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Preface

These volumes contain the papers presented at the Nineteenth International Conference
on Processing and Fabrication of Advanced Materials (PFAM XIX) held in Auckland,
New Zealand, during January 14-17, 2011. The Centre for Advanced Composite
Materials housed within the Faculty of Engineering, at the University of Auckland
(Auckland, New Zealand), was the principal organiser that put together this
international conference spread over four days. It is the NINETEENTH in a series of
conferences bringing together engineers, technologists, and researchers from industry,
universities and research laboratories, working on various aspects related to the
processing, fabrication, characterisation and evaluation of both advanced and emerging
materials. The idea is to share and discuss their research findings, observations and
inferences. The earlier conferences were held as follows:

(1) The first was held in Cincinnati (USA) in 1991

(2) The second was held in Chicago (USA) in 1992

(3) The third was held in Pittsburgh (USA) in 1993

4) The fourth in Cleveland (USA) in 1995

(5) The fifth in Cincinnati (USA) in 1996

(6)  The sixth in Singapore (Singapore) in 1997

(7) The seventh was held in Rosemont, Illinois (USA) in 1998
(8)  The eighth was held in Singapore (Singapore) in 1999

9) The ninth was held in St. Louis, Missouri (USA) in 2000
(10)  The tenth was held in Indianapolis, Indiana (USA) in 2001
(11)  The eleventh was held in Columbus, Ohio (USA) in 2002
(12)  The twelfth was held at Pittsburgh, PA (USA) in 2003
(13)  The thirteenth was held in Singapore (Singapore) in 2004
(14)  The fourteenth was held in Pittsburgh, PA (USA) in 2005
(15)  The fifteenth was held in Cincinnati, OH (USA) in 2006
(16)  The sixteenth was held in Singapore (Singapore) in 2007
(17)  The seventeenth was held in New Delhi (India) in 2008.
(18)  The eighteenth was held in Sendai (Japan) in 2009.

This conference is a collection of papers from over 30 countries. Over 200 abstracts that
include both invited and contributed papers, were received and reviewed for
oral/poster presentations. More than 100 manuscripts that were received in time were
reviewed again for inclusion in both the bound and electronic volumes, the latter
allowing us to include a few late submissions. The papers cover a spectrum of topics
that represent a truly diverse nature of the field of materials science and engineering and
related manufacturing processes. On behalf of the Organising Committee, we extend our
warmest thanks and appreciation to the authors of the manuscripts, session chairs and
sponsors for their interest, enthusiasm and support. Sincere thanks are also due to the
technical editors, co-organisers and the members of the advisory committees, both local
and international.
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Relating Performance and Structure of Advanced Nanocomposites
by New Methods in Time-resolved X-Ray Scattering

Norbert Stribeck
Ahmad Zeinolebadi
Morteza Ganjaee-Sari
Institute of Technical and Macromolecular Chemistry,
University of Hamburg, Hamburg, Germany

Abstract

Extruded nanocomposites based on polyolefins are prepared in a joopdzam research project.
They are monitored during mechanical fatigue tests by 2D X-ray scattavieghanical perfor-
mance and structure parameters are determined. The structure evoluifantta test is demon-
strated in movies. The evaluation is based on newly developed automatesalatdien methods
that are presented. The methods are adapted both to the study of thetinopddsrials that fail
at rather low strains, and to the voluminous data series that are gendratedexn synchrotron
radiation sources. In wide-angle X-ray scattering the fiber patterreudoenatically mapped into
reciprocal space for a quantitative evaluation by peak integration inroegipspace. In small-
angle X-ray scattering pattern series are transformed to physical, spaeee distinct peaks show
up that permit to monitor even small changes of nanostructure parametedapted methods. If
cylindrical samples with a structure gradient are studied, a very fast t@ploig method is pre-
sented that reconstructs the scattering patterns emanating from small vééuments along the
fiber diameter. These patterns can be fed into the above mentioned autorittedngmall-angle
algorithms for quantitative analysis.

Introduction

Technical progress in X-ray scattering

Intense, reliable X-ray sources and fast detectors are presentynbeggenerally available. At
DESY in Hamburg, the PETRA Il storage ring provides one of the most brillkaray sources

worldwide. At the PETRA Il facility less than a second will be sufficient ipese a low-noise
two-dimensional (2D) scattering pattern of polymer materials. Moreovegteotbr development
a similar break-through has been achieved [1, 2].
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It may be objected that for a long time low-noise scattering curves can beleztwith repeat fre-
guencies of several Hertz. Nevertheless, the value of those oldés tiatdied. Either the material
is exhibiting isotropic scattering — in this case a comprehensive analysisag@ssumptions on
the structure (e.g. the assumption of an ideal lamellar stack), or the materi@asrapic. In this

case a single measured curve does not describe the complete scattaeny pathe 2D pattern
of the past is noisy. Applying the new technology it will become possible tawstithe informa-
tion content of X-ray scattering while monitoring the structureiirented polymer materials in

space and real time. A sweep of a polymer fiber by a microbeam will be p®&siBO s. Thus,

spatial resolution and time resolution may be combined to study the resporiffiereind annular

zones in a polymer fiber to, e.g. mechanical or thermal load.

Adapted data evaluation for materials with fiber symmetry

Parts with fiber symmetry — like fibers, rods or tubes — are not only of peddtiterest. More-
over, they appear particularly suited for investigation by means of scatmethods, because the
recorded information is complete. As the part is rotated about its axis, the&zing pattern
does not change. Thus, there is no need to take patterns at diffetaticm angles, as it would be
necessary for materials with less symmetry.

It is not sufficient to simply engage the novel instrument — the anticipatedwatbbe adequately
evaluated in due time, as well. In this respect two big problems arise. On thHeaodethe data
flood is increasing to such an extent that automated evaluation methods nuestdbeped. On

the other hand, the data structure has changed, in principal. Insteeattefring curves scattering
images must be evaluated. The goal can be achieved by combining digital praggssing

and scattering theory [3]. In this paper several methods are prestratiedave recently been
developed by us in order to quantitatively evaluate extensive sets of@kziog patterns from
polymer materials with fiber symmetry.

Monitoring the WAXD of fibers under load

Motivation and method design

In wide-angle X-ray diffraction (WAXD) experiments the patterns must b@ped into recip-
rocal space before they can be analyzed quantitatively. For this gmiipteractive computer
programs [4, 5] are utilized that rest upon unnecessary [6] apprtéiginga Such a design is
no disadvantage in crystallography, because sophisticated interaftivennent methods are re-
guired anyway for the exact determination of crystal structure paramietenanageable series.
In contrast, in materials science time-resolved experiments are frequdnplaminous series of
diffraction patterns must be processed. The materials scientist can tohenarenaccuracy of the
mapping, if the experiment shall monitor the variation of peak intensity or stizgmause the fiber
tilt may change during the experiment, the algorithm must be able to track anchfreosate such
variation. By revisiting the theoretical treatment of the fiber mapping it has teeonstrated [6]
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a 0

Figure 1:(a) Interactive mode of wf_premap: Draw the reflection eitbirough the centers of the reflection
spots of an internal standard reflection (here: polypromylgl31) reflection), and widen the circle into a
belt that contains the maxima of the reflection spots. Rmalput 4 circles (one indicated). (b) The
proceduresf _map has mapped the fiber diffraction pattern into reciprocatspa

that there is no principal reason to refine an approximate center of thepfittern iteratively.
Moreover, instead of an approximation [7, 8] of the tilt an§lef the fiber an exact equation [6]
can be employed. In the methodical paper [9] an algorithm is presentetibly thhe mapping can
be performed automatically. Its design rests on the application of the mentiodews. Intricate
parametrization is simplified, and slow trigonometric functions are avoided tge &tent. If
inaccuracies of 2 pixels can be tolerated, a pattern is automatically mappeddigmcal space
in real time.

For each series of diffraction patterns from a time-resolved experin@ng geometrical param-
eters must once be determined interactively. Our procedfirpremap assumes that the studied
material exhibits a sharp reflection that is located neither on the equaton tioe meridian. In the
example we investigate polypropylene and select the (131) reflection iasatreal standard. With
the crystallographic c-axis parallel to the meridian, the reflection is chaizededy the parame-
ters [10]dnk = di31 = 0.406 nm and by/¢ = 0.6504 nm that defines the position of the reflection
ring on the Polanyi sphere [6,11,12]. The wavelength of X-radiatieng;A = 0.15nm) must be
known, too. Now the first pre-mapping run of the series is started by

wave>ab = wf_premap(ss,a,0.15,0.406,0.6504)

The procedure requires a diffraction pattern as inplt [t generates output both in a “save-set”
(ss), and in a background-corrected diffraction pattern)( When started for the first time, the
procedure enters interactive mode and the user is presented the psatstiowe in Fig. 1a. The
result of the mapping is shown in Fig. 1b.

Application

In an application, uniaxially oriented polypropylene (PP) is molten and dligsi@ isothermally
from the oriented, quiescent melt. The results [13] show that nucleatbgramwth of differently
oriented sets of crystallites-6et anda*-set) are decoupled. After shallow quench crystallization
is preceded by (spinodal) decomposition. Peak integralsrystallinity) and minimum crystallite
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Figure 2:Tilt-angle tracking curves (t, T) from the automatic fiber-mapping procedure in an experiment
in which 8 is changing considerably

size are tracked. In the commercial starting matexiadet crystallites melt at 158. Thec-set
melts at 170C furnace temperature. After recrystallization both sets melt at@.7Bothermal
crystallization is divided in two distinct phases. During nucleation the crystsllgtays low.
The second phase is dominated by crystallinity growth. At°C5the c-set is seeded first. At
145°C and 140C a*-oriented crystallites are the first. The first-seeded set starts to growasrs
well. c-set crystallinity is always growing faster thar-set crystallinity. The evolution of the
corresponding SAXS [14] cross-diagram in the growth phase candeo#xplained by lamellae
growing at right angles, and by block merging.

Figure 2 showg (t, T) of one of the experiments. The tracking curve appears smooth and demon-
strates the reliability of the tilt-angle determination. Tilt-angle variation is an isaeguse the
oriented PP film is heated until it becomes a viscous melt. Consequently, thieessmipks and
bends in the synchrotron X-ray beam.

After the mapping the intensity distribution is known almost everywhere in recgbspace except
for a wedge region near the meridian (cf. Fig. 1b). Thus, reflection sittea can readily be
integrated in reciprocal space, where the relation between scatteringfranture is clear from
scattering theory [3, 13]. Based on these integrals structural parancetebe computed that are
well-founded from theory [13].

Figure 3 shows the evolution of weight crystallinities of the two sets of crys@alite3 different
crystallization temperatures. Latency periods between the quench andrthef she crystalliza-
tion, as well as crystallization velocities of the two kind of crystallites can baetdd from these
data. Finally, conclusions concerning the crystallization mechanisms caawa (1[13]).
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Figure 3:Evolution of relative weight crystallinitieS, andS* of c-oriented crystallites (dashed regression
lines) anda*-oriented crystals (solid regression lines), resp. duisathermal, oriented crystallization of
hard-elastic PP from a quiescent melt as a function of diizgthon temperature. Double-head arrows
pointing at thet-axis indicate the first sighting of the&'-set (full arrow head), and of theset (open arrow
head), respectively

X-Ray scattering fiber tomography

Motivation

The structure inside a polymer part is not necessarily homogeneous. Wéth, fextrudates, and
latex particles [15] frequently a core-shell structure is reported. M@e engineers deliberately
generate structure gradients in polymer parts for special functionality 16 If such a part is
irradiated by an X-ray beam, the recorded pattern is an integral sigitiopoof all the SAXS
patterns emerging from the sequence of volume elements (voxels) alonggimegdath. From the
mathematical point of view such a superposition is a projection which is ofianfealue for the
study of graded materials.

A first step towards a study of structure gradients has been the develbpimine X-ray mi-
crobeam technique [18-20]. Here only the diameter of the beam is limiting thallapatial
resolution. Nevertheless, the longitudinal spatial resolution is simply the tsskof the sample.
Microbeam scanning experiments in particular of fibers have been peribfor many years and
the raw data have been discussed, although the corresponding atingdws been known [21].
The solution of the problem is tomaographic reconstruction. Problems anisetfre fact that scat-
tering patterns are multidimensional data but not simply a number (like the aibsarpclassical
tomography). Thus, approximate tomographic reconstruction of scatt&atagvith a manageable
amount of artifacts is difficult. An exception is the case of part with uniaxiedraetry. In this
case a reconstruction of the scattering patterns is possible that woulémavged from individ-
ual voxels in a plane perpendicular to the “fiber” axis [22]. Nevertlsléss method is only of
academic value. The exposure time for the recording of scattering daie afoss-section of the
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a b

Figure 4:(a) Fiber cross-section irradiated by an X-ray beam at aseofffrom its center. The structure
o} (pf) shows fiber symmetry. From all structures along the beam gatkperposition is probed.is the
variable of the integration. (b) One-dimensional tomogiapeconstruction turns the measured series of
projected scattering patterns into thmage patterns from voxels (quadratic boxes) on the fiber radius

part is in the order of days [22].

Introduction of the method

A more practical tomographic method can be applied, if the part to be studie@xXubits macro-
scopic fiber symmetry, and the structure only varies as a function of thecisteom its central
axis. By means of this method fibers, pipes, and extruded strands camdséigated. Thus,
we call it “X-ray scattering fiber computer tomography” (XSF-CT). A cdete set of projected
scattering patterns is collected in a single microbeam scan across theditmisbh the set of pro-
jections does not change as the sample is rotated about its axis. Sucteamexpis completed
in about 30 min. Moreover, compared to the general tomography the mathgwfdtitage recon-
struction is simplified. A set of 40 measured scattering patterns is recaestincypically less
than 10 min.

In a general tomographic X-ray experiment [23], a voluminous sampleaisngd by a thin X-
ray beam. As a function both of the positianof the scanning beam on the sample, and of
the sample rotation angle, projections (notationy }) of the absorption A} (x, @) or even of
complete scattering pattergb} (s, x, @) are measured, in order to analyze the structure variation
in the plane of the sample that is scanned by the X-ray beam [22, 24, & sli$ the scattering
vector with |s| = s= (2/A)sin@, the X-ray wavelengttA and the scattering angled2 In the
examples mentioned, a tomographic image reconstruction [23, 26, 27] gditiher the spatial
variation of the X-ray absorption in the plane, or of the scattering emanating the resolved
voxels in the plane. The smearing caused from projection is eliminated by appticof the
Fourier transform theory, and a clear image of the inner structure is ebtain

The fundamental geometry is sketched in Fig. 4a. The information in the neebsigna A} (x)

or {l} (s,x), respectively, does not represent the sought informaix) or | (s,x) originating
from the small square (voxel) around the positionnstead, to a first approximation it is repre-
sented by the projection integral

{I}(sx) = 2/ VA2 dy &
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> 1(s,pf) prdps
= 2/ —_— (2)
X /pr_XZ
Eq. (1) is the definition of the Abel transform [27]. In X-ray scattering. L) is established

textbook knowledge [3,28-33]. There it describes the slit smearingn he inverse Abel [34]
transform

_ 1 =d{l}(spr)dy
|(S,X) = _EA TE (3)

L e
Tt Jx dps /pfz—i)(z’

is in scattering textbooks since Guinier [35] and DuMond [36]. Similar to therdiftdoackpro-
jection algorithm of the general tomography, low-noise reconstructiorridigts [37—39] for
the tomography of materials with cylindrical symmetry are readily available fraamfigid of
“one-dimensional tomography”. The principle of one-dimensional tonpgitcareconstruction is
sketched in Fig. 4b. Here we implicitly assume that the scattering from evadiated voxel in
the fiber shows fiber symmetry itself (local fiber symmetry). Otherwise chexiatic reconstruc-
tion aberrations are expected [22, 40]. Deviations from local fiber syrgroause restricted or
shifted visibility of scattering features along the fiber radius. These atimns are detected in the
reconstructed image and result in additional information on the structure itigdiber [40].

(4)

Application

In a feasibility study [40] precursors of polymer microfibrillar-reinfadammposites (MFC) con-
taining poly(ether)plock-amide (PEBA) and poly(ethylene terephthalate) (PET) with varying cold-
draw ratio are studied. The results from a direct analysis of the smearaslired patterns are
compared to results obtained after tomographic reconstruction.

Data are presented from a cold-drawn (draw raticz 3) co-extrudate of 70 wt.-% PEBA and
30 wt.-% PET (abbreviated: MFC73). In the scanning-microbeam expetitine strand shows an
isotropic long period and an equatorial streak at almost every beam pdsitgp 5, left column).
Only the tomographically reconstructed patterns (right column) exhibit tedbtig-period ring-
reflection is not present in the core of the fiber. As the feature becoisibteyit first shows up at
the equator. With increasing distance from the fiber axis, reflection aeagrawing towards the
meridian. Abovep; = 300um the arcs join into a closed circle. Because such behavior has been
observed with neat PEBA as well, this orientation phenomenon is not indicaiing interaction
between the PEBA and the PET microfibrils. The reconstructed central yox= 0) is domi-
nated by one of the reconstruction aberration effects (from voxels witietdtial grain) [40]. Ex-
amination of the equatorial streak exhibits only in the reconstruction thatitjoooader towards
the center of the fiber. The streak is allocated to needle-shaped donmainis, @nly observed
with strands from co-extruded blends. If these needles are thin PETfibids) the tomography
shows that in the center of the fiber these microfibrils are shorter than ineamidiate region.
The structure gradient in the outer region of the strand is discussed inigieabpaper [40].
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measured (i.e. smeared)

0 50 100 150 250 350 p, [um]

Figure 5:Cold-drawn 4 ~ 3) MFC73 in a scanning microbeam experiment. Measuredsaaitintensity
{1} (s12,53,p1) (top row) and reconstructed scatterinfs2,ss, pr) (bottom row) for short distances
from the fiber axis. The patterns display the rapgllnm 1 < s15, 53 < 0.1nm 1 in uniform logarithmic
scale 6= (2/A)sin0)

SAXS monitoring of mechanical tests

Motivation and method development

Advanced polymer materials are urgently sought after e.g. in automotivetipdgu®rder to ac-

complish the goals of climate protection by reduction of weight. Such newly eaggd materials
have to prove their serviceability in mechanical tests. Classical tensile tegtsréormed to deter-
mine the modulus and ultimate properties. Load cycling experiments are cantiemdetermine

the fatigue behavior. In order to reveal the mechanisms of, e.qg., faildia¢igue, it is desirable to
monitor mechanical tests by SAXS. In this way the response of the nanos&tic mechanical
load is revealed.

Results

In a feasibility study [41] slow continuous mechanical tests of oriented @anitored by SAXS
and quantitatively evaluated. A continuous-strain test exhibits fractureedease of weak lamel-
lae (2 - 10% strain). Beyond that conversion of lamellae into needles isvalosés all layers are
consumed, the material breaks. Fatigue is studied in a load-reversahespe(between 10% and
35% strain, Fig. 6). In each cycle crystallization, layer break, and aélaxmelting are observed.
Figure 7 presents the result. The top chart shows the macroscopi@al s{ta, imposed to the
material and measured at the point of X-ray irradiation. The four loaérsal cycles are easily
identified. The chart in the middle reports the extracted nanostructurmesaas,L (t), exc(t),
andS(t). The bottom diagram presents the macroscopic resistantg, which the material is
opposing to strain. The figure shows that crystallization, rupture of lamaHeanelting of frag-
ments are continuously reshaping the domains of the PP material in the cythesfatigue test.
The long-period cycle exhibits a phase shift with respect to the imposéd spding. Moreover,
there is an indication of amplitude attenuation. Fatigue is demonstrated in theac(tjviey de-
creasing stress peaks. An in-depth discussion of the zones indicatégl in iE in the original
paper [41]. In particular, the combination of SAXS and fatigue test shtbedransition from
stress-induced crystallization to crystallite ruptarét) ~ 20 MPa.
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Figure 6:Oriented PP. Load cycling monitored by SAXS. Circular ddtsvg where SAXS patterns have
been recorded. Numerical labels indicate their sequerfeediiawing direction with respect to the patterns,
ss, is indicated by a double-head arrow

0““10“‘.20“ —
t [min]

Figure 7:Dynamic load-reversal mechanical test of hard-elasticlRP fis a function of the elapsed tine
the macroscopic parameters straitftop graph), and tensile stregs(bottom graph) are displayed together
with topological nanostructure parameters (middle). knfiddle diagram the solid line shows the long
period,L. The broken line displays the lateral extensiege, of a sandwich made from two crystalline
lamellae. The line with circular dots exhibits the variatiof the strengthS, of the CDF. Vertical bars
indicate zones of strain-induced crystallization (damg selaxation-induced melting (light), respectively
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Conclusions

Considering the present instrumental development at synchrotronioadizcilities the develop-
ment of advanced data evaluation methods appears to be both promisingcasdary in order
to master the future data flood. The 3 presented methods demonstrate th@potsuch work.
In order to discharge the user, a part of the data evaluation may bedcauti@t the synchrotron
facility. Such added service would require not only computing poweralaat additional man-
power. In addition to the beamline scientist an evaluation specialist wouldri®enecessary. It
would be his job to detect if raw data must be smoothed. He would have to elimieatgstthine
background, would generate detector masks, would center and aligrseattering pattern and
would fill blind areas from consideration of symmetry. As an added sertfieecommunity of the
evaluation specialists could select some standard experiments for whichet®mgper-friendly
programming environments could be built. Nevertheless, for the predonfigation of indi-
vidually designed setups it will remain necessary for the polymer scientiselitogamiliarize
with adapted programming techniques. This will be of particular importance,tiiods shall be
developed that grow with the growth of instrumental capacity. Ultimately, it i®etqal that an
increase of the quality of results returned from scattering experimentsl@gkly be correlated to
the manpower dedicated to the programming of data evaluation modules.
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