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ABSTRACT: A Vickers microindentation setup has been developed for in situ X-ray microdiffraction
with synchrotron radiation at the ESRF microfocus beamline (ID13). Ex situ experiments performed on
a Nylon 66 fiber show changes in chain orientation in the indented zone, but the crystallinity remains
unchanged. Similar experiments for an UHMW-PE fiber show a breakup of the orthorhombic phase
into domains due to plastic deformation and a partial transformation of the orthorhombic phase into the
monoclinic phase. In situ experiments during indentation of an UHMW-PE fiber show domain doubling
during indentation and single domain recovery after the tip has been retracted.

Introduction

Microindentation is one of the simplest methods for
determining the microhardness of materials including
polymers.1,2 Although it is in many cases possible to
correlate the microhardness of a polymeric material
with its microstructure,3 structural changes occurring
during indentation are not accessible directly unless the
vicinity of the indenter tip is probed. Ideally, this should
occur during indentation. A limited amount of such
experiments have been reported, and selected examples
will be mentioned.

Scanning electron microscopy (SEM) has been used
to study the push-out of fibers in composite materials.4
This technique is sensitive to changes in geometry and
topography but does not provide atomic resolution data.
Atomic force microscopy (AFM) has been applied to
polymer surfaces but is not bulk sensitive.5 In situ
microspectroscopy during microindentation on semicon-
ductors6 provides local information on a molecular scale
and could also be applied to polymers. Transmission
electron microscopy (TEM) provides structural resolu-
tion in hard materials during nanoindentation.7 Experi-
ments on polymers would, however, be difficult due to
the necessity of making ultrathin sections and radiation
damage problems. X-ray diffraction experiments on bulk
changes in the vicinity of an indenter tip have, however,
to our knowledge not been reported.

The aim of the present article is to demonstrate the
feasibility of such experiments for a synchrotron radia-
tion (SR) microbeam of a few micrometers in diameter.
A Vickers-type microindenter was used in view of the
highly symmetric stress field around the tip, which
simplifies data analysis, and the commercially available
technology. In addition, an extensive literature on the
application of Vickers microindentation to polymers is
available.3

Experimental Section
Indentation Setup. The setup is shown schematically in

Figure 1. together with an image of the sample environment.
The sample stage consists of a motorized x/y/z gantry (MICOS),
which allows displacing the sample with micrometer-precision.
The stepping motors are interfaced to the ESRF VME control
system.

Samples are glued to the edge of the flat surface of a
diamond crystal so that the indented part is free from
constraints during deformation. For this geometry, X-ray
absorption effects of the support structure can be neglected.
A motorized turret (OLYMPUS) allows switching between the
indenter head with Vickers-type square-based diamond pyra-
mid (MHT-10: PAAR) and two microscope objectives. A color
CCD camera is attached to the setup, which allows collecting
and digitizing the image via a PC-based video-card (MATROX).
Forces applied on the indenter tip can be chosen within a range
of 5 mN to 4 N and defined along with loading rate and dwell
time through an external control box, which is interfaced to a
PC. Forces were applied normal to the beam direction.

Materials. Experiments reported below were performed on
fibers, which has advantages in view of the highly symmetric
fiber geometry. For quantitative microhardness testing cor-
rection factors are needed,2 but were not used in this study.

Nylon 66 was examined as an example of a semicrystalline
fiber (about 50% amorphous phase) and UHMW-PE as an
example for a fiber with a low amorphous content. High
tenacity Nylon 66 filaments were obtained from Goodfellow
Cambridge Ltd. Single fibers of 19 µm average diameter were
separated by tweezers under a microscope. UHMW-PE fila-
ments, composed of 12 µm average diameter fibers, were also
obtained from Goodfellow Cambridge Ltd. More details on the
UHMW-PE fiber have been reported elsewhere.8 Single fibers
were cut in length by microscissors and glued to the support
as described above.

Synchrotron Radiation Experiments. SR-experiments
were performed at the microfocus (ID13) beamline of the
European Synchrotron Radiation Facility (ESRF).9 A 5 µm
monochromatic beam of wavelength λ ) 0.0976 nm was
generated by the combination of focusing mirror and collima-
tor. A slow-scan 16 bit-readout CCD detector (X-ray Associates;
XRA) with a 130 mm diameter X-ray converter screen was
used for routine data collection. Readout time was about 4
s/frame (single image in a sequence). For faster processes, a
12 bit-readout Gemstar detector (PHOTONIC) was used.
Frames of 0.5 s were recorded while the readout time to disk
was about 1.5 s. Control of the microindenter, detectors and
the x/y/z gantry was possible with the ESRF SPEC interface.10

The sample-to detector distance and the center of the detector
were calibrated by an Ag-behenate standard.11 Data were
reduced and analyzed using the FIT2D software package.12

Calibration. The setup was calibrated by a GaN micro-
crystal glued to a glass fiber tip, which shows luminescence
in the visible range when excited by the X-ray beam. The
position of the GaN microcrystal was matched to the X-ray
beam position and the focal point of the microscope. An
additional calibration of the indenter tip was achieved by
replacing the microcrystal with a thin Kapton-foil on the
diamond support. The foil was then indented and the distance* Corresponding author.
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of the focal point from the center of the indentation deter-
mined. A sample could then be positioned laterally and
vertically in the beam with a precision of about (1 µm. It was
thus possible to reproducibly position fibers in the beam with
diameters down to about 10 µm.

Results and Discussions

Ex Situ Experiments. A. Nylon 66. Figure 2a
shows part of a Nylon 66 pattern from a single fiber.
Indices are based on the triclinic R-phase.16 The upper

Figure 1. Schematic design of indenter setup. The direction of the X-ray beam is along the x-direction. The force is applied along
the z-direction. The direction of movements of the x/y/z gantry is indicated: (1) indenter, (2) microscope objectives, and (3) diamond
support. The inset shows a picture of the sample environment: (1) Vickers-type diamond tip, (2) microscope objectives, (3) diamond
support, (4) microcollimator, and (5) x/y/z gantry.

Figure 2. (A) Diffraction pattern of a Nylon 66 single fiber omitting the top part, which is partially shadowed by the indenter
head. (B) Radial cake integration performed in the zone indicated in order to obtain the azimuthal profile of the 100 reflection.
The corresponding fit for the 010/110 reflections is shown below. The profile was fitted by two Gaussian functions and a first-
order polynomial background.
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part of the image was partially shadowed by the
indenter head and is not shown. The intensity was
integrated in radial direction within the segment of an
annulus in order to determine the azimuthal intensity
profile of the two peaks corresponding to the 100 and
010/110 reflections (Figure 2b). The peak profiles were
fitted by two 1D-Gaussian functions corresponding to a
Bragg peak and an amorphous halo. The background
was fitted by a first-order polynomial.17 The amorphous
halo appears to be more prominent for the 100 reflection
than for the 010/110 reflections. For further analysis of
integral peak intensity, a radially larger segment was
selected that allowed integrating both peaks and an
amorphous halo.

The sample was indented with a 75 mN force (loading
rate, 3 mN/s; hold, 10 s). Immediately afterward, the
sample was mapped by scanning diffractometry (mesh:
10horizontally × 5vertically µm). Measuring time per frame

was 5 s. The composite image (Figure 3) is limited to
the area of the 100 and 010/110 reflections.

The first row of frames shows in the middle a
reduction of intensity due to the impression left by the
indenter. The intensity distribution is also slightly
asymmetric at the edges, which suggest that the fiber
has slightly tilted after indentation. The second line
shows no further trace of an intensity reduction but
rather an increase toward the center. This is due to a
geometric effect, as the indenter will slightly deform the
fiber so that the thickness increases normal to the
applied force. Scattering due to conformationally dis-
ordered chains (Brill transition18) was not observed.

It is of interest to analyze the second line in more
detail and to determine whether the stress field induced
by the indenter tip modified the chain orientation. The
azimuthal width (full width at half-maximum; fwhm)
and intensity of both reflections was found to increase
at the point of indentation. This is shown in Figure 4a
for the azimuthal width of the 100 reflection profile. It
suggests a local perturbation of orientation distribution
of crystalline blocks along the chain direction due to a
plastic deformation. The fit of a Gaussian function to
the variation of azimuthal width indicates that this
static perturbation extends horizontally by about (20
µm (4σ). A systematic mapping of the perturbation
across the indented zone should allow determining a
projection of the stress distribution without the neces-
sity of finite element calculations.19

The crystallinity (Xc) was determined from the sum
of the Bragg intensities of the two equatorial peaks (ΣIb)
and the corresponding amorphous fraction (Ia) via

Xc does not vary across the scanned zone (Figure 4b),
which suggests that the orientation perturbation is not
associated with a change in crystallinity.

B. Ultrahigh Molecular Weight Polyethylene.
Figure 5a. shows the equatorial pattern of a single
UHME-PE fiber recorded within 5 s with the beam at
the center of the fiber using the slow scan CCD detector.
The background scattering has been subtracted. The
strongest reflections correspond to the orthorhombic PE
phase. The presence of a weak fraction of monoclinic
phase14,15 has been observed previously by single fiber
microdiffraction.8 The fiber was indented with a 10 mN
force (loading rate: 1 mN/s; hold: 10 s). The indented
area was mapped by scanning diffractometry (mesh:
10horizontally × 5vertically µm).

The composite image (Figure 5b) is limited to the area
of the 1100/2000 and 001m reflections. The vertical size

Figure 3. Composite image of the indented zone limited to the 100, 010/110 reflections. Mesh increments are 10horizontally ×
5vertically µm.

Figure 4. (A) Variation of azimuthal width (fwhm; degrees)
of the 100 reflection across indented zone. A Gaussian function
was fitted to the values. (B) Variation of crystallinity across
the indented zone (error bars correspond to σ values).

Xc ) ΣIb/Σ(Ib + Ia) (1)
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of the sample appears to be larger due to the convolution
of beam diameter and sample diameter. The azimuthal
width of the reflection in the top line increases at the
indentation point as observed for Nylon 66 due to a local
perturbation of crystalline block orientation distribution.
The second line shows in addition the formation of the

100m reflection of the monoclinic phase. It is known that
the plastic deformation has to reach a critical value for
monoclinic phase formation.15 The third line shows that
the azimuthal 1100 reflection splits up into several
domains. This suggests an irreversible plastic deforma-
tion that is beyond the elastic limit of the taut tie

Figure 5. (A) Equatorial pattern of single UHMW-PE fiber. (B) Composite image of the indented zone in UHMW-PE limited
to the 1100/2000 and 001m reflections. Mesh increments are 10horizontally × 5vertically µm. (C) Azimuthal profile of a selected frame,
which can be fitted by three Gaussian functions corresponding to a central domain and two satellite domains. The azimuthal
width (fwhm) of the domains is indicated.

Figure 6. (A) Schematic design of in situ microindentation experiment. (B) evolution of 1100 reflection during microindentation
recorded by a fast-scan CCD detector. Selected azimuthal profiles of the 1100 reflection are shown to the right. The profiles were
fitted with one or two Gaussian functions (dotted lines). Solid lines correspond to the fitted profiles.
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molecules connecting the crystalline blocks (third line).20

The position of the indenter tip can be easily recognized
from the symmetry of the domain distribution. The
satellite domains have a larger azimuthal width than
the central domain as shown in Figure 5c.

The maximum of monoclinic phase formation seems
to be just above the zone of irreversible domain forma-
tion, i.e., at a lower stress value. The domain formation
obviously reduces the local stress required for mono-
clinic phase formation.

In Situ Experiments. To address time-dependent
structural changes, an in situ experiment was per-
formed on a UHMW-PE fiber with the probing beam
below the center of the fiber (Figure 6.). The maximum

force applied was 5 mN (loading rate, 1 mN/s; hold,
10 s).

The temporal variation of the 1100 reflection profile
shows a broadening of the azimuthal profile, which
nearly returns to its original width after the tip has been
retracted (Figure 6). Selected azimuthal profiles are
shown to the right. The broadened profile can be fitted
by two Gaussian functions. Prior to indentation and
after retraction of the tip, a single Gaussian function
can fit the profile. This suggests an elastic deformation
where the taut tie molecules connecting the crystalline
blocks are only elastically stressed as the crystalline
blocks return nearly to their original orientation once
the stress has been relieved. Static experiments on
indented UHMW-PE will show only the end-state of
this deformation.

A more detailed analysis of Gaussian profile param-
eters of the 1100 reflection is shown in Figure 7. The
variation of peak position (Figure 7a) shows that the
one-domain zone is transformed during indentation into
a two-domain zone. Retraction of the tip results again
in a one-domain zone. The two-domain zone extends for
about 15 s. In view of a loading rate of 1 mN/s and a 10
s hold time this implies that the probing beam “sees”
the splitting up of domains nearly at the same time as
the tip enters in contact with the fiber. Only the last
frame in the one-domain zone is apparently influenced
by the onset of deformation of the fiber. A shift in peak
position and an increase in azimuthal width (Figure 7b)
suggest that the chain orientation is perturbed locally
by the stress field around the tip. The tip will expand
the fiber normal to its trajectory, which will increase
the scattering volume seen by the beam, and results in
the intensity increase observed in frame 4. (Figure 7c)
The azimuthal width remains constant in the two-
domain zone and slightly increases further after retrac-
tion of the tip. (Figure 7b) This might be due to a
remnant plastic deformation as already observed for
Nylon 66 (Figure 4a). The integral peak intensity
decreases again at the onset of the two-domain zone.
(Figure 7c) In view of the small fiber diameter it is quite
likely that the diamond tip will enter the outskirts of
the probing beam which will reduce the scattering
volume and can explain this intensity decrease. Upon
retraction of the tip, the scattering volume will increase
again and hence the intensity. The observation that the
intensity remains at the same height as the last frame
in the first one-domain zone (no. 4) suggests a remnant
plastic deformation, which is also observed visually.

Conclusions
It has been shown that structural processes in poly-

mers occurring in the vicinity of a Vickers indentation
tip can be examined by X-ray microdiffraction. The use
of diamond for the tip and the sample support allows
absorption effects to largely be neglected. Faster readout
time will allow exploring the splitting up of domains
for UHMW-PE in more detail. In view of fiber diam-
eters in the range of 10 µm, it will be necessary to apply
in future experiments sub-µm beams that can be gener-
ated by various X-ray optical systems.21-23 This will also
allow bridging the gap to nanoindentation experiments.
Small-angle X-ray scattering (SAXS) experiments should
become possible down to a few µm beam size provided
that a guard aperture can be introduced close to the
sample.24 The high heat conductivity of the diamond
support will allow controlling the temperature of the
sample.

Figure 7. (A) Variation of 1100 azimuthal peak position
(degrees) during indentation. Open circles in the one-domain
zone correspond to the fit of a single Gaussian function while
triangles correspond to the fit of two Gaussian functions. (B)
Variation of 1100 azimuthal width (fwhm, degrees). Solid
circles in the two-domain zone correspond to the average of
the azimuthal width of the two Gaussian functions. (C)
Variation of integral peak intensity (arbitrary units) of 1100
reflection. Solid circles correspond to the sum of peak intensi-
ties (triangles).
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Evidently other types of stress fields as generated by
a Vickers-type tip are feasible. One should also note that
this type of experiment is not limited to polymers.
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(17) Riekel, C.; Bränden, C.; Craig, C.; Ferrero, C.; Heidelbach,

F.; Müller, M. Int. J. Mol. Biol. 1999, 24, 187-195.
(18) Xenopoulos, A.; Wunderlich, B. Colloid Polym. Sci. 1991, 269,

375-391.
(19) Rikards, R.; Flores, A.; Ania, F.; Kushnevski, V.; Baltá-
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