause microfibrillar scatter-

a .HI.DPE/P.AG blend without compatibilizer (Ioga”th?ng are not only the reinforcing fibrils (polyamide do-
mic intensity scale)

mains, cf. Fig. 11). Additionally, the diameters (i.e.
transverse chords) of the HDPE entities contribute to
the averageagy and toDy. Admittedly, their contri-
bution is only high if the HDPE entities are thin mi-
crofibrils, as well.

EXPERIMENTAL

Materials. The studied materials are blends
made from high-density polyethylene (HDPE)
and a polyamide — either polyamide 6 (PA6) or
polyamide 12 (PA12). Additionally, some samples
contain the commercial compatibilizer Ypafe8102

Figure 4: Demonstration of bivariate polynomial fithP)' Moreover, some HDPE/PAG-blends have been

. . : . loaded with one of two commercial montmoril-
ting (linear intensity scale). The measured surface (Vi- .

) N onite (MMT) nanoclays. These nanoclays are
sualized as glass material) is the concave peak fr

Fig. 3b. The metal-material surface is the fitted poly- Oisite” 20A (by Southern Clay PrOdl.JCtS’ USA) and
. . . S anome® (by Nanocor, USA), respectively. The nan-
nomial. Its computation considers all points in a ca

. : clays are delivered in PA6 masterbatches containing
lack) th % of th k
(in black) that are above 95% of the peal maX|mumup 10 20% MMT.

Let they-direction be the meridian, and let us con- The blend ¢ HDPE i duced by B
sider the analysis of long-period peaks from CDFs, € blend componen 'S produced by B0-

thenoy (t) measures the evolution of the width of th dalis Inc. [PE VS453L; density: 0.94 glcrfy melt

long-period distribution inside the sample volume i low index: 0.6 g /10 min (2.16 kg, 190°C); melt-

radiated by the X-ray beam. In analogy to the intrd?9 point by DSC: 133°C]. The PA6 is made by
duced nanostructure parameter let Lanxess Inc. [Dureth&hB30 S; density: 1.14 g/ctn

melt volume flow-rate: 110 cA 10 min (260°C, 5 kg,
oLy = U g (3) 1SO 1133); melting point by DSC: 220°C]. The PA12
oy (0) is produced by EMS-GRIVORY Inc. [GrilamfiL25;
be the deviation of the long-period variation from theéensity: 1.01 g/cr#fi melting point by DSC: 178°C;
initial long-period variation. For example, [ (t) = M, = 60 kg/mol; M,, = 31 kg/mol]. Ypare® 8102
0.05, then the variation of long periods at times by is made by DSM Inc. It is a copolymer of HDPE
5% bigger than before the deformation. and maleic anhydride. Its melt flow index is 2.3 g /
In the studied materials the CDF long-period pedl®d min (2.16 kg, 190°C); melting point by DSC:
is constrained in equatorial direction by intensity25°C;M,, = 120 kg/mol;M,, = 15 kg/mol.
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The investigated materials are highly oriented (fil$training environment. Tensile testing in the X-
rillated) polymer blends used as precursors for MA@y beam is performed using a self-made extensome-
preparation. The materials without nanoclay hater, which has been built by one of us (T.S.). The
been prepared as follows. Quantities of granulatermachine performs symmetric drawing. Signals from
the proportions as indicated in Table 1 have been plead cell and transducer are recorded during the ex-
mixed. Each mixture has been melt-blended in a laljgeriment. The sample is monitored by a TV-camera,
ratory twin-screw extruder. While the resulting extriand video frames are grabbed and stored together with
date has been cooled to 12°C, the first haul-off unit hfe experimental data. The machine is operated at a
the extruder line has applied a slight drawing to stalgiross-bar speed of 0.4 mm/min. The initial length of
lize the strand cross-section. Further drawing has békbe sample between the cross bars is approximately
performed in the second haul-off unit, after the strard® mm. Measurement of the true macroscopic elon-
has been heated shortly in a water bath of 97-98°CgAtion &y, = (¢ — ¢p) /{0 is computed from the initial
third haul-off unit has applied the last drawing causirdjstance,/y, between fiducial marks and the respec-
the diameters to decrease from 2 mm (at the extrudige actual distance/. The applied high-sensitivity
die) to ca. 0.6—0.9 mm at the end of the extruder linmethod has been described in Section “Methods”. In
More details on the extruder line and the processitlte experiments the true strain ratg,, is close to
conditions can be found elsewhéfe. 15x 10 %s 1.

) ] Table 2: Composition of oriented blends containing
The materials with nanoclay (cf. Table 2) havﬁanoclay

been prepared in the same extrgder line. PA6 mas- .. Wt-% clay in PA6 |  pre-blended
terbatches have been dllut_ed with neat _PA6 to 5.9|DPE‘ PAG ‘ vp Nanomer‘ Cloisite | with extra PAG
and 7.5 wt-% MMT, respectively, by extrusion blend 30 | 20 -: o
ing. Let us call this procedure “pre-blending”. Af- - y

ter granulation, the pre-blended PA6 namocomposith?'5 20 | 25 75 yes
have been mixed with HDPE and YP and drawn as 20 S yes
indicated to obtain blends with 20 wt-% of PA6, the 20 o no
latter containing the specified amounts of MMT. In./ /-5 | 20 | 2.5 > yes
the case of Cloisite, additional oriented samples werd -5 | 20 | 2.5 > no

prepared by direct blending of weighed amounts of

HDPE, PA6/MMT masterbatch, neat PA6 and YP. . ,

These materials are labeled “npb” (not pre-blended®XS environment.  SAXS is performed at the

It has been expected that in the pre-blended Cloispdichrotron beamline A2 at HASYLAB, Hamburg,
samples the MMT filler will be concentrated in th&€rmany.  The wavelength of the X-ray beam
PA6 phase only, whereas in the npb-materials soffe®-1> nm, and the sample-detector distance is

nanoclay diffusion has been expected also into tR842 Mm. Scattering patterns are collected by a
HDPE phase. two-dimensional position sensitive marccd 165 detec-

tor (mar research, Norderstedt, Germany) operated
Table 1: Composition (in wt-%) of oriented blend# 1024 x 1024 pixel mode (pixel size: 158x
without nanoclay 1582um?). During the deformation experiments

scattering patterns are recorded every 30 s with an ex-

HDPE | PA6 | PA12 | YP posure of 25 s.

65 30 5

70 20 | 10 Data evaluation. The analysis starts from the scat-
80 20 0 tering pattern and turns it into a representation of
65 | 30 5 the nanostructure in real space. The only assump-
70 | 20 10 tion is presence of a multiphase topology. The re-
80 | 20 0 sult is a multidimensional chord distribution function
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(CDF), z(r).'> The method is exemplified in a textRESULTS AND DISCUSSION

book (Stribeck® Sect. 8.5.5). For a schematic sketch

of the steps of data analysis and the extraction of strirdrst, let us present nanostructural mechanisms that
tural parameters from the CDF see for example Figape able to explain the evolution of the combined scat-
in Stribeck et al® The method is extracting the topotering and mechanical data for materials of different
logical information on nanostructure (e.g. a two-phas§e@mposition. After this requested guide to the reader
topology, p (r) € [Pcryst, Pamorph], of phases with dis- the recorded data themselves are presented and dis-
tinct densities) from two-dimensional (2D) SAXS patcussed.

terns with uniaxial symmetry. The resulting CDF is an

“edge-enhanced autocorrelation functi®h®™ — the HDPE/PA blends. Mechanisms explaining
autocorrelation of the gradient fieldo (r). Thus, as the recorded structure evolution

a function of ghost displacement the multidimen- o ]
sional CDFz(r) shows peaks wherever there aie The nanostructure evolution is different for the differ-

main surface contactbetween domains ip (r) and €Nt kinds of polyamide (PA12, PA6) used as the rein-
in its displaced ghost. The CDF with fiber symmet reing phase. Relgted mechamsm; that can describe
in real spacez(riz,r3), is computed from the fiber- e dlﬁgrerw_t evolutlpn of the s.catter'lng da_lta are pre-
symmetrical SAXS patterrl,(si2,ss), of multi-phase sented in Fig. 5. Striated bars in vertical orientation il-

materialsts s= (sy, ) is the scattering vector withlustrate the microfibrils made from polyamide. Their
its modulus definea bys = s= (2/A)sinf. Here intrinsic semicrystalline nanostructure has little scat-

) is the wavelength of radiation, and3s the scat- tering effect because of low X-ray contrast and can

tering angle. In the historical context the CDF is e neglected. Black bars depict the crystalline do-

extension of Ruland’s interface distribution functiof’ins of the HDPE. Let the gaps be predominantly
(IDF)2! to the multidimensional case or, in a difrererfjlled by amorphous HDPE. Dashed curves outline the
shapes of the scattering entities that contribute to the

view, the Laplacian of Vonk’s multidimensional cor>' ' @F=> - i
relation functior?2 microfibrillar scattering of the material. In the SAXS
pattern this scattering is principally reflected in the
equatorial streak.

In order to describe the HDPE/PA12 blends, a
model is sufficient in which the two components are
not connected. The initial state is shown in Fig. 5a.
During straining (Fig. 5b) both the macroscopic sam-
ple and its nanostructure are affinely deformed in sim-
ilar manner €nano(t) ~ &m(t)). In the experiment
€nano(t) is strongly growing, because the vertical dis-
tance between the black bars is increasibg (t) is
decreasing moderately, because the scattering entities
are subjected to lateral compression.

For the HDPE/PAG/YP blends the previous model
is too simple. Thus, we propose a scaffold-like struc-
ture (Fig. 5c¢) that should at least be present in addi-
tion to the unconnected nanostructure of Fig. 5a. In
the scaffold the PA6 entities act as stabilizing struts.
As the structure is elongated (Fig. 5d) the struts pre-
Figure 5: Different deformation mechanisms prarent an affine extension of the HDPE domain sys-
posed to explain the scattering during extension t@m (Enano(t) < &m(t)), and the HDPE lamellae them-
blends containing different polyamides. Polyamidselves are subjected to high load. Failure of the HDPE
striated vertical bars. HDPE lamellae: black bars. Mamellae causes the average diameter (dashed outline,
crofibrillar scattering entities bordered by dashed linBg (t)) of the microfibrils to decrease considerably.

)

)
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HDPE/PAG6/nanoclay blends. Mecha- by dashed lines), and this will cause increase of the
nisms explaining the recorded structure observed average width of the microfibrils. More-
evolution over, we deduce from the sketch that if this mecha-

o o . ~ nism should hold, then the average distance between
Based on the qualitative multidimensional analysis gfe crystallites from different microfibrils should in-

the_CDF (Fig. 8) we propose a mecha_nism that can &fagse (true transverse elongatie nano UpON lon-
plain the observed anomalous evolu_tlon of the NanQfudinal elongationgnang). This effect of transverse
tructure parameters. The model (Fig. 6) is based Qngation can even be measured by monitoring the

the presence of a 3D macrolat?ice, because thisdi§tancerlz(hcac,t) of the sandwich-domain pediksc
the fundamental nanostructural difference between $16, the meridian of the CDF. In Fig. 12 this distance

anomalous and the normal materials, that only shQWqicated between horizontal arrows.
uncorrelated microfibrils.

iy
i 11 O M e
[ (D @D (I

(I
00 10 R, 1,
a (I b

SAXS

* a 20% PA12 |y 20% PA12 30% PAL
10% YP 5% YFP

Figure 6: Different deformation mechanism explai
ing the scattering during the extension of HDPE/PA
blends containing nanoclays. Average domains st
ated. Gray regions indicating statistical variation @
domain sizes

As is generally the case with technical polymersi
the nanostructure shows only short-range correlation

among domains of varying size and shape. Figure §gure 7: MFC precursor blends from HDPE, two dif-

sketches an idealized initial structure. We know frofarent polyamides (PA12, PA6) and a compatibilizer
the small number of visible CDF peaks that not mo@p) in straining experiments. Evolution of nano-

than 3 microfibrils with not more than 4 domains eadjrycture visualized in 2D scattering data on logarith-
are correlated. Moreover, in the sketch the variatigic intensity scales. SAXS patternis(s;», s3) in the

of domain shape and size is visualized by gray figsgion -0.1 nm < s;,,53 <0.1 nnL. CDF patterns:
gions that shall indicate an increased occupation profr,, r3)| in -75 nMK r12,rz <75 nm

ability of crystalline domains. As this macrolattice

is elongated infinitesimally, normal affine behavior . .

(i.e. transverse COMPressione;2nano UPON longitu- Nanostructure evolution: Scattering pat-
dinal elongationg.ang) appears not to be hinderedterns

Moreover, the observed increase of lattice homoger)gDPE/PA blends

ity does not appear to be unreasonable and has been

found in a previous stud$? Figure 6b sketches theFigure 7 presents scattering data of the studied 6 ma-
model situation some time later. The central microfilterials from two different states of the deformation ex-
ril is under somewhat higher strain, and the correlperiment. In each of the 6 blocks the left side shows
tion towards the neighboring microfibrils is not yethe initial state and the right side the state after 10 min
lost. The approaching crystallites (vertical arrowsf straining. This state is reached by all samples with-
force their neighbors to move away (horizontal aout rupture. Comparison shows that the changes are
rows). Under such an evasion mechanism, contatbderate. Thus, a quantitative nanostructure analy-
between neighboring crystallites may generate widis requires a method that permits to determine small
microfibrils made from pseudo crystallites (outlinedariations with sufficient accuracy.

v 000

20% PA6 @ 20% PA6 f 30% PAE
10% YP 5% YF
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The upper row of each block presents a centehices among the nanostructures of the different ma-
detail of the measured SAXS patterns in a logaritterials are much more clearly revealed in the CDF
mic intensity scaling and pseudo-color. Intensitighan in the SAXS intensity. In Fig. 7 the presenta-
are normalized with respect to both the incident fluion of the CDFs is special, because the absolute value
and the sample absorption (variation of irradiated vak(rip,r3)| is shown. This presentation ensures that
ume). For the presentation, the same intensity valoeth the positive peaks (domain peaks) and the nega-
has been mapped to the upper end of the logaritive peaks (long-period peaks) are visible at the same
mic scale (pseudo-color: “white”). Scaling overflotime. Because the CDFs show mirror symmetry with
has been accepted in several of the images in orderdspect to the equator plang, it is sufficient to dis-
present the features of the different patterns clearly.dass only the peaks that show up above the equator.

the affected patterns the regions of scaling overflow Tpe first peak above the equator describes the dis-
are restricted to the centers of the scattering pattelBs tions he(r) and ha(r) of the crystalline and of

(here the color palette is cycled several times). In the, amorphous domains in the HDPE. The individ-
CDF images the scaling is differing from image 10 im;4 gistributions cannot be discriminated visually, be-
age. Here the highest value found in each CDF se they are broad and overlap. The next peak is the
been mapped to the upper end of the logarithmic Sc%g-period peay (r) = hea(r). The 3rd peak de-

All SAXS diagrams exhibit both an equatoriascribes an arrangement composed from 3 stacked do-
streak and a long-period peak. Peaks exhibiting th&ins ficac(r) or haca(r)). The 4th peak that can be
linearly elongated shape of Fig. 7a-e are called laydiscriminated visually is the second long-period peak
lines and are typical for a highly oriented microfibmade from an arrangement of 4 domaihg, (r) =
rillar system. Thus, even the scattering entities bfaca(r)). The third long-period peak is already out-
the HDPE show microfibrillar character. Less praside the presented region, but still clearly visible.
nounced is the orientation of the HDPE microfibril§hus, in all materials at least 3 crystalline domains
in the SAXS patterns of the material which contairere correlated.

30% PAG and 5% YP (Fig. 7f). The pictures in the  comparing the CDFs of the different materi-
lower row of each bIockyisuaIize the nanostructure Eﬂs, the biggest differences are observed with the
CDFs after transformation of the SAXS patterns fropl_ ) peaks. In the materials without compatibilizer
reciprocal to real space. Because for all materials g. 7a,d) these peaks are rather narrow in merid-
the visible peaks are concentrated in a narrow Vegliy 5| girection. This means that the height of the

cal band about the meridian, we consider it allow%rresponding sandwich of domains is the most pre-

to analyze all materials by the model of a highly Orsjqe|y defined distance between domain surfaces in
ented microfibrillar system. SAXS monitoring of they o ctack. Such a special nanostructure is not con-

_mel_ting of these.materials.have ;hd\ﬂ/that the dom-. sidered in common models of nanodomain arrange-
inating long-period peak is vanishing at the meltingen: |t may be explain@ 25 by directed thickness-
point of polyethylene. Only after this has happenegyoth in coupled twins of nanodomains during crys-
the weaker scattering of the semicrystalline polyamidyization, This exceptional precision of the sandwich

entities becomes visible. Thus, our experiments ORiant js almost canceled in the material that contains
probe the semicrystalline structure of the polyethyleqg \,:.o, vp (Fig. 7b). With the HDPE/PA6 blend
and the outer contour of the polyamide microfibrilg,o ¢orresponding addition of compatibilizer does not
as far as it contributes to the equatorial streak of tEﬁow an effect on the arrangement of the nanodomains
SAXS pattern. (Fig. 7€). On the other hand, here the compatibilizer

In the SAXS patterns the distribution functiongs considerably increasing the total intensities of the
of the crystalline and the amorphous domains areeridional peaks. In the chosen CDF presentation this
mapped on subtle variations of the scattering intdieads to the impression as if the intensity ridges par-
sity. On the other hand, these functions are the buiklel to the meridian would disappear. In fact, the ap-
ing blocks of the CDFs, where they are clearly visparent effect is simply caused from the adaption of the
ble unless they overlap too badly. Therefore, diffescaling factor.
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HDPE/PA6/nanoclay blends

Figure 8 presents the scattering data of the 6 stud-
ied materials that contain nanoclays. All the CDFs
of the unstrained samples are fundamentally different
from those of the materials without clay. Although
the long-period peaks are still centered on the merid-
ian, here the inseparable domain pebks hy, haca
a +Nanomer b +Nanome + Ncac, Neacac + ha%ca_caare split into tyvo pegks left and

2 506 YF right of the meridian. The 1D microfibrillar nanos-
tructure appears to be replaced by a short-range corre-
lated macrolattice, in which the domains are arranged
in a 3D pattern. Figure 9 presents simplified sketches
of the two different nanostructures.

D D
0 —
D D
+Cloisite

[0 (0
mimm |

a

<>
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w00 (000

20 nnf12 20 nnh12

Figure 9: Models of the scattering ensembles made
from crystalline domains derived from the positions
of CDF peaks. a) HDPE/PA blends without nanoclay.

e +Cloisite npb f +Cloisite np  b) HDPE/PA/nanoclay blends

2.5% YF Comparing the CDFs of the unstrained materials
Figure 8: MFC precursor blends from HDPE, PAdn Fig. 8 with the CDFs in the strained state, dif-
two different nanoclays (Nanomer and Cloisite) arf@rent states of conversion into a 1D microfibrillar
a compatibilizer (YP) in straining experiments. Twetructure are observed. Thus, straining causes loss
different ways of adding Cloisite. Evolution of nanosef lateral correlation between the microfibrils, and the
tructure visualized in 2D scattering data on logaritianostructure is converted from the 3D macrolattice
mic intensity scales. SAXS patternis(s;»,s3) in the (Fig. 9b) towards the simple arrangement sketched in
region -0.1 nm? < s15, 53 <0.1 nnT. CDF patterns: Fig. 9a. This means that the structure is following
|z(r12,r3)| in -75 NM< rq2,r3 <75 Nm the general conversion mechanism described by Pe-

All the peak maxima of the semicrystalline struderlin?®

ture are on the meridian. This means that the crys- The strongest transverse correlation among the
talline domains in the HDPE microfibrils are only comnicrofibrils is shown by the material that contains
related to each other in meridional direction. Theamnly pre-blended Nanomer (Fig. 8a). For this material
is no correlation in transverse direction among neighanostructure conversion during straining is hardly
boring microfibrils. Thus, the materials without nardetected by comparison of the CDFs. Nevertheless,
oclays do not form a multidimensional macrolait is found by quantitative analysis. Addition of com-
tice 2627 patibilizer (Fig. 8b) decreases the transverse correla-

00§ OO0
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tion among crystallites. The same effect is as welbmes less accurate as soon as the sample translation
observed with the Cloisite (Fig. 8c-d), if the mastestarts. The relatively noisy curve of Fig. 10b is the
batch and the additional PA6 are pre-blended. On tlesult of general poor contrast in the video. Elonga-
other hand, if the masterbatch, the additional PA6 atidns are illustrated by dashed lines. Bold lines show
the HDPE are blended simultaneously (Fig. 8e-f), tiiee macroscopic elongatioay,. Thin lines report the
material containing 2.5 wt-% compatibilizer (Fig. 8fhanoscopic elongatiogyane 0f the HDPE matrix. Cir-
exhibits the most pronounced 3D macrolattice. Sutlar marks indicate regions in whieh, ~ €nano. All
jected to strain, the nanostructure conversion of mateaterials reinforced by PA12 exhibit this similarity of
rials containing Cloisite is proceeding faster than withhacroscopic and nanoscopic deformation. Dashed-
the materials that contain Nanomer. During straidetted lines showD,, the relative variation of the
ing complete conversion is observed in the test withheadth of the long-period distribution. The increase
the normally blended material that contains compatif all curves demonstrates increasing inhomogeneity
bilizer (Fig. 8d). of the long periods with increasing elongation. Dot-

' | ' ' s%paid  ted lines showDy, the relative variation of the mi-

/ | crofibrillar diameter during the straining process. In
all materials the elongational deformation causes the
microfibrils to thin. Variation of the material compo-
sition does not cause considerable changes.

20% PAL ‘ 20% PAL
a Y b 10% YH (o]

01

timin] N timin] N timin]

] 20% PAd °f30% PA6
d 20% PAY e IRt 5% YP_~T-
A _ iz

= -

o This is different with the samples reinforced by

PAG6 (Fig. 10d-f). Here an increase of the PA6 con-
tent to 30% causes strong thinning of the microfib-
rils. In the PAG blends the strong transverse decrease

Figure 10: MFC precursor blends from HDPE, twiy 999 along with only moderate nNanoscopic elpnga—
10N €nano Of the HDPE. An explanation for this find-

different polyamides (PA12, PA6) and a compatib}— N :
lizer (YP) in tensile tests. Evolution of macroscopi' g co_uld be microfibrillation by fracture of crystalline
stress and strairo|, &,) as well as of nanostructure pa- on;]alng Off.tt? (?Ilptquethg Iere' It ma?I/ bbe adrg;Je(j[I tt:at
rameters £nanoiS the nanoscopic elongation compute_%f“IC microfibriiation should, as wef, be aetectable
from the HDPE long periodD, is the relative changem the macroscopic stress-strain curves. In a previ-
of the width of the long period distributioDy is the ©US PaPer some of us have been able to retrieve in-

relative change of the extension of the microfibrils iﬂlc?tlons of the m?cro_?%oplc_(taf;ect g] repetrllté\\/;‘a“;(:ad—
transverse direction cycling experiments. ere it has been s

the stress-strain curve is only somewhat steeper be-

fore the disruption of crystallites than afterward. So
Nanostructure evolution:  Quantitative a corresponding macroscopic slope-change is hard to
analysis detect in a simple continuous straining experiment.

0% 5 15 20

| r e
10 £ o 0 5 10 15 20 25 30
tfmin] timin]

HDPE/PA blends Mor_eover, the_diagrams in Fi_g. 10d-f demonstrate
a considerable difference (vertical arrows) between
Figure 10 presents the results of a quantitative nantise two dashed curves. In Fig. 10egfdno < &m) the
tructure analysis for the blends which do not comanoscopic elongation of the HDPE phase is consid-
tain nanoclays. All materials fail by necking closerably lower than the macroscopic elongation. Simi-
to a clamp. As soon as necking starts, the stesdarity is only observed during the initial deformation
declines and the sample begins to move through the=ig. 10f (circular mark). Such an observed lagging
X-ray beam. In the diagrams the start of this faibehind of the apparent nanoscopic elongation may be
ure process is indicated by an inclined (green) arrogxplained by microfibrillation, as well. If one crys-
If the visibility of the sequence of fiducial marks igallite is broken into two, the numberof crystalline
changing along the sample, the determination of tdemains in straining direction is increasing rie- 1
macroscopic elongatiom,, (bold dashed lines) be-without a sudden increase of sample lengtiihe av-
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erage distance between neighboring crystallites (long For the compatibilized HDPE/PA blends the lag-
period) is computed from the scattering pattern, but &g (€nano < &m) Observed with the PA6 blends indi-
ter breaking one lamella from the stack it is no longeates that the PA6 microfibrils are bonding with the
L(t) =¢/n, but onlyL (t) = ¢/(n+1). In this way HDPE relatively well, whereas the YP in the blends
an apparent retardation of the nanoscopic elongatmmtaining PA12 does not stabilize the HDPE nanos-
€nano(t) = L (t) /L(0) can merely be caused by mitructure. Thus, the deformation mechanisms must be
crofibrillation. As a consequence, the long period @fferent for blends containing different polyamides.
only a good measure of nanoscopic elongation, as Iofgs observation with the compatibilized blends is
as there is no disruption of crystalline domains. in agreement with the chemistry of the reaction of
02 YP and PA explained by van Duin, Aussems and
Borggreve?® During the melt mixing, the maleic an-
hydride from YP reacts with nitrogen atoms from the
amide group forming an imide chemical bond across
the PA-HDPE interface. Inthe PA6 repeat unit there is
. - | o . N bl one N-atom per 5 Ckgroups, while in PA12 we have

¢ min] ¢ min] one N per 11 Chgroups. This makes the probability
‘ ‘ " tcloisite +yp Of @ YP—N reaction significantly less probable in the
[~ | compatibilized HDPE/PA12 blends. Two mechanisms
that can explain the recorded evolution of nanostruc-
ture, stress, and strain have been presented in Subsec-
dﬁ tion “HDPE/PA blends. Mechanisms explaining the

i recorded structure evolution”.

T 0. T T
+Nanocor +Nanocor +Y|f
01 B YT X ’,—”I\- B

T SN o -

T /":_4/’/ N
0‘.77_,7 ’7.»_».7.._.1.1,_»__‘_”“ -

-0.1H = Enano

tmin t min]

+Cloisite (npb|

+YP HDPE/PA6/nanoclay blends

For the HDPE/PA6 blends containing nanoclays,

Fig. 11 presents the evolution of both the nanostruc-
‘ ‘ ) ‘ fi ture parameters and the mechanical data. In gen-
10 15 2C - 10 L .

t fmin] t min] eral, enano(t) < &m(t) is observed (downward arrows

in the graphs), which is indicative of a mechanically-

Figure 11: MFC precursor blends from HDPE, PAGq \yied scaffold structure. One material (Fig. 11c)
two different nanoclays (Nanomer and Cloisite), andihits affine behavior of nanoscopic and macro-
a compatibilizer (YP) in tensile tests. Two different;qic elongation (circular marks). Another material
ways of adding Cloisite. Evolution of mechanicglgiy 1 1) exhibits strongly increased nanoscopic elon-
parametersd, &m) anpl of nano;tructure parameter%ation Enano(t) > &m(t) (Upward arrow). Compatibi-
€nano IS the nanoscopic elongation computed from thee 4 materials show smoother traces, and the compat-
HDPE long period.D. is the relative change of th&yji,er appears to amplify (Fig. 11a-d) the lagging be-
width of the long period distributionDy is the rel- ping ofe ) for the pre-blended materials. This is
ative chang(ﬂT of .the extension of the microfibrils i agreement with the result of the HDPE/PAG blends
transverse direction without nanoclays, wherenano/€m is highest for the
In the 80/20 HDPE/PA6 blend (Fig. 10d) thenaterials containing the highest amount of YP.

nanoscopic elongation of the HDPE microfibrils is With respect to the extracted quantitative struc-
considerably longer than the macroscopic elongatiture data, the strongest effect of nanoclay addition is
(&nano > &m)- Although this finding appears to be unen the shape of the long-period peaks in the CDFs.
reasonable, an indication for a possible mechanismAiger the start of the deformation experiment the
in the strong increase @, (Fig. 10d). This will be distances between crystalline HDPE domaiiy, (
discussed in Subsection “Nanostructure and mechatashed-dotted lines) grow more uniform if nanoclays
cal properties”. are present. Only after a macroscopic elongation of

K |
0.20 5

|
n
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&€m =~ 0.02 or more is reached, broadening of the lorichus, the macrolattice shows transverse contraction
period distribution sets in that is generally typical faypical for the common affine deformation mecha-
the materials without nanoclays. In an intermediateism. Above this level transvergdongationsets in.
anomalous regime (01 < &n < 0.02) also the av- The maximum is reached &tano= 0.030 (cf. Fig. 12
erage width of the microfibrilsO¥y, dotted lines in vertical arrow at =3 min). Simultaneously the av-
Fig. 11) shows an unexpected increase. Such aneémage width of the individual microfibril (cfDy (t)
crease contradicts the common mechanisms of mmiig. 12) has increased. This observation is readily
crofibrillation and transverse compression. A pos@&xplained by considering that some of the crystallites
ble mechanism that can explain the measured evalinie now in contact and increase the average diameter
tion of SAXS, stress, and strain has been presentdctrystallites. Abovegnano = 0.036 (i.e. after 5 min
in Section “HDPE/PA6/nanoclay blends. Mechanisniis the experiment) the cun&z nano(t) shows a strong
explaining...”. The mechanism predicts transvergecrease. Thus the nanostructure formed by the sets of
elongation inside the affected macrolattice entitiesorrelated microfibrils returns to the transverse con-
This effect can be measured by monitoring the disaction mechanism. Obviously, the evasion process
tanceriz (heac t) Of the sandwich-domain peak fromhas lost dominance, most probably because it has de-
the meridian of the CDF. In Fig. 12 this distance is irstroyed the 3D correlation in its macrolattice. If such
dicated between horizontal arrows. We have chosam evasion mechanism is active, the result should be
this peak from the series of domain peaks, becawaseinhomogeneous tension distribution inside the ma-
it is clearly separated from neighboring peaks. Thusyial, because the material around the macrolattice re-
the analysis does not require the peak separation tiahs must be subjected to some super-contraction in
would be necessary in an analysis of thepeak. In order to compensate the transverse elongation of the
the diagram the dash-dot-dotted curve is showing timacrolattice itself. Now the question arises, why the
measured data for the relative variation super-contraction does not contribute to the SAXS. As
r12 (Neac,t) the SAXS has shown the macrolattice is only of short
€12nano = m -1 range. So the super-contraction can occur in regions

Herer1 (heao t) is ther1o-component of the peak cen” which the correlations among the crystallites are so

ter of the composite pediaca(r12,13) + heac(F12,3) Iowl;[hat they do not produce correlation peaks in the
at timet as determined by the method described in tﬁ:é:) '

second Method from Section “Methods”. Admittedly, the average longitudinal elongation
o T : Enano Of only 3% will not be sufficient to displace the

average crystalline domain by the total amount of its
thickness and place it side-by-side to its closest neigh-
bor. On the other hand, the mechanism will become
invisible in scattering, if the probing macrolattice is

0.14...... D N

0.1 crystzl_lites "\., A destroyed by loss of lateral correlation. In summary,
evadin . .- . .
e ot Teol/ we propose a superposition of two dynamical statis-

VY5 10 1§ tical mechanisms (evasion coupled to correlation de-

t [min]

struction) to explain the finding that the maximum of

Figure 12: Testing the evasion mechanism of crystgl‘-e addressed transverse elongation is observed at a

lites in HDPE/PAG blends containing nanoclays (heréther low longitudinal elongation.
Nanomer, no compatibilizer). The relative variation of Nevertheless, it may be questioned if we have
therj,-component of the position of thgac(ri2,r3)- to interpret the observations by transverse elongation
peak (between horizontal arrows) monitors the digf the macrolattice, at all. Explanation by oriented
tance between crystallites from neighboring microfilgrowth of the crystalline layers (stress-induced crys-
rilS. €12nano(t) Monitors its relative variation tallization) could result in similar shift of the domain
At very low elongation §nano < 0.007) of the peaks, if preferentially the layers from the two outer
macrolattice irrz-direction&12nano becomes negative.microfibrils of the macrolattice entity would grow
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preferentially away from the central axis of the entityd DPE/PA blends
We believe that this process is less probable than trapns-

verse elongation, because the required premises a
pear to be more restrictive. Another explanation migﬁ

be deducible from the fact that we are studying col °
drawn strands. It is even possible that the mechani

properties of the strands are not homogeneous. Insti
the strands stress may be frozen in, and the amoﬁﬁ
of it may vary from shell to core.
measured “macroscopic strain” would only reflect t
elongation of the surface layer with the fiducial mark
but not the elongation of the complete strand.

Measured mechanical properties

In this case thg us

Figure 13 presents the macroscopic stress-strain
rves of the materials without nanoclays. At elonga-
ns of technical relevancey > 0.01) the slopes of
& curves (Young’'s modules) differ considerably. For
blends containing PA12 (Fig. 13a) high polyamide
r['|tent (bold dashed line) results in an increased mod-
The linear shape until failure demonstrates
geal Hooke’s behavior. Increase of the compatibi-
lizer content (thin dashed line) reduces the modulus
at &y, ~ 0.04 considerably. Compared with the un-
compatibilized material (thin solid line) the material
exhibits a more rubber-like behavior. The blends re-
inforced by PA6 show a completely different behavior
(Fig. 13b). In general, the stress-strain curves are lin-
ear in a broad interval of strain. Here increase of the

The deformation experiments in the synchrotron bedPA6 fraction to 30 wt-% (bold dashed curve) reduces
have been carried out dynamically and not in stretdffe modulus considerably. The addition of compatibi-
hold techniqué3:30 Therefore the actual stress-strailizer causes moderate reduction of the modulus (thin

curves can be computed from the recorded data. Higl#shed curve).

precision determination of the macroscopic elongation 80r . )
&m is accomplished by application of the method pre- I
sented in the first method described in Section “Meth- = / L ]
ods”. For the computation of stress the reduction of S0 Z ]
the fiber diameter during the test is considered assum- ~ © | * A - Cloisite npb + VR
ing constant volume. 200/ 27 e e
— L4 — — +Nanomer +YP
80+ / i V —— +Nanomer
a % 008 ‘oél‘ 018 02
60 //I /,’/ -
g ,’ Figure 14: Macroscopic stress-strain curves of
A T HDPE/PAG blends blended with nanoclay (Nanomer,
a0l '/” o AT 5P Cloisite) and compatibilizer YP. The label npb indi-
¥ T A2 v v cates materials for which the extra PA6 has not been
o pre-blended with the PA6/Cloisite masterbatch
0 0.05 Oél 0.15 0.2
9 [ /L . HDPE/PA6/nanoclay blends
6oL , Figure 14 presents the macroscopic stress-strain
g -7 curves of the HDPE/PAG blends containing nanoclays.
%407 Pl Only the dash-dot-dotted curve shows considerable in-
- P crease of the modulus. This material contains com-
20- // e —— 20% PA6, 10% YR | I .
Y/ e TR vb patibilizer, but has not undergone the pre-blending
o T step (cf. Section “Experimental”). A moderate in-
0 005 Gt ol 02 crease of the modulus is exhibited (thin solid curve) by
the material without YP that contains Cloisite. Here
Figure 13: Macroscopic stress-strain curves @fe Cloisite masterbatch and neat PA6 have been pre-

HDPE/polyamide blends

blended to 5 wt-% clay content in the PA6 component.
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Nanostructure and mechanical properties ment of the HDPE crystallites. Thus, the modulus is

_ lowered. The increase of the modulus upon increase
Concerning the nanostructural features and mechigiye pa12 fraction is hardly reflected in the nanos-

hisms that cause a high or a low modulus, some {5046 eyolution. Thus, it is considered predomi-

dications can be extracted from the collected resu'ﬁ%{ntly an effect of increased PA12 volume fraction

The two materials with the highest modulus exhibit With the HDPE/PAG blend with 30% PAG it can-

nano(t) > &m(t). Additionally, these materials show, . o ey q1iided that both the low modulus (Fig. 13)
the strongest increase @f, i.e. exceptional inho-

iV of the d . _ . (Tnd the strong decrease Bf, (Fig. 10f) are related
mogeneity of the domain arrangement in straining 5 less perfect orientation (Fig. 7f) of the material dur-

rection. Thus, in the hardest materials there are b%B processing. The addition of 10% compatibilizer
s_t_rongly extended-and hardly 9xtended sc_attermg His a homogenizing effect on the longitudinal “lattice”
tltles._ Although, in genera_l, mhomogene_lty ,Cann%side the HDPE microfibrils and results in a slight
explain the low macroscopic elongation, it gives Ybcrease of the modulus, but a prolonged linear re-
indicatior_L Hardly extended nanqscopic regions thg%n in the stress-strain curve. On the other hand, the
are required to compensate the high value;g, on hard material without compatibilizer exhibits on the

the macroscopic scale may contain completely UNCnoscale strong, stepwise increase of the distortions

related domains that do not contribute to the evalbjf— the longitudinal “lattice” (Fig. 10dDy). The end
ated Iong-perlod peal_< n the CDF. In this case NaNQ% the linear region in the stress-strain curve is at the
tructure inhomogeneity is an acceptable eXpIana“BQginning of the last step

for hardening of the material, and the correspond-
ing nanostructure can be imagined as a scaffold, in
which domain arrangements from chaotic to requlftDPE/PA/nanoclay blends

are present. In the tensile test the chaotic structyi@, the HDPE/PA6/nanoclay blends 4 samples show
becomes wedged together in space, whereas the re#fiost identical mechanical behavior (Fig. 14). For

larly arranged regions yield. them comparison to the nanostructure evolution shows

An analogous relation between structure and Prop- ¢ The material with the 2nd highest modulus

erties has been observed with cold-rolled metals thibitssnanozu &m. With the highest-modulus mate-
crystallography and mechanical testing, respectiveliy) poth e < ¢ is found, and the initial increase
Where crystallography reports inhomogenization gf se microfibril diameterDy, is the highest. Thus,

the crystal lattice enforced by a distribution of l0ge e the hardness of the material appears to be primar-
cal tgnsmns (strain broadenlng of crystallographlc rﬁ‘y controlled by the inhomogeneity of the nanostruc-
flections), on the macroscopic scale “strain hardegize it causes wedging of the domains in transverse

o 431-33 -
Ing is observed. Nevertheless, it shall not g e tion and, thus, suppresses transverse contraction.
concealed that the hardening effect is generally related

not to the inhomogeneity, but to a reduced size of the

diffracting entities (Hall-Petch effett 39). CONCLUSIONS

HDPE/PA blends Ip this study the informgtion increqse by transforma-

tion of SAXS patterns into CDFs is clearly demon-

With the materials containing no nanoclays, redustrated. By means of the two proposed peak-fitting
tion of Young's modulus (Fig. 13) is clearly relatednethods small variations of macroscopic elongation
to the decrease of the HDPE microfibril diamef®y; and nanostructure parameters are clearly resolved. In
(Fig. 10). The stronger the decrease, the lowertfk®e discussion we have indicated, how relations be-
the modulus. Reverting this reasoning, suppressiontween properties and nanostructure may be set up.
transverse compression, again, appears to be an effaen though we have advanced the possibilities to
tive way to harden the material. study the nanostructure evolution in thermoplastic ma-
The results of the HDPE/PA12 blends indicate thtdrials during tensile tests, the representativeness of
the compatibilizer promotes more regular arrangtte results can only be estimated roughly. The method
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of frequent repetition that is applied in mechanics isS.
not practicable, as long as the evaluation of the corre-
sponding voluminous 2D-SAXS data stays extremely.
laborious. Therefore ideal materials for such studies
feature high standardization and precisely defined pro-
cessing parameters. 15.
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