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Abstract Mechanical twinning in polycrystalline quartz
was investigated in situ with time-of-flight neutron diffraction and a strain diffractometer. Dauphiné twinning is
highly temperature sensitive. It initiates at a macroscopic
differential stress of 50–100 MPa and, at 500C, saturates
at 400 MPa. From normalized diffraction intensities the
patterns of preferred orientation (or texture) can be inferred. They indicate a partial reversal of twinning during
unloading. The remaining twins impose residual stresses
corresponding to elastic strains of 300–400 microstrain.
Progressive twinning on loading and reversal during
unloading, as well as the temperature dependence, can be
reproduced with finite element model simulations.
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Introduction
In a previous study we have investigated the role of
mechanical Dauphiné twinning in polycrystalline quartz
(Wenk et al. 2006). We revisited Dauphiné twinning in
fine-grained quartz aggregates (Tullis and Tullis 1972)
with a state-of-the-art deformation apparatus to quantify
the role of stress and temperature. It was observed that the
activity of twinning is highly dependent on temperature
and initiates at about 100 MPa at 500C. Mechanical
twinning in an aggregate is expressed in the pattern of
preferred orientation or texture (we use the term texture
here, which is universally accepted in materials science and
there should be no confusion with the different meaning of
‘‘petrographic texture’’. Lattice preferred orientation (LPO)
should not be used for quartz where the hexagonal lattice
does not describe the trigonal symmetry of the crystal
structure).
In the course of these previous investigations a number
of issues emerged that could not be resolved: does the
texture produced in a compression experiment and then
measured ex situ represent the true twinning pattern that
was produced by stressing or does part of twinning revert
upon unloading? Does the twinning pattern change with
time as a stress is applied or does it stabilize very quickly?
What is the threshold stress at different temperatures? And
how is the twinning pattern influenced if a stress is applied
during the phase transformation? All these questions could
best be resolved with in situ experiments, i.e. observing
changes in twinning as stress is applied to the sample. Such
experiments are indeed possible with neutron diffraction
and strain diffractometers, where a stress is applied to the
sample and changes in twinning patterns are observed
through changes in diffraction intensities. Analogous
experiments have been performed on hexagonal metals that
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display mechanical twinning (Agnew and Duygulu 2005;
Brown et al. 2003). This describes a first application of this
technique to rocks. In quartz the situation is simplified,
because at the conditions of the experiments, deformation
occurs solely by twinning, with no activity of dislocation
glide.

Experimental
Time-of-flight (TOF) neutron diffraction has become a
favorite technique to investigate in situ structural changes
and internal stresses during deformation (Daymond 2006).
Another method is synchrotron X-ray diffraction (Fitzpatrick and Lodini 2003). Here we use two engineering
diffractometers, SMARTS at the Lujan Center of Los
Alamos National Laboratory and ENGIN-X at ISIS of the
Rutherford Appleton Laboratory. Both are equipped with a
press and two detector panels at 2h = 90 to the incident
neutron beam. The press is positioned at 45 so that one
panel (2h = +90) records lattice planes that are perpendicular to the compression direction and the other panel
(2h = –90) records lattice planes that are parallel to
the compression direction (Fig. 1). The diffractometer is
equipped with a radiant heater. For details of the
instruments we refer to the literature (SMARTS: Brown
et al. 2003, http://www.lansce.lanl.gov/lujan/instruments/
SMARTS/pdfs/SMARTS.pdf; ENGIN-X: Johnson and
Daymond 2002; Santisteban et al. 2006, http://www.isis.rl.
ac.uk/engineering/).
The samples are cylinders, 2 cm in length and 1 cm in
diameter, of a fine-grained (10 lm), dense and homogeneous quartz aggregate (novaculite) from Arkansas. It is
similar to the material used in the previous study (Wenk
et al. 2006) and has initially no preferred orientation.
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Samples were investigated at different temperature–
stress conditions and details are summarized in Table 1. In
the first experiments differential stress was increased from
0 to 500 MPa, while recording diffraction patterns at regular stress intervals. In the last experiment stress was
increased in a few steps, with many recordings at the same
stress level. After reaching the maximum stress level, stress
was lowered, recording changes during unloading. A pair
of TOF diffraction spectra from the two detectors is shown
in Fig. 2a, b for a sample compressed to 500 MPa at
500C. These spectra are corrected for incident beam
intensity and intensities are expressed as function of TOF
(in ms). The TOF is directly proportional to the d-spacing
(TOF = d (2mLsinh/h), where m is the mass of the neutron,
L the flight path and h Planck’s constant). Note that relative
intensities of some diffraction peaks in the two spectra are
different and this is due to preferred orientation of crystallites and thus mechanical twinning. For example the
intensity of the 2021 diffraction peak is three times that of
the 2020 diffraction peak for the +90 detector (lattice
planes perpendicular to compression, Fig. 2a) and less than
two times for the –90 detector (Fig. 2b). For the +90
detector 1122 is smaller than 1012 þ 0112 while the
reverse is true for the –90 detector.

Data analysis
Integrated intensities and positions of selected diffraction
peaks were obtained by fitting the intensity profiles with
TOF profile function 3 as defined in the GSAS manual
(Larson and Von Dreele 2004, p. 147), using the rawplot
routine in the software package GSAS. A typical fit is
shown in Fig. 3. Standard deviations for peak positions are
about 10–5 Å and for intensities about 1% of the raw value.
Intensities of some reflections change systematically during compression. To study these changes quantitatively,
intensities need to be normalized since the neutron flux is
not constant over time. Some reflections (hkil, Miller–
Bravais indices) are not affected by Dauphiné twinning,
such as prisms and basal lattice planes. Other reflections
are sensitive to twinning, specifically rhombohedral lattice
planes fh0hlg. We chose to normalize all reflections to the
Table 1 Information about experiments

Fig. 1 Schematic of a TOF neutron stress diffractometer
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Sample
number

Instrument

Stress range
(MPa)

Temperature
(C)

N 1-1

SMARTS

0–500

500

N 1-2

ENGIN-X

0–500

400

N 1-3

ENGIN-X

0–500

300

N 1-10

SMARTS

0–300

500
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Fig. 3 Typical peak fit with GSAS of the 20
21 þ 02
21 reflection.
Crosses are data and line is fit. Deviation is illustrated below

Fig. 2 Two diffraction spectra for N1-2, 400C, 500 MPa. a +90
detector, b –90 detector (ENGIN-X)

strong diffraction peak 11
20 that is insensitive to twinning
and we used mainly the two rhombohedral reflections 1012
and 20
21 to follow activation of Dauphiné twinning. Figure 4 illustrates these normalized intensity changes for
sample N1–2 that was first compressed at 400C to
500 MPa (from run # 68376 to 68402 at ENGIN-X), and
then the stress was reversed to 0 MPa (from # 68403 to
68406) and finally the sample was cycled through the trigonal–hexagonal phase transformation by heating to 630C
and cooling back to 400C at a constant stress of 10 MPa
(from 68407 to 68417). Intensities for 20
21 decrease during compression, reverse somewhat during unloading,
become very strong after the phase transformation and,
after thermal cycling, return to the original value. For 1012
the relative intensity changes are just the opposite. The
intensity changes with stress at constant temperature
(400C) can be attributed to mechanical twinning. Intensity
changes with heating and cooling are due to changes in
crystal structure.
Intensities for positive fh0
hlg and negative rhombs
 for trigonal quartz are different, even though the
(f0hhlg

Fig. 4 Sequence of experiments. Normalized intensity versus run
number for N1-2 (ENGIN-X, increasing stress to 500 MPa from
68376 to 68402, then unloading from 68403 to 68406 at 400C, and
finally a heating cycle at 10 MPa through thea–b phase transformation, from 68407 to 68417)

lattice planes have identical d-spacings and are thus
superposed in the diffraction pattern. Positive and negative
rhombs are related by a 180 rotation around the c axis and
thus good indicators for mechanical Dauphiné twinning.
Negative rhombs have a large Young’s modulus (the
maximum is close to 0221Þ and positive rhombs a small
one (with a minimum close to 2021; Ohno et al. 2006).
Thus, to minimize elastic strain energy, in compression
twinning switches orientations with negative rhombs perpendicular to the compression direction to positive rhombs
perpendicular to the compression direction (Tullis and
Tullis 1972). For some reflections the positive rhomb has a
higher intensity contribution ð1012Þ; for others it is weaker
ð2021Þ: Since twinning favors positive rhombs perpendicular to the compression direction, the former are expected
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to get stronger and the latter to get weaker during compression, and this seems to be qualitatively the case
(Fig. 4).
The structure of quartz has been refined at different
temperatures and there are significant changes (Kihara
1990): with increasing temperature the positions of oxygen approach continuously those in the hexagonal
configuration and anisotropic thermal vibrations change
greatly (Fig. 5). These structural changes cause significant
changes in diffraction intensities, including relative contributions of rhombohedral reflections to superposed
diffraction peaks (Fig. 6). Thus, for a quantitative interpretation of diffraction spectra, these structural changes
have to be taken into account. Note that in this study we
use space group p3121 where r ¼ 10
11 is the morphological dominant rhomb with high diffraction intensity
(both for neutrons and X-rays) and a low stiffness. In the
literature there are some discrepancies about this issue
(see Heaney 1994, p. 8).
An elegant way to obtain quantitative texture information from TOF diffraction spectra is the Rietveld method. It
generally relies on multidetector diffractometers and
measurements in various sample orientations (Wenk et al.
2003; Matthies et al. 2005). In the present study there are
only two detectors and the sample can not be rotated. A
Rietveld refinement with the software MAUD (Lutterotti
et al. 1999) of the sample N1-1 at 500 MPa and 500C was
nevertheless successful. The crystal structure at the correct
temperature was imposed. The refinement used the two
detectors and a d-range 1.0–2.7 A, the discrete texture
algorithm EWIMV imposing axial symmetry, and orientation space cells of 15. Clearly using only two detectors
is not optimal but even with these minimal experimental
data the inverse pole figure (Fig. 7a) compares satisfactorily with that obtained in ex situ experiments at similar
conditions (Fig. 7b; Wenk et al. 2006). Assuming an initial
random orientation distribution and only reorientation by
twinning, a pole density maximum of two multiples of a
random distribution (mrd) for positive rhombs near 2021
indicates that all these orientations have twinned, with a
Fig. 5 Changes in quartz
structure with temperature. Top
oxygen positions displayed as
[SiO4] tetrahedra. Bottom
thermal vibration (99%
probability surface). Structural
data from Kihara (1990), plots
generated with XtalDraw
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Fig. 6 Changes in relative intensity for positive rhombs 10
12 and
20
21 with temperature. These relative changes are used for the texture
analysis

value of close to zero mrd for corresponding negative
rhombs. The Rietveld procedure is very complex and it is
impractical to analyze the many data sets recorded. For the
routine analysis we will rely on normalized integrated peak
intensities of reflections 1012 and 2021: Notice in Fig. 7
that 2021 is close to the texture minimum and 0221 close to
the texture maximum in the inverse pole figure, corresponding to maximum and minimum Youngs modulus,
respectively. 1012 is closer to the c axis and less susceptible to twinning.
The relative intensity variations, normalized to 11
20
indicate a systematic trend of texture changes relative to
loading (Fig. 4) but for a quantitative assessment of texture
we need to take the crystal structure into account. Again,
we assume that the initial orientation distribution is random
(1 mrd). During compression the only orientation changes
occur through twinning with no crystal plasticity by slip.
Thus orientations at negative rhombs are depleted and
orientations at positive rhombs are correspondingly
enhanced. For the peak intensity we can write the following equation:
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Fig. 7 Inverse pole figures. a In situ N1-1, 500 MPa, b ex situ (N2-5
from Wenk et al. 2006), c, d results of FEM simulations at 500C and
500 MPa. c is after maximum load and d after unloading. Equal area
projection, linear scale in multiples of a random distribution

2
2
I ¼ Nfð1 þ mÞFh0l
þ ð1  mÞF0hl
g

where N is a normalization factor, Fh0l and F0hl are structure factors for positive and negative rhombs (based on the
Kihara’s 1990 structure), respectively, and m is the normalized texture measure (in mrd). From this m we can
solve for the pole density (1 + m). The pole density for
random is 1 mrd; it can not be larger than 2 mrd and can
not be less than 0. These (m + 1) values for positive
rhombs 10
12 and 20
21 (in mrd) will be used for the
analysis.

Results
Figure 8 illustrates texture evolution for the two positive
rhombs with stress for three different temperatures. Let us
first look at the 500C data. Here twinning initiates at about
50 MPa and progresses with increasing stress, saturating
for 20
21 around 500 MPa at 2 mrd. Thus these orientations
are completely twinned. For 10
12 twinning is less effective
and saturates at 1.75 mrd. Upon unloading some twinning
is reversed to 1.7 mrd for both directions (Fig. 8c). At
400C the results are similar, though 10
12 never exceeds
1.5 mrd (Fig. 8b). At 300C twinning is highly reduced,
reaching only 1.6 mrd for 20
21 and 1.25 mrd for 1012
(Fig. 8a). There is not much reversal upon unloading.
In the previous experiments stress was increased continuously over 12 h with only one measurement at each
stress level. In order to assess the influence of time on
twinning we conducted a SMARTS experiment with

Fig. 8 Pole densities indicative of mechanical twinning for 10
12 and
20
21 parallel to the compression direction (in m.r.d.) versus stress for
300, 400 and 500C; 1 mrd is random and 2 mrd is completely
twinned. Arrows indicate the changes with loading and unloading,
respectively

stepwise stress increase with experiments extending over
20 h (SMARTS run # 35983–36015; Fig. 9). This experiment was hampered by various interferences. The neutron
beam was off for extended periods. The stress level calculated from the applied force seems to be erroneous
because neither pole densities (from intensity changes) nor
lattice strains correspond to those observed previously at
the same conditions. We suspect that actual stresses were
about one-third of the indicated values. Thus we used
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lattice strains to infer stresses in Fig. 9. Intensity changes
for 10
12 and 20
21 follow the stress steps, indicating that
the twin activation is fast compared with the duration of an
experiment.
The experiment N1-2 passed through the trigonal–hexagonal phase transformation at 10 MPa stress (Fig. 4). In
hexagonal b-quartz there is no Dauphiné twinning. After
thermal cycling the material returns to the random starting
texture rather than the texture pattern imposed during the
compression cycle. In other words there is no texture
memory. We will report on this memory effect and variant
selection between the two trigonal orientation variants in a
future paper.
So far we discussed diffraction intensity changes and
their relationship to twinning. From changes in peak positions we can evaluate lattice strains, i.e. the difference
between the initial d-spacing and the deformed lattice
spacing (elastic lattice strains are defined using the initial
value at the beginning of the experiment (d0hkl) as reference:
6
ehkl ¼ ddhkl
0  1 and usually expressed as microstrains e · 10 ;

Discussion
In situ neutron diffraction experiments with a strain
diffractometer establish that mechanical twinning starts at
50–100 MPa and is expressed in systematic intensity
changes in diffraction patterns that can be converted to
quantitative texture changes (Fig. 8). Clearly twinning is
strongly temperature dependent, consistent with ex situ
experiments (Wenk et al. 2006). Some twinning reverts
when stress is released and thus ex situ experiments may
not convey the full picture. The amount of reversal is
highest at high temperature and for orientations optimally
oriented for twinning (about 30% of the twinning reverts at
500C).
The twinning pattern is not maintained when novaculite
is heated above the phase transformation and cooled. In
this case the orientation distribution becomes random

hkl

see SMARTS SPF manual). Results for both detectors are
shown in Fig. 10 for 500C. In the compression direction
lattice spacings decrease in an almost linear fashion and this
is more or less reversible upon unloading (Fig. 10a). Details
will be discussed below. More surprisingly, perpendicular
to the compression direction, lattice spacings also decrease,
though much less and also non-linearly (Fig. 10b). This is
due to a very small and even negative Poisson’s ratio for aquartz at higher temperature (Ohno et al. 2006). At higher
stresses lattice strains increase again.

Fig. 9 Texture changes expressed in intensity changes of rhombohedral reflections with stepwise stress increase. The stress is
calculated from lattice strain because of problems with SMARTS
force gauge. Note that intensity change follows the stress steps
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Fig. 10 Lattice strain (in microstrain units) versus stress. a +90
detector, b –90 detector for sample N1-1, 500C. The inset is an
enlarged portion of the low stress region that illustrates a small but
significant microstrain after unloading. Arrows indicate loading/
unloading, respectively (compare with Fig. 8c)
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again. This is different from naturally deformed quartz
rocks where a perfect texture memory with respect to
Dauphiné twins is documented by in situ neutron diffraction experiments (Wenk 2006).
Lattice strains after cycling are somewhat higher than
initially which is best seen in the inset to Fig. 10 and
suggests that some residual stress is maintained after
unloading. The strains (about 200–300 microstrains) are
very small and at the limit of the resolution of TOF strain
diffractometers (standard deviations of microstrains are
about 1% for ENGIN-X and 2% for SMARTS). First we
thought it was a random deviation but it was consistent in
all three experiments, suggesting that it is real. The strains
are slightly higher at higher temperature, corresponding to
more twinning.
In order to better understand the complex observations
we have used a finite element model to investigate twinning in quartz. We make use of a material model that treats
phase and twinning transformations which has been
developed for the a–e transformation in iron (Barton et al.
2005). In this model, each material element is made up of
microstructural constituents, with each constituent having
its own mass fraction. Stress and temperature equilibrium
are assumed among the constituents. For the application to
quartz, the microstructure is composed of three constituents, with transformation paths between each of them: aquartz in host orientation, a-quartz in twin orientation and
b-quartz. Transformation is used as a generic term for
either a twinning transformation or a phase change transformation. Each constituent has its own lattice orientation,
with anisotropic properties oriented with respect to that
lattice. For quartz the elastic anisotropy is of primary
concern. The kinetics for twinning employ an activation
energy which decreases as the temperature approaches the
phase transformation temperature, motivated by computed
potential energy curves (Smirnov and Mirgorodsky 1997;
Kimizuka et al. 2003) as well as experimental observations
of extensive small scale twinning near the transformation
temperature (Sorrell et al. 1974). The most salient features
of the formulation for quartz are described below and
further details may be found elsewhere (Barton and Wenk
2007).
In the special case of twinning transformations, the
driving force takes the form
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driving force due to decreases in elastic anisotropy with
temperature.
Material parameters used in the simulations are obtained
from a variety of sources. Elasticity data are approximated
from Ohno (1995). Lattice parameters and thermal expansion data are drawn from Kihara (1990).
Figure 11 shows computed pole figure values for 20
21
and 1012 in the compression direction from finite element
simulations of compression at 500C. Aggregates in the
polycrystal initially contain 512 grains with random orientation, each discretized by 4 · 4 · 4 finite elements.
Model predictions give reasonable agreement with experimental results, including the overall degree of twinning
and the partial reversal of twinning upon unloading
(compare with Fig. 8c).
Figure 12 illustrates the computational domains with
gray shades illustrating amount of mechanical twinning. It
is assumed that initially no twinning is present and the
grains are stress-free at ambient temperature. After heating
to 500C (Fig. 12a) and straining in compression, orientations that are favorable for twinning twin (Fig. 12b). A
corresponding inverse pole figure is shown in Fig. 7c and
compares well with the experiment (Fig. 7a, b), i.e. orientations near 2021 are completely twinned (pole densities
at 0221 are zero and at 2021 near 2.0 mrd) and those near
1012 are partially twinned. Notice that with only 512
grains orientation statistics are limited and minor deviations are artifacts. Upon unloading some twinning reverses
(Figs. 12c, 7d), again consistent with experiments. Note
that similar simulations conducted using a uniform deformation assumption (such as Taylor) instead of the finite
element method do not predict reversal. This indicates that

f ¼ s:symmðlnðV to  ðV fr Þ1 ÞÞ
with s being a measure of stress and Vto and Vfr being the
thermo-elastic lattice strains in the product and parent a
variants, respectively. Differential anisotropic thermoelastic stretch of the trigonal structures therefore controls
the driving force for twinning. While increases in temperature soften the twinning kinetics, they also decrease the

Fig. 11 Simulations of maximum pole densities (in mrd) of lattice
planes 10
12 and 20
21 perpendicular to the compression direction,
versus stress at 500C. Compare with Fig. 8c
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Fig. 12 Finite element simulations of mechanical twinning in quartz,
with 8-by-8-by-8 grains whose initial orientations are drawn from a
uniform texture. Plots show data on slices through the interior of the
idealized microstructure. Twinned domains are indicated with gray

shades (black completely twinned). a structure at 500C (minor
twinning induced by thermal stresses); b loaded to 580 MPa at 500C,
c unloaded at 500C (some twinning is reversed). Textures for b and c
are shown in Fig. 7c, d respectively

reversal of twinning is significantly influenced by interactions of grains through the stress field.
A difference in orientation of positive and negative
rhombs is widely observed in quartz-bearing rocks (e.g.
Pehl and Wenk 2005). It may be the result of so far
undocumented rhombohedral slip systems, but more likely
it is an effect of mechanical twinning. The new experiments support this conclusion, particularly at higher
temperatures as obtained in metamorphic rocks. In those
the orientation pattern can then be interpreted in terms of
paleostresses. Twinning occurs rapidly and thus is found in
shocked quartzites during meteorite impacts (Trepmann
and Spray 2005) where it changes the texture pattern
(Wenk et al. 2005). Mechanical twinning in perovskites
has been shown to be time-dependent but on a scale of
microseconds and saturating after that (Harrison et al.
2003).
In this study we have investigated the effect of temperature, stress and time. In the future one should
determine the effect of microstructure, particularly grain
size. If analogy to carbonates (Barber and Wenk 1979) and
metals (El-Danaf et al. 1999) holds, twinning should be
more easily activated in coarse-grained materials than in
fine-grained novaculites.

compression, the orientation dependence and the twin
reversal are all well captured using the finite element
method in conjunction with a crystal level material model.
Thus the model can be used to understand experimentally
observed behaviors and, perhaps after further calibration,
to predict behaviors under other thermo-mechanical
loading scenarios.

Conclusions
The in situ straining experiments establish that Dauphiné
twinning occurs rapidly on the time scale of the experiments and stabilizes within minutes. As observed
previously twinning is highly temperature and orientation
dependent. Contrary to previous studies that assumed that
ex situ texture determinations represent twinning patterns
attained in the deformation experiments, the new investigation shows that a substantial amount of twinning
reverses upon unloading. Activation of twinning during

123

Acknowledgments We are appreciative to Erik Rybacki for providing novaculite samples. In situ deformation measurements were
performed with neutron diffraction at LANSCE (SMARTS) and ISIS
(ENGIN-X). Comments from C. McCammon, J. Tullis and an
anonymous reviewer were very helpful. Research was supported by
NSF (EAR 0337006), DOE (DE-FG02-05ER15637) and IGPPLLNL. The work of NB was performed under the auspices of the U.S.
Department of Energy by University of California, Lawrence Livermore National Laboratory under Contract W-7405-Eng-48 (UCRLJRNL-227703).

References
Agnew SR, Duygulu O (2005) Plastic anisotropy and the role of
non-basal slip in magnesium alloy AZ31B. Int J Plast
21:1161–1193
Barber DJ, Wenk H-R (1979) Deformation twinning in calcite,
dolomite, and other rhombohedral carbonates. Phys Chem Miner
5:141–165
Barton NR, Wenk H-R (2007) Dauphiné twinning in polycrystalline
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