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ABSTRACT: The structural changes induced by microindentation on thermotropic liquid crystalline
copolyester fibers of 4-hydroxybenzoic acid (HBA) and 2-hydroxy-6-naphthoic acid (HNA) have been
investigated by scanning X-ray microdiffraction techniques at the ESRF microfocus beamline (ID13). A
phase transformation is observed upon deformation from a pseudohexagonal lattice (PH) to two distinct
orthorhombic phases (OI, OII). In addition, a strong texture is observed in the plastically deformed region
as revealed by changes in the local orientation of the crystalline domains in the vicinity of the indenter
tip and the appearance of reflections in specific directions only. This allows quantifying the extent of the
deformation both across and along the fiber and also suggests the presence of complex structural processes
occurring during indentation tests.

Introduction

Combined microindentation and synchrotron X-ray
microdiffraction (µXRD) has recently been shown to
yield a wealth of information concerning the deforma-
tion mechanisms in polymers occurring in the vicinity
of the indenter tip.1-3 As compared to other mechanical
tests in which the whole sample is deformed, stresses
applied in microindentation are concentrated in only a
small region of the sample4 (on the order of a few µm3).
Other advantages can be found in the absence of specific
sample preparation as would be the case using electron
microscopy techniques in that the high flux of synchro-
tron sources is well-suited for real-time studies on
relatively bulky samples.5,6

The present study reports on results obtained using
combined microindentation/µXRD applied to thermo-
tropic liquid crystalline copolyesters of 4-hydroxybenzoic
acid (HBA) and 2-hydroxy-6-naphthoic acid (HNA).
Those have been extensively studied lately because of
exceptional mechanical properties and, therefore, im-
portant potential industrial applications in high-per-
formance materials.7 The microstructure of these ma-
terials has been principally studied using electron
microscopy8-12 (EM) and small/wide-angle X-ray scat-
tering (SAXS/WAXS)13-24 techniques. The latter have
also been used extensively to assess structural changes
upon annealing19-23 and during crystallization.24 How-
ever, little is known concerning the structural processes
involved in the deformation of such materials. The
following article will show that combined µXRD and
microindentation is a very useful tool to study such
processes on a nanometer scale.

Experimental Section

Materials. The samples investigated were polymer
fibers of 4-hydroxybenzoic acid (HBA) and 2-hydroxy-
6-naphthoic acid (HNA) monomers in a molar mass ratio
of 73:27 HBA/HNA (Vectra A950). Both HBA and HNA
are aromatic, which accounts for the extreme rigidity
of the polymer fibers. This thermotropic copolyester was
supplied by Goodfellow Cambridge Ltd. under the trade
name Vectra. For the experiment, single fibers 23 µm
in diameter were used as provided without additional
preparation. The nature of the crystalline domains for
this liquid crystalline polymer (LCP) has received
particular attention22,25,26 and is still an open matter of
debate.10,24 Nevertheless, crystallinity values of Vectra
are generally reported in the range øc ) 0.17-0.26.21,22

Microindenter Setup. Single fibers were cut in
length with microscissors and deformed using the
dedicated microindenter setup described in detail else-
where1 according to the scheme shown in Figure 1. For
this purpose, the sample was glued at both ends onto a
diamond support and indented with a square-based
diamond pyramid (Vickers indenter) pressed onto its
surface under a given force F (mN), loading rate r
(mN s-1), and dwell time t (s).4 After deformation at the
required force, the sample was removed and glued at
the end of a glass capillary, which is subsequently
mounted on the X-ray setups. The indentation refers
in the following to the plastically deformed region and
can be viewed either parallel (as in Figure 3a) or normal
to the direction of applied force shown by the solid and
dotted arrows, respectively, in Figure 1. For reasons
discussed below, in-situ experiments during indentation,
although possible, were not tried in the present case.

Synchrotron Radiation Experiments. The experi-
ments were carried out at the microfocus beamline
(ID13) of the European Synchrotron Radiation Facility
(ESRF).6 A monochromatic beam of wavelength
λ ) 0.0976 nm (E ) 12.78 keV) was focused with an
ellipsoid mirror and further reduced in size with either
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a tapered glass capillary (3 µm) or collimators (5, 30 µm).
A slow-scan 16-bit readout CCD detector (X-ray Associ-
ates (XRA)) with a 130-mm diameter X-ray converter
screen and 2 K × 2 K pixels of 64.45 µm × 64.45 µm
was used for data collection. The total exposure and
readout time was about 15 s/frame. The sample-to-
detector distance and the center of the detector were
calibrated using an Ag-behenate standard.27 Data were
reduced and analyzed using the FIT2D software pack-
age.28

Results and Discussions

Phase Transition and Texture. Figure 2a shows
a typical WAXS pattern collected with a 5-µm beam in
an undeformed part of the fiber after background
correction with a zoom of the equatorial peaks (Figure
2b). Because of the liquid crystalline nature of the
copolyester, the pattern reveals a high degree of axial
orientation while the presence of strong diffuse scat-
tering indicates disordered packing in transverse direc-
tions.29 The observation of off-equatorial sharp Bragg
peaks also reveals, however, some degree of three-
dimensional (3D) ordering. The maxima along the
meridian were found to be aperiodic and were modeled
by a random copolymer sequence.14-16 Solid-state 13C
NMR supports such a random distribution with a weak
tendency to form block copolymers.30 These reflections
were found, in our case, at q ) 8.43, 18.61, and
27.67 nm-1 (d ) 2.03, 3.02, and 6.64 Å, respectively),
which is in good agreement with published values.13,19-23

The radial profile in Figure 2c was obtained by integrat-
ing the intensity of the equatorial reflection along the
azimuth direction within an annulus segment of ∼3°
as shown in Figure 2b. The asymmetry of the main peak
is generally attributed to the presence of two strongly
overlapping peaks that cannot be individually resolved,
suggesting pseudohexagonal (PH) symmetry17-23 (ortho-
rhombic lattice with a ) 31/2 b). This phase observed at
room temperature is generally believed to be a typical
signature of compression-molded or as-extruded
samples.17-23 A fit was correspondingly achieved using

three Lorentzian functions and a first-order background
polynomial. The two main peaks, indexed as 110PH and
200PH, were found respectively at q ) 14.05 and
14.88 nm-1 (d110 ) 4.45 Å, d200 ) 4.22 Å, respectively),
which is in good agreement with values found by other
authors.17-23 It should be noted that since the structure
is essentially nonperiodic along the c-axis, the assign-
ment of the l index of hkl reflections only refers, in our
case, to the layer line number. The shoulder around
q ) 19 nm-1 is thought to be an extension of the 211PH
reflection which was found at q ) 19.68 nm-1 (d )
3.19 Å).17-23 For an orthorhombic lattice, the unit cell
parameters are derived from a ) 2d200 and b ) 2d110d200/
(4d200

2 - d110
2)1/2. The values of a ) 8.90 Å and b )

5.23 Å are in good agreement with those found in the
literature19-21,23 and the ratio a/b ) 1.70 is close to the
ideal one of a/b ) 31/2.

Figure 1. Simplified scheme of the indenter setup1. The
sample is mounted on a diamond support (1-2) and deformed
by the square-based diamond pyramid tip (3) of the Vickers
indenter (4). The solid and dotted arrows indicate the direction
of the force applied by the tip on the sample and its normal
direction, respectively. Alternatively, the indenter can be
exchanged with microscope objectives to select the region of
interest.

Figure 2. Typical WAXS pattern (a) of a Vectra fibre sample
as provided. The most important features, aside from the
diffuse scattering typical for liquid crystalline polymers (LCP),
lay in the presence of three aperiodic maxima along the
meridian and the presence of equatorial and off-equatorial
peaks shown in more detail in (b). Radial profiles of the
equatorial reflections in (c) were obtained by cake integration
over a few azimuthal degrees. The fit was achieved using three
Lorentzian functions and a first-order background polynomial,
and the peaks were attributed to a pseudohexagonal phase.
q ) 4π sin(θ)/λ(nm-1), where θ is the Bragg angle (°) and λ the
X-ray wavelength (nm).
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The details of the equatorial reflections from WAXS
patterns collected in the centre of a 50 mN indentation
(5 mN s-1, 10 s) zone (Figure 3c) and at 60 µm distance
(approximately the size of the indentation along the
fiber axis as shown in Figure 3a) in an undeformed
region (Figure 3b) reveal significant differences. In the
deformed region, new peaks appear at lower q values,
while others tend to fade. One particularly intense
equatorial peak at q ) 11.42 nm-1 (indicated by an
arrow), which is not observed in undeformed zones,
suggests a phase transition in the indented part of the
fiber. The spatial extent of this phase transition is
shown in more detail in Figure 4. The radial profiles of
the equatorial reflections are displayed at 15 µm step
intervals from the center of indentation along the fiber
axis with the beam parallel (Figure 4a) or normal
(Figure 4b) with respect to the loading direction of the
indentation. The radial intensity profiles were obtained

by integration as described above. The two main peaks
of the initial phase indicated by the continuous lines
also seem to be present in the indented zone although
of weaker intensity. On the other hand, several new
peaks indicated by dashed lines are seen to extend up
to about 45 µm from the center of the indentation along
the fiber axis. This suggests the coexistence of other
phases in the indented region. In particular, the new
equatorial peak observed in Figure 3c is clearly absent
at 60 µm and gradually appears more intense relative
to the total peak intensity when moving toward the
center of the indentation in Figure 4a. On the other
hand, this peak is totally absent from the profiles
obtained in perpendicular direction to indentation, but
two additional shoulders at q ≈ 16 and 17 nm-1

indicated by dashed lines are seen to appear in the
vicinity of the indentation.

Two conclusions can be drawn from these observa-
tions: (1) a partial phase transition takes place in the
vicinity of the deformed region, and (2) the new phase
shows a preferred orientation with respect to the
direction of indentation. This can be described in more
detail by recording the variation of the radial profiles
of equatorial patterns obtained by rotating the indented
fiber (50 mN) around its fiber axis in a 30 µm beam (so
that the whole fiber is exposed) as described in Figure
5a. Figure 5b shows that the peak intensities are
dependent upon fiber orientation, i.e., are a function of
the angle φ between the beam direction and indentation
directions. In particular, the equatorial peak at
q ) 11.42 nm-1 is most intense at φ ) 0° and quasi-
extinct at φ ) 90° (beam respectively parallel and
normal to indentation direction). Such variation in the
WAXS profiles clearly reveals a strong 3D texture of
the crystalline domains in the indented zone.

Indexation of the new peaks observed is not straight-
forward but is facilitated by several considerations.
First, most phase transitions in Vectra A950 reported
in the literature occurred during annealing studies in
which specific attention is given to the attribution of
the equatorial peaks.17-24 On the basis of electron
diffraction studies on polyHBA homopolymer,31 WAXS
data obtained from compression-molded or as-extruded
samples at room temperature are usually indexed
according to the PH lattice indicated above. Upon
annealing, the 110PH and 200PH peaks are found to shift
respectively to lower and higher q values. This peak
separation has been associated with a transition to an
orthorhombic lattice (OI). Although no clear splitting of
the overlapping 110/200PH equatorial peak is observed
in our case, the presence of weak off-equatorial peaks
tend to indicate that an OI phase is indeed present,
although representing only a very small volume fraction
of the crystalline material. These were thus indexed as
111OI in Figure 6b according to detailed descriptions
given by some authors.21 According to those results, the
110/200PH and 110/200OI would still overlap and could
not be distinguished. Second, other peaks of stronger
intensity cannot be indexed as belonging to the OI
phase. Figure 6c shows a difference pattern obtained
by subtraction of a pattern taken in an undeformed
region (Figure 6a) from that of an indented one (Figure
6b) in a parallel orientation (φ ) 0°). At least three
peaks (in white) including, in particular, the peak on
the equator at q ) 11.42 nm-1 (d ) 5.50 Å), suggest an
additional phase (or several) different from OI. This
could belong to yet another orthorhombic modification

Figure 3. Optical microscopy image of an indented Vectra
fiber (a) of 23 µm in diameter (50 mN at 5 mN s-1 for 10 s).
Details of the equatorial peaks of WAXS pattern taken in an
undeformed part (b) and in the center (c) of the indentation
using a 5 µm beam. Note the appearance of an intense new
peak indicated by the arrow.

Figure 4. Radial profiles of the equatorial peaks taken at
15 µm intervals from the center of indentation (0 µm) with a
5 µm beam parallel (a) and normal (b) to the indentation
direction (i.e., to the loading direction in which the force is
applied). The peaks belonging to the original PH phase are
indicated by solid lines and those revealing the phase transi-
tion by dashed lines.
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OII (020OII), which is also observed in the HBA homo-
polymer31 and which few authors also suggest is as a
result of annealing.19,21 The other off-equatorial peak
in Figure 6c, q ) 11.60 nm-1 (d ) 5.42 Å) should, in
this case, also be attributed to this phase (121OII). A last
step must, therefore, be taken concerning the equatorial

peaks indicated by dashed lines in Figure 4b (φ ) 90°)
that strongly overlap with the main peak but can still
be resolved in some cases. Figure 7 shows the azimuth-
ally averaged radial profile from φ ) 0-90° at
15 µm from the center of indentation where the OII
peaks appear most intense (shown in Figures 4 and 5).
Fitting was achieved using single Lorentzian functions
to account for the same peaks of both the PH and OI
phases (110, 200, and 211), which cannot be individually
resolved as mentioned above. This assumption is based
on the fact that only a minor fraction of the OI phase
should contribute to the total intensity as observed by
the very weak intensity of the 111OI peaks as already
mentioned. Three additional Lorentzian functions were
used to account for the 020OII and extra reflections along
with a first-order background polynomial. Although
rarely reported in the literature in the case of this
copolyester, the results obtained on HBA indicate the
existence of two extra equatorial peaks for the OII phase
that correspond well with those found in our case at
q ) 16 and 17 nm-1, which were consequently indexed
as 100OII and 110OII. The indexation proposed in Figure
6 is, therefore, based on the above considerations,
although definite conclusions regarding the exact struc-
ture of this new crystalline phase would require index-
ing a larger number of reflections typically absent in
such LCPs. It is also worth noting that the weak fraction
of the OI phase observed in undeformed fibers could
indicate a possible skin-core effect. Because of limited
resolution in beam-size, this was not investigated,
although recent experiments tend to show this could be
possible in a near future.34

Influence of the Indentation Force on the Phase
Transition. To evaluate the dependence of the extent
of the phase transformation on the applied force, WAXS
patterns were collected in fibres indented at 10 and
30 mN (at, respectively, 1 and 3 mN s-1 for 10 s) as a
function of φ in the same way as for the 50 mN
indentation described above. It is important at this stage
to note that the radial profiles in which the peaks from
the OII phase appear most clearly and shown in Figures
4, 5, and 7 were obtained from a WAXS pattern obtained
using a 5 µm beam. This implies that, when calculating
the average diffraction pattern necessary to quantify the

Figure 5. Radial profiles of the equatorial peaks as a function
of the angle φ between the beam and the direction of indenta-
tion upon rotation of the fiber with respect to its main axis (b)
in a 30 µm beam (the whole fiber is in this case exposed) as
seen in (a). Details of the equatorial patterns at φ ) 90° and
φ ) 0° (normal and parallel to indentation direction, respec-
tively).

Figure 6. Indexation of the equatorial peaks in undeformed
(a) and indented (b) regions belonging to a pseudohexagonal
phase (PH) and two orthorhombic modifications (OI and OII).
Difference pattern (c) emphasizing the peaks belonging to the
OII phase in white. PH, OI, and OII are referred to as III, I, and
II, respectively, in refs 20 and 31 and to PH, O′, and II,
respectively, in refs 21 and 22.

Figure 7. Details of the fitting of the average equatorial
profile through rotation in a 50 mN indentation. Fitting was
achieved using three Lorentzian functions to account for the
indiscernible PH and OI phases, three for each peak of the OII
phase, and a first-order background polynomial. The 211PH-OI
is, in fact, an extension of this peak on the equator.
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phase transformation due to orientational anisotropy,
the volume fraction of the phase present in the center
of the fiber (sphere of 5 µm diameter) will be overesti-
mated, emphasizing the effects occurring upon indenta-
tion. This has allowed indexing of the different peaks
of the new phases, but quantitative evaluation of the
amount of phase formed during the deformation process
requires that the whole fiber is exposed to the beam. A
30 µm beam was thus used to expose the whole fiber.
The equatorial reflections are shown for the different
forces at φ ) 0 and 90° in Figure 8. One can notice that
the 020OII peak appears gradually as the force applied
increases. Furthermore, the anisotropy of crystalline
orientation, reflected from the differences between pat-
terns at φ ) 0 and 90°, also seems to be an increasing
function of the force. The average radial profiles were
obtained and fitted as previously. Figure 9 shows the
evolution of the total integrated intensities of the
different fitted peaks of the OII and PH/OI and of the
whole peak as a function of the indentation force. The
latter tends to suggest a decrease in total crystallinity
of ∼15% at 50 mN, which is not very high considering
the importance of the deformation induced (see Figure
3a). Also, the proportion of OII phase relative to that of
PH/OI is clearly seen to increase with the force (2.5, 8.4,
and 15%, respectively, at 10, 30, and 50 mN).

Crystalline Orientation and Phase Distribution.
To define more accurately the spatial extent of the phase
transition, a fiber indented at 50 mN (5 mN s-1, 10 s)

was scanned with a 2 µm beam as described in Figure
10a. The sample was oriented with the indentation
parallel (φ ) 0°) and normal (φ ) 90°) to the probing
beam. Figure 10b shows a composite image of the WAXS
equatorial reflections at each scan position about the
indented zone. Details of the scan (Figure 10c, d)
indicate a tilting of the equatorial reflections in a
number of patterns, which reveals a change in the local
fiber orientation with respect to the macroscopic fiber
axis. This can be quantified by a vector L (Figure 10d),
for which the length is taken to be proportional to the
azimuthal fwhm of the 110PH/OI equatorial peak and
direction is defined by the relative azimuthal angle of
tilt of the local meridian with respect to the fiber axis
outside the deformed zone (R). The length is, therefore,
approximately correlated with the orientation distribu-
tion of crystalline domains probed by the beam about
the local fiber axis (meridian). A vector plot at each scan
position is shown in both parallel (Figure 11a) and
normal (Figure 11b) directions with respect to this
indentation. The fwhm of the main equatorial peak
(vector length) were normalized to account for the
convolution of beam size with the shape of the fiber.
Also, for visualization purposes, the tilt in azimuthal
angle (vector direction), which is found to be at maxi-
mum on the order of 5°, is enhanced by a coefficient
factor to stress the effect of the deformation. The
indentation position is also represented at a slight offset
with respect to the fiber axis. It can be seen from these
plots that the crystalline domains in this LCP tend to
orient under the stress field developed under the
indenter. Because of the rigid rod nature of this par-
ticular LCP, this implies that the molecules tend to
align along the faces of the indenter. Also, the vector
length is found to increase in the indentation zone,
which corresponds to an azimuthal broadening and thus
a wider distribution in molecular orientation, although
of minor importance (less than 1.5° in azimuth at
maximum in this case). A plot of the intensity of 020OII
at each scan position is also shown in Figure 11c, d and
allows visualizing the extent of the phase change. In
principle, a 3D reconstruction of the extent of phase
transformation should be feasible from similar scans
taken at different angles. One practical conclusion in
this case is that an analysis of the changes in orientation
observed in the WAXS patterns was sufficient to deter-
mine the relative position of the indentation on the fiber
(which is confirmed in our experiment by visual exami-
nation). Also, this experiment shows that one can
determine the extent of the plastic deformation within
the material ((40 µm) within the precision given by the
beam size, providing no overlapping occurs (in which
case, the spatial resolution can be increased by decon-
volution operations).

Origin and Mechanisms of the Phase Transition.
The phase transformation in Vectra occurring upon
heating is generally explained as an evolution of the
frozen conformational disorder in as-extruded fibers that
pack in a pseudohexagonal lattice (PH) into energetically
more stable conformations where the aromatic planes
are better correlated.19,20,24 Hence, molecular chains
with an ordered conformation adopt a 2-fold symmetry
in which the HNA units are built in as imperfections
in an orthorhombic packing24 (OI). It is, therefore,
striking that in our case, the most important new phase
induced by indentation is OII rather than OI. It is also
important to note that the presence of 111OI peaks was

Figure 8. Evolution of the equatorial peaks as a function of
the indentation force applied for φ ) 0° (parallel) and φ ) 90°
(normal direction to indentation).

Figure 9. Integrated intensity of the total equatorial reflec-
tion (solid dots), the 110/200 PH-OI peaks (squares), and
020/100/110 OII peaks (triangles) as a function of indentation
force.
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also noticed in undeformed samples, suggesting that a
weak proportion of this phase is always present in as-
extruded samples. Furthermore, a recent uniaxial com-
pression study of Vectra32 on as-extruded samples in
which the force is applied normal to the extrusion
direction (similar to our case) did not reveal a clear
phase transition of the initial PH phase even at strains
as high as 50%. However, the same experiment repeated
on an annealed sample shows a partial transition from
OI (obtained from PH through annealing) to OII, which
is found to be a function of the applied compressive
stress and is thought to be a shear-induced martensitic
transition.32 This differs from our observations of a
direct transition from PH to OII. Nevertheless, several
points should be emphasized here that could at least
partially account for those differences. Our study sug-
gests that the OII phase formed upon deformation was
strongly textured. This implies that the intense 020OII
peak, which can clearly be resolved and is hence most
likely to be observed, appears strongest in parallel

direction to indentation and quasi-extinct at 90°. As a
result, the most likely configuration in which this phase
will be observed is thus when the X-ray beam is parallel
to the direction in which the force is applied. The case
in which the WAXS pattern is collected by rotating the
sample in the beam is, in this respect, the less favorable,
as this would further average out the 020OII peak.
Recent in-situ microindentation studies performed in
the usual configuration where the beam is normal to
the loading direction1 did not allow us so far to observe
the formation of this phase. Also, the phase transition
is only partial (15% at 50 mN), and its extent is limited
to the vicinity of the indenter tip. It will, therefore, be
better resolved when the beam probes mainly a zone
where this phase is formed which requires the use of
microbeams. In addition, it should be pointed out that
the stress field developing under the indenter is quite
complex.4,33 In light of the present results, one could,
therefore, not exclude that there could be a formation
of a temporary O phase formation (PH f OI f OII)

Figure 10. Scheme of a scanning microdiffraction experiment (a) on a Vectra fiber using a 2 µm beam in normal direction to
indentation (φ ) 90°). Composite image of the equatorial reflections at each scan point in direction normal to indentation (b).
Details of the indentation zone showing a tilt of the WAXS pattern (c) and (d).

Figure 11. Vector plots of the local crystalline orientation in parallel (a) and normal (b) direction to indentation. The vector
length is proportional to the fwhm of the 110PH-OI reflection, and direction is given by the tilt of the meridian with respect to the
macroscopic fiber axis. Map of the 020 OII integrated intensity (c) and (d) in the same direction as (a) and (b), showing the extent
of the phase transformation.
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during microindentation. Finally, the influence of the
molecular weight (degree of polymerization) of the
material on the phase transition should be investigated,
as it was shown to have a strong influence on the
homopolymer HBA.31

Conclusions
The present study showed that microindentation

performed on a Vectra fiber resulted in a complex
partial phase transformation in the vicinity of the
indenter tip. The results found using µXRD with beam
sizes in the range 2-30 µm revealed that the initial
pseudohexagonal lattice of the crystalline part of the
material transforms into an orthorhombic phase. Using
the 2 µm beam, it was possible to map the extent of the
transition by scanning µXRD. The same technique also
allowed resolving the local orientation of the crystalline
domains with a spatial resolution defined by the beam
size. Those are, therefore, shown to orient parallel to
the faces of the indenter as suggested in previous
studies on other polymer fibers.1 This texture is par-
ticularly evidenced by the differences in WAXS patterns
taken in both parallel and normal direction to the
indentation upon rotating the fiber about its main axis.
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