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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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Švorčı́k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 765

4.6 Concurrent Diffusion and Adsorption in Nanoporous Materials
Simon L. Marshall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 771

4.7 Manufacture of Microcrystalline Cellulose Fibre-Reinforced Composite Ma-
terial
Mohamad Aswandi Ismail, Mohamad Rusydi Mohamad Yasin and Xiaowen Yuan . . . 785

4.8 Half-metallic Fe3O4 Nanostructured Thin Films Grown by Pulsed DC
Sputtering
Ankit Kumar, Sujeet Chaudhary and D. K. Pandya . . . . . . . . . . . . . . . . . . 797

4.9 Mechanical Performance Testing of a Porous Electrospun Nanotextile
S. N. Patra and D. Bhattacharyya . . . . . . . . . . . . . . . . . . . . . . . . . . . 803

5 Biomaterials 815
5.1 Hydrogels as Synthetic Cartilage

R. Ribeiro, N. Bhatnagar, V. Choudhary and S. Mahajan . . . . . . . . . . . . . . . . 816
5.2 Design and Development of Titanium based Femoral Stems for the Indian

Population
B. R. Rawal, Abhijith Awale, R. Ribeiro, Rajesh Malhotra and N. Bhatnagar . . . . . . 826

5.3 Functionally Electrospun PLA/Tubular Clay Nanocomposites for the Po-
tential Application of Drug Delivery
Y. Dong, D. Chaudhary, H. Haroosh, V. Sharma and T. Bickford . . . . . . . . . . . . 836

5.4 Electrospun PLA : PCL/ halloysite nanotube nanocomposites fibers for
drug delivery
H. Haroosh, D. Chaudhary, Y. Dong and B. Hawkins . . . . . . . . . . . . . . . . . 847

5.5 Improvement of Mechanical Strength of aβ-type Titanium Alloy for Biomed-
ical Applications with Keeping Young’s modulus Low by Adding a Small
Amount of TiB3 or Y2O3
Mitsuo Niinomi, Masaaki Nakai, Xiu Song and Lei Wang . . . . . . . . . . . . . . . 859

5.6 A Low Temprature Method to Prepare Hydroxyapatite and Hydroxyap-
atite/polycaprolactone Composites for Biomedical Applications
Hadeel Alobeedallah, Hans Coster, Fariba Dehghani, Jeff Ellis and Ramin Rohanizadeh . 870

5.7 Mechanical Properties of an Injected Silk Fibre Reinforced PLA Composite
Mei-po Ho, Kin-Tak Lau, Hao Wang and D. Bhattacharyya . . . . . . . . . . . . . . 885

5.8 Comparison of Nanofibrillar Scaffolds Manufactured by Electrospinning
and Microfibrillar Composite Technique
S. T. Lin, D. Bhattacharyya, S. Fakirov and J. Cornish . . . . . . . . . . . . . . . . . 895

xiii



5.9 Degradation characteristics and its effects on mechanical characteristics of
a biodegradable polymer composite of PLLA and PBS for use as a stent
material
L. D. Kimble, D. Bhattacharyya and A. J. Easteal . . . . . . . . . . . . . . . . . . . 905

5.10 Bioactive Acrylic Bone Cement Composite
Mervi Puska, Niko Moritz, Allan J. Aho and Pekka Vallittu . . . . . . . . . . . . . . 917

5.11 A Study on Bone Properties using Nanoindentation Technique
Mei-ling Lau, Kin-Tak Lau, Yan-dong Yao and D. Bhattacharyya . . . . . . . . . . . . 926

5.12 High Performance Biodegradable Composite Materials
Oliver P. L. McGregor, M. Duhovic, R. J. T. Lin and D. Bhattacharyya . . . . . . . . . 937

6 Smart Materials 951
6.1 Study on Self-Healing Functional Epoxy Composites

J. Lee, D. Bhattacharyya, A. J. Easteal and M. Q. Zhang . . . . . . . . . . . . . . . . 952
6.2 Towards Life Cycle Monitoring by Fibre-optic-based Distributed Sensing

for Large-scale CFRP Structures
Nobuo Takeda, Shu Minakuchi, Shin-ichi Takeda, Yosuke Nagao and Xiaolin Liu . . . . 961

6.3 Relating Performance and Structure of Advanced Nanocomposites by New
Methods in Time-resolved X-Ray Scattering
Norbert Stribeck, Ahmad Zeinolebadi and Morteza Ganjaee-Sari . . . . . . . . . . . . 973

7 Green Composites 985
7.1 Thermal Stabilizations of PVC and Wood/PVC Composites under Thermal

Ageing by Metal Stearate and Organotin
K. Chaochanchaikul, N. Sombatsompop and V. Rosarpitak . . . . . . . . . . . . . . . 986

7.2 Influence of Functionalized Silanes on Mechanical Properties of Wood Saw-
dust Reinforced ABS Composites
Pichaya Kimchiang, Poonsub Threepopnatkul and N. Sombatsompop . . . . . . . . . . 998

7.3 Thermo-Mechanical Properties of Wood Sawdust-ABS Composites with
Various Co-Monomer Content in ABS
Poonsub Threepopnatkul, Wattana Teppinta and N. Sombatsompop . . . . . . . . . . 1006

7.4 Bio-based PA-Composites with Natural Fiber — Engineering Materials of
the Future with Lightweight Potential
M. Feldmann, S. Borchard, A. Jaszkiewicz, A. K. Bledzki and H. -P. Heim . . . . . . . 1014

7.5 Plasma Polymerization for Natural Fibers
B. S. Kim, H. Takagi, J. W. Yi and J. I. Song . . . . . . . . . . . . . . . . . . . . . . 1023

7.6 Starch-Nanocellulose Composites and Their Properties
Dongyan Liu, Xiaowen Yuan, A. J. Easteal and D. Bhattacharyya . . . . . . . . . . . 1033

7.7 Development of Wood-Strand Composites for Structural Applications
Vikram Yadama, Shilo Weight and Chris Voth . . . . . . . . . . . . . . . . . . . . . 1042

7.8 Fabrication and Evaluation of All Bamboo Composites
H. Takagi, Akira Mizobuchi, Koji Kusano and Hiroshi Mori . . . . . . . . . . . . . . 1052

7.9 A study of surface modification of jute fibers
Sheikh Md. Rasel, Gibeop Nam, Ha Jong Rok, B. S. Kim and J. I. Song . . . . . . . . . 1060

7.10 Polylactic acid- Based Bagasse Composites: Fabrication and Mechanical
Characterization
Keerati Pinijsattawong, Rapeephun Dangtungee and Suchart Siengchin . . . . . . . . 1069

7.11 Performance Wood & Biofibre Composites Based on Long Fibre Reinforce-
ments
Jeremy Warnes, Alan Fernyhough, Damien Even and Martin Markotsis . . . . . . . . 1075

7.12 Recyclable Honeycomb Core Sandwich Panels
B. Coombs and S. Rao . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1079

xiv



8 Manufacturing Technologies 1086
8.1 Design and Manufacture of Short Femoral Proximal Stem based on CT

Images
B. R. Rawal, Abhijith Awale, R. Ribeiro, Rajesh Malhotra and N. Bhatnagar . . . . . . 1087

8.2 Experimental Study to Determine Work-Brush Interface Temperature in
Magnetic Abrasive Finishing Process
R. S. Mulik and P. M. Pandey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1096

8.3 Hybrid Microcellular Processing: An Innovative Approach for Open Celled
Morphology via Microcellular Injection Molding
Syed Javed Ahmad Rizvi, N. Bhatnagar, Anil Yadav and Mohammad Hossein Alaei . . . 1106

8.4 Application of Smoothed Particle Hydrodynamics to the Simulation of
Equal Channel Angular Pressing
T. Fagan, R. Das, V. Lemiale, R. N. Ibrahim and Y. Estrin . . . . . . . . . . . . . . . 1113

8.5 Fe-P based soft magnetic materials processed by powder route
D. Sharma, K. Chandra and P. S. Misra . . . . . . . . . . . . . . . . . . . . . . . . 1125

8.6 Constituent Based Modeling for Simulation of Yarn and Stitch Interactions
During Woven Composite Prepreg Stamping
M. Duhovic, P. Mitschang and D. Bhattacharyya . . . . . . . . . . . . . . . . . . . 1133

8.7 Multiaxial Multiply Structures for Textile Composites
Hireni Mankodi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1145

8.8 Advance Manufacturing Technique for Textile Based Thermoplastic Com-
posites
Hireni Mankodi and Pravin Patel . . . . . . . . . . . . . . . . . . . . . . . . . . . 1153

8.9 Understanding of Nanomachining using Smoothed Particle Hydrodynam-
ics
S. Islam, R. N. Ibrahim, R. Das and T. Fagan . . . . . . . . . . . . . . . . . . . . . 1162

8.10 Synthesis of Titanium Dioxide (TiO2) Powders for Cold Spray
Noviana Tjitra Salim, Motohiro Yamada, Hiromi Nakano and Masahiro Fukumoto . . . 1174

8.11 Isometrically folded high performance core materials
Marc Grzeschik, Martin Fach, Sebastian Fischer, Yves Klett, Rainer Kehrle and Klaus
Drechsler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1185

8.12 The Extrinsic Influence of Geometry of the Interface on the Formation of
T-Joints During Joining of Two Aluminum Alloys by Friction Stir Welding
P. Jayachandra Reddy, Satish V. Kailas and T. S. Srivatsan . . . . . . . . . . . . . . . 1197

8.13 Evaluation of side emitting plastic optical fibers light intensity loss
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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 joint European research project.

They are monitored during mechanical fatigue tests by 2D X-ray scattering.Mechanical perfor-

mance and structure parameters are determined. The structure evolution during the test is demon-

strated in movies. The evaluation is based on newly developed automated data evaluation methods

that are presented. The methods are adapted both to the study of thermoplastic materials that fail

at rather low strains, and to the voluminous data series that are generated at modern synchrotron

radiation sources. In wide-angle X-ray scattering the fiber patterns areautomatically mapped into

reciprocal space for a quantitative evaluation by peak integration in reciprocal space. In small-

angle X-ray scattering pattern series are transformed to physical space, where distinct peaks show

up that permit to monitor even small changes of nanostructure parameters byadapted methods. If

cylindrical samples with a structure gradient are studied, a very fast tomographic method is pre-

sented that reconstructs the scattering patterns emanating from small volume elements along the

fiber diameter. These patterns can be fed into the above mentioned automated wide- or small-angle

algorithms for quantitative analysis.

Introduction

Technical progress in X-ray scattering

Intense, reliable X-ray sources and fast detectors are presently becoming generally available. At

DESY in Hamburg, the PETRA III storage ring provides one of the most brilliant X-ray sources

worldwide. At the PETRA III facility less than a second will be sufficient to expose a low-noise

two-dimensional (2D) scattering pattern of polymer materials. Moreover, in detector 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 be recorded with repeat fre-

quencies of several Hertz. Nevertheless, the value of those older datais limited. Either the material

is exhibiting isotropic scattering – in this case a comprehensive analysis requires assumptions on

the structure (e.g. the assumption of an ideal lamellar stack), or the material is anisotropic. In this

case a single measured curve does not describe the complete scattering pattern, or the 2D pattern

of the past is noisy. Applying the new technology it will become possible to exhaust the informa-

tion content of X-ray scattering while monitoring the structure inoriented polymer materials in

space and real time. A sweep of a polymer fiber by a microbeam will be possible in 30 s. Thus,

spatial resolution and time resolution may be combined to study the response of different 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 practical interest. More-

over, they appear particularly suited for investigation by means of scattering methods, because the

recorded information is complete. As the part is rotated about its axis, the 2D scattering pattern

does not change. Thus, there is no need to take patterns at different rotation angles, as it would be

necessary for materials with less symmetry.

It is not sufficient to simply engage the novel instrument – the anticipated datamust be adequately

evaluated in due time, as well. In this respect two big problems arise. On the onehand, the data

flood is increasing to such an extent that automated evaluation methods must bedeveloped. On

the other hand, the data structure has changed, in principal. Instead of scattering curves scattering

images must be evaluated. The goal can be achieved by combining digital imageprocessing

and scattering theory [3]. In this paper several methods are presentedthat have recently been

developed by us in order to quantitatively evaluate extensive sets of 2D scattering 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 be mapped into recip-

rocal space before they can be analyzed quantitatively. For this purpose interactive computer

programs [4, 5] are utilized that rest upon unnecessary [6] approximations. Such a design is

no disadvantage in crystallography, because sophisticated interactive refinement methods are re-

quired anyway for the exact determination of crystal structure parameters in manageable series.

In contrast, in materials science time-resolved experiments are frequent, and voluminous series of

diffraction patterns must be processed. The materials scientist can tolerateminor inaccuracy of the

mapping, if the experiment shall monitor the variation of peak intensity or shape. Because the fiber

tilt may change during the experiment, the algorithm must be able to track and to compensate such

variation. By revisiting the theoretical treatment of the fiber mapping it has been demonstrated [6]
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a b
Figure 1:(a) Interactive mode of wf_premap: Draw the reflection circle through the centers of the reflection
spots of an internal standard reflection (here: polypropylene (131) reflection), and widen the circle into a
belt that contains the maxima of the reflection spots. Finally input 4 circles (one indicated). (b) The
procedurewf_map has mapped the fiber diffraction pattern into reciprocal space

that there is no principal reason to refine an approximate center of the fiber pattern iteratively.

Moreover, instead of an approximation [7, 8] of the tilt angleβ of the fiber an exact equation [6]

can be employed. In the methodical paper [9] an algorithm is presented by which the mapping can

be performed automatically. Its design rests on the application of the mentioned findings. Intricate

parametrization is simplified, and slow trigonometric functions are avoided to a large extent. If

inaccuracies of 2 pixels can be tolerated, a pattern is automatically mapped into reciprocal space

in real time.

For each series of diffraction patterns from a time-resolved experiment, some geometrical param-

eters must once be determined interactively. Our procedurewf_premap assumes that the studied

material exhibits a sharp reflection that is located neither on the equator nor on the meridian. In the

example we investigate polypropylene and select the (131) reflection as theinternal standard. With

the crystallographic c-axis parallel to the meridian, the reflection is characterized by the parame-

ters [10]dhkℓ = d131= 0.406nm and byc/ℓ= 0.6504nm that defines the position of the reflection

ring on the Polanyi sphere [6,11,12]. The wavelength of X-radiation (here:λ = 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 input (a). It generates output both in a “save-set”

(ss), and in a background-corrected diffraction pattern (ab). When started for the first time, the

procedure enters interactive mode and the user is presented the pattern as shown in Fig. 1a. The

result of the mapping is shown in Fig. 1b.

Application

In an application, uniaxially oriented polypropylene (PP) is molten and crystallized isothermally

from the oriented, quiescent melt. The results [13] show that nucleation and growth of differently

oriented sets of crystallites (c-set anda∗-set) are decoupled. After shallow quench crystallization

is preceded by (spinodal) decomposition. Peak integrals (→crystallinity) and minimum crystallite
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Figure 2:Tilt-angle tracking curveβ (t,T ) from the automatic fiber-mapping procedure in an experiment
in which β is changing considerably

size are tracked. In the commercial starting materiala∗-set crystallites melt at 158◦C. Thec-set

melts at 170◦C furnace temperature. After recrystallization both sets melt at 170◦C. Isothermal

crystallization is divided in two distinct phases. During nucleation the crystallinity stays low.

The second phase is dominated by crystallinity growth. At 150◦C thec-set is seeded first. At

145◦C and 140◦C a∗-oriented crystallites are the first. The first-seeded set starts to grow first, as

well. c-set crystallinity is always growing faster thana∗-set crystallinity. The evolution of the

corresponding SAXS [14] cross-diagram in the growth phase can bothbe explained by lamellae

growing at right angles, and by block merging.

Figure 2 showsβ (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 issue, because the

oriented PP film is heated until it becomes a viscous melt. Consequently, the sample shrinks and

bends in the synchrotron X-ray beam.

After the mapping the intensity distribution is known almost everywhere in reciprocal space except

for a wedge region near the meridian (cf. Fig. 1b). Thus, reflection intensities can readily be

integrated in reciprocal space, where the relation between scattering andstructure is clear from

scattering theory [3, 13]. Based on these integrals structural parameters can be computed that are

well-founded from theory [13].

Figure 3 shows the evolution of weight crystallinities of the two sets of crystallites at 3 different

crystallization temperatures. Latency periods between the quench and the start of the crystalliza-

tion, as well as crystallization velocities of the two kind of crystallites can be extracted from these

data. Finally, conclusions concerning the crystallization mechanisms can be drawn ( [13]).
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X-Ray scattering fiber tomography

Motivation

The structure inside a polymer part is not necessarily homogeneous. With fibers, extrudates, and

latex particles [15] frequently a core-shell structure is reported. Moreover, engineers deliberately

generate structure gradients in polymer parts for special functionality [16, 17]. If such a part is

irradiated by an X-ray beam, the recorded pattern is an integral superposition of all the SAXS

patterns emerging from the sequence of volume elements (voxels) along the beam path. From the

mathematical point of view such a superposition is a projection which is of inferior value for the

study of graded materials.

A first step towards a study of structure gradients has been the development of the X-ray mi-

crobeam technique [18–20]. Here only the diameter of the beam is limiting the lateral spatial

resolution. Nevertheless, the longitudinal spatial resolution is simply the thickness of the sample.

Microbeam scanning experiments in particular of fibers have been performed for many years and

the raw data have been discussed, although the corresponding shortcoming has been known [21].

The solution of the problem is tomographic reconstruction. Problems arise from the fact that scat-

tering patterns are multidimensional data but not simply a number (like the absorption in classical

tomography). Thus, approximate tomographic reconstruction of scatteringdata with a manageable

amount of artifacts is difficult. An exception is the case of part with uniaxial symmetry. In this

case a reconstruction of the scattering patterns is possible that would haveemerged from individ-

ual voxels in a plane perpendicular to the “fiber” axis [22]. Nevertheless, this method is only of

academic value. The exposure time for the recording of scattering data of one cross-section of the
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Figure 4:(a) Fiber cross-section irradiated by an X-ray beam at an offsetx from its center. The structure
ρ
(
ρ f

)
shows fiber symmetry. From all structures along the beam patha superposition is probed.y is the

variable of the integration. (b) One-dimensional tomographic reconstruction turns the measured series of
projected scattering patterns into theimage 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 studied both exhibits macro-

scopic fiber symmetry, and the structure only varies as a function of the distance from its central

axis. By means of this method fibers, pipes, and extruded strands can be investigated. Thus,

we call it “X-ray scattering fiber computer tomography” (XSF-CT). A complete set of projected

scattering patterns is collected in a single microbeam scan across the fiber, because the set of pro-

jections does not change as the sample is rotated about its axis. Such an experiment is completed

in about 30 min. Moreover, compared to the general tomography the mathematics of image recon-

struction is simplified. A set of 40 measured scattering patterns is reconstructed in typically less

than 10 min.

In a general tomographic X-ray experiment [23], a voluminous sample is scanned by a thin X-

ray beam. As a function both of the positionx of the scanning beam on the sample, and of

the sample rotation angleφ , projections (notation:{}) of the absorption{A}(x,φ) or even of

complete scattering patterns{I}(s,x,φ) 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, 25]. Heres is the scattering

vector with |s| = s = (2/λ )sinθ , the X-ray wavelengthλ and the scattering angle 2θ . In the

examples mentioned, a tomographic image reconstruction [23, 26, 27] returns either the spatial

variation of the X-ray absorption in the plane, or of the scattering emanating from the resolved

voxels in the plane. The smearing caused from projection is eliminated by application of the

Fourier transform theory, and a clear image of the inner structure is obtained.

The fundamental geometry is sketched in Fig. 4a. The information in the measured signal{A}(x)
or {I}(s,x), respectively, does not represent the sought informationA(x) or I (s,x) originating

from the small square (voxel) around the positionx. Instead, to a first approximation it is repre-

sented by the projection integral

{I}(s,x) = 2
∫ ∞

x
I
(

s,
√

x2+ y2
)

dy (1)
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= 2
∫ ∞

x

I (s,ρ f ) ρ f dρ f√
ρ2

f − x2
. (2)

Eq. (1) is the definition of the Abel transform [27]. In X-ray scattering Eq. (1) is established

textbook knowledge [3, 28–33]. There it describes the slit smearing. Even the inverse Abel [34]

transform

I (s,x) = − 1
π

∫ ∞

0

d {I}(s,ρ f )

dρ f

dy
ρ f

(3)

= − 1
π

∫ ∞

x

d {I}(s,ρ f )

dρ f

dρ f√
ρ2

f − x2
, (4)

is in scattering textbooks since Guinier [35] and DuMond [36]. Similar to the filtered backpro-

jection algorithm of the general tomography, low-noise reconstruction algorithms [37–39] for

the tomography of materials with cylindrical symmetry are readily available from the field of

“one-dimensional tomography”. The principle of one-dimensional tomographic reconstruction is

sketched in Fig. 4b. Here we implicitly assume that the scattering from every irradiated voxel in

the fiber shows fiber symmetry itself (local fiber symmetry). Otherwise characteristic reconstruc-

tion aberrations are expected [22, 40]. Deviations from local fiber symmetry cause restricted or

shifted visibility of scattering features along the fiber radius. These aberrations are detected in the

reconstructed image and result in additional information on the structure inside the fiber [40].

Application

In a feasibility study [40] precursors of polymer microfibrillar-reinforced composites (MFC) con-

taining poly(ether)-block-amide (PEBA) and poly(ethylene terephthalate) (PET) with varying cold-

draw ratio are studied. The results from a direct analysis of the smeared measured patterns are

compared to results obtained after tomographic reconstruction.

Data are presented from a cold-drawn (draw ratioλd ≈ 3) co-extrudate of 70 wt.-% PEBA and

30 wt.-% PET (abbreviated: MFC73). In the scanning-microbeam experiment the strand shows an

isotropic long period and an equatorial streak at almost every beam position (Fig. 5, left column).

Only the tomographically reconstructed patterns (right column) exhibit that the long-period ring-

reflection is not present in the core of the fiber. As the feature becomes visible, it first shows up at

the equator. With increasing distance from the fiber axis, reflection arcs are growing towards the

meridian. Aboveρ f = 300µm the arcs join into a closed circle. Because such behavior has been

observed with neat PEBA as well, this orientation phenomenon is not indicatingsome interaction

between the PEBA and the PET microfibrils. The reconstructed central voxel (ρ f = 0) is domi-

nated by one of the reconstruction aberration effects (from voxels with tangential grain) [40]. Ex-

amination of the equatorial streak exhibits only in the reconstruction that it grows broader towards

the center of the fiber. The streak is allocated to needle-shaped domains, and is only observed

with strands from co-extruded blends. If these needles are thin PET microfibrils, the tomography

shows that in the center of the fiber these microfibrils are shorter than in an intermediate region.

The structure gradient in the outer region of the strand is discussed in the original paper [40].
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Figure 5:Cold-drawn (λd ≈ 3) MFC73 in a scanning microbeam experiment. Measured scattering intensity
{I}

(
s12,s3,ρ f

)
(top row) and reconstructed scatteringI

(
s12,s3,ρ f

)
(bottom row) for short distancesρ f

from the fiber axis. The patterns display the range−0.1nm−1 ≤ s12,s3 ≤ 0.1nm−1 in uniform logarithmic
scale (s = (2/λ )sinθ )

SAXS monitoring of mechanical tests

Motivation and method development

Advanced polymer materials are urgently sought after e.g. in automotive industry in order to ac-

complish the goals of climate protection by reduction of weight. Such newly engineered materials

have to prove their serviceability in mechanical tests. Classical tensile tests are performed to deter-

mine the modulus and ultimate properties. Load cycling experiments are carried out to determine

the fatigue behavior. In order to reveal the mechanisms of, e.g., failure orfatigue, it is desirable to

monitor mechanical tests by SAXS. In this way the response of the nanostructure to mechanical

load is revealed.

Results

In a feasibility study [41] slow continuous mechanical tests of oriented PP are monitored by SAXS

and quantitatively evaluated. A continuous-strain test exhibits fracture and release of weak lamel-

lae (2 - 10% strain). Beyond that conversion of lamellae into needles is observed. As all layers are

consumed, the material breaks. Fatigue is studied in a load-reversal experiment (between 10% and

35% strain, Fig. 6). In each cycle crystallization, layer break, and relaxation melting are observed.

Figure 7 presents the result. The top chart shows the macroscopical strain, ε (t), imposed to the

material and measured at the point of X-ray irradiation. The four load-reversal cycles are easily

identified. The chart in the middle reports the extracted nanostructure parameters,L(t), ecac (t),

andS (t). The bottom diagram presents the macroscopic resistance,σ (t), which the material is

opposing to strain. The figure shows that crystallization, rupture of lamellaeand melting of frag-

ments are continuously reshaping the domains of the PP material in the cycles ofthe fatigue test.

The long-period cycle exhibits a phase shift with respect to the imposed strain cycling. Moreover,

there is an indication of amplitude attenuation. Fatigue is demonstrated in the curveσ (t) by de-

creasing stress peaks. An in-depth discussion of the zones indicated in Fig. 7 is in the original

paper [41]. In particular, the combination of SAXS and fatigue test showsthe transition from

stress-induced crystallization to crystallite ruptureσ (t)≈ 20 MPa.
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Figure 6:Oriented PP. Load cycling monitored by SAXS. Circular dots show where SAXS patterns have
been recorded. Numerical labels indicate their sequence. The drawing direction with respect to the patterns,
s3, is indicated by a double-head arrow
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Figure 7:Dynamic load-reversal mechanical test of hard-elastic PP film. As a function of the elapsed timet
the macroscopic parameters strain,ε (top graph), and tensile stress,σ (bottom graph) are displayed together
with topological nanostructure parameters (middle). In the middle diagram the solid line shows the long
period,L. The broken line displays the lateral extension,ecac, of a sandwich made from two crystalline
lamellae. The line with circular dots exhibits the variation of the strength,S, of the CDF. Vertical bars
indicate zones of strain-induced crystallization (dark) and relaxation-induced melting (light), respectively
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Conclusions

Considering the present instrumental development at synchrotron radiation facilities the develop-

ment of advanced data evaluation methods appears to be both promising and necessary in order

to master the future data flood. The 3 presented methods demonstrate the potential of such work.

In order to discharge the user, a part of the data evaluation may be carried out at the synchrotron

facility. Such added service would require not only computing power, butalso additional man-

power. In addition to the beamline scientist an evaluation specialist would become necessary. It

would be his job to detect if raw data must be smoothed. He would have to eliminate the machine

background, would generate detector masks, would center and align each scattering pattern and

would fill blind areas from consideration of symmetry. As an added service, the community of the

evaluation specialists could select some standard experiments for which complete user-friendly

programming environments could be built. Nevertheless, for the predominantfraction of indi-

vidually designed setups it will remain necessary for the polymer scientist himself to familiarize

with adapted programming techniques. This will be of particular importance, if methods shall be

developed that grow with the growth of instrumental capacity. Ultimately, it is expected that an

increase of the quality of results returned from scattering experiments will closely be correlated to

the manpower dedicated to the programming of data evaluation modules.
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