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ABSTRACT
In situ studies under severe plastic deformation at high pressures, employing shear diamond anvil cells, have recently gained much
interest in the high-pressure community owing to their potential applications in material processing methods, mechanochemistry, and geo-
physics. These studies, combined with multi-scale computational simulations, provide important insights into the transient hierarchical
microstructural evolution, structural phase transitions, and orientation relationship between parent and daughter phases and help estab-
lish the kinetics of strain-induced phase transitions under severe plastic deformation. The existing SDACs are mostly used in axial x-ray
diffraction geometry due to geometrical constraints providing less reliable information about stress states and texture. Their asymmetric
design also poses serious limitations to high-pressure shear studies on single crystals. To overcome these limitations, a new compact sym-
metric shear diamond anvil cell has been designed and developed for in situ high-pressure torsion studies on materials. The symmetric
angular opening and short working distance in this new design help obtain a more reliable crystallographic orientation distribution func-
tion and lattice strain states up to a large Q range. Here, we present the advantages of the symmetric design with a few demonstrative
studies.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0193048

I. INTRODUCTION

Severe plastic deformation (SPD) has been in use for ages
for metal forming and synthesis of high-strength materials.1–5 The
availability of precise characterization techniques in recent decades,
such as scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), electron backscatter diffraction (EBSD),
and synchrotron-based micro x-ray diffraction (XRD), has made
the SPD an even more effective tool for producing bulk ultrafine-
grained and nanostructured materials with advanced mechanical
and functional properties.6,7 Depending on the methodology and
complex load-shear pathways that the material is subjected to,
SPD can be used to introduce various kinds of lattice defects
and unique microstructural features. High-pressure torsion (HPT),
first introduced by Bridgmann up to a few GPa pressures,8,9 is
one of the classic techniques of SPD used for studying grain
refinement, strain hardening, structural changes, polymorphism,
and mechanochemistry. However, most of the studies performed
using conventional tungsten carbide anvils are carried out ex situ,
which is oblivious to micro-mechanical processes happening in

the system while under load-shear conditions. The shear strain
estimated under HPT (γ = 2πrN/h, where r is the radial distance
from the symmetry axis of rotation, N is the number of rota-
tional turns of one anvil with respect to another, and h is the
sample thickness)10,11 is based on the assumption of ideal con-
tact friction conditions between the sample and anvils, which may
not be correct. The pressure estimates under HPT calculated as
force/area may also be inaccurate due to the presence of hetero-
geneities in stress states across anvil culet. These limitations do
not allow any systematic quantitative study of processes under
HPT.12

Combining the Bridgman method for high-pressure torsion
and the concept of the diamond anvil cell developed in 1959,13

Blank et al. introduced the first shear diamond anvil cell (SDAC)
in the 1980s,14,15 which not only provided an opportunity to
increase the pressure by several tens of GPa but also facili-
tated in situ studies under HPT employing x-ray diffraction16

and Raman spectroscopy.17 The cell was designed with an addi-
tional degree of freedom of rotation of one of the anvils with
respect to another, facilitating HPT in the sample. Figure 1 shows
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FIG. 1. Schematics of the shear diamond anvil cell.

the schematic of SDAC. Over the years, owing to the impor-
tance of in situ studies under high-pressure deformation, other
research groups also developed their design of sophisticated high-
pressure devices providing heterogeneous stress conditions18–23

and carried out in situ studies on materials ranging from ele-
mental metals24 and ceramics25,26 to geophysical and planetary
materials27–31 bearing basic as well as applied scientific interest.
Recently, HPT studies, although not in situ, have been extended to
organic materials for the simulation of impacts by small solar system
bodies.32

These studies help establish the classification of HP phase
transitions as pressure-induced, stress-induced, or plastic strain-
induced.33,34 Among these, plastic strain-induced phase transitions
where plastic strain acts like a time-like parameter are especially
important for in situ HPT studies.35–37 In most of the in situ studies
under HPT in SDAC, the primary focus has been the microstruc-
tural evolution, polymorphism, amorphization, nature of phase
transition, and its mechanism. with little or no emphasis on the
quantitative association of plastic strains to the phase transformation
kinetics.

Levitas has given a multi-scale theoretical approach to explain
the plastic strain-induced phase transitions and proposed a kinetic
theory of these phase transitions as a function of the accumu-
lated plastic strain, initiation pressure for the phase transformation
under hydrostatic conditions, and complex load-shear conditions
and transformed phase concentration.33,34,38 The first experimen-
tal validation of this theory has been published recently only
with an example study on the α→ ω phase transition in ultra-
pure Zr.39 Such studies open a new opportunity for the quan-
titative study of strain-induced PTs and reactions with applica-
tions to material synthesis and processing, mechanochemistry, and
geophysics.

Even though the SDACs used for such studies17,22,39 are quite
sophisticated, the reliability of quantitative estimation of elastic-
plastic strains and texture. suffer from some or the other limitations
of these DACs.

Some of the design limitations of the existing SDACs are as
follows:

(a) Small angular opening of ∼30○(4θ) at the data collection
side, limiting the Q range of XRD data collection. This is a
serious limitation for quantitative Rietveld analysis49 of XRD

patterns for the estimation of reliable crystallographic and
microstructural parameters.

(b) Asymmetric working distance at the two sides of SDAC, viz.
∼30 mm at one side and ∼120 mm at other side, which allows
XRD data collection in the axial geometry only. Due to this
limitation, the XRD measurements in SDACs are mostly car-
ried out in axial geometry, where the load axis is parallel
to the incident x-ray beam. In this geometry, the diffraction
condition is satisfied for the planes whose normal is mostly
perpendicular to the load axis. Hence, the lattice strains are
under-estimated in axial geometry. To overcome this limita-
tion, the XRD data can be recorded in radial geometry (load
axis perpendicular to the incident x-ray beam)40–42 covering
all stress states at different azimuthal angles of Debye rings.
However, the radial geometry is out of the question here as
it would provide averaged information across anvil culet dia-
meter with no insights into the pressure profile and stress
heterogeneities in the sample across culet diameter. Recently,
methodologies have been developed by combining experimen-
tal observations and finite element method (FEM) to obtain
more reliable stress estimates in DAC.43 Another possibil-
ity is to carry out the XRD measurements in oblique angle
geometry (load axis at some angle between 0○ and 90○ with
respect to the incident x-ray beam); however, the asymmetric
design of existing SDACs does not allow such measurements.
Another disadvantage with axial geometry is the restricted
coverage of the pole figure,44 which limits the reliability of
quantitative texture estimation. In addition, with asymmet-
ric working distance at both sides, existing SDACs allow
only single-sided spectroscopy measurements, such as micro-
Raman or Brillouin scattering measurements, that too in the
backscattered geometry. Under HPT conditions, these spec-
troscopy measurements at both sides of SDACs become impor-
tant to estimate stress states at both the sample-anvil contact
surfaces.

(c) No possibility of simultaneous control over load and shear.
During plastic deformation under shear sample, usually pres-
sure reduces in the sample due to thinning, which needs to
be compensated simultaneously to carry out measurements at
constant load conditions.

To overcome these limitations, a new compact symmetric
SDAC (SSDAC) has been design and developed. The advantages of
the new design are as follows: wider angular opening of ∼60○(4θ);
symmetric design with equal working distance of <20 mm at both
sides, allowing XRD data collection to large Q range in axial and
oblique geometry; better quantitative texture analysis with extended
pole figure convergence; relatively higher numerical aperture of 0.5
for better collection efficiency of spectroscopic data; simultaneous con-
trol over load and shear using membrane and stepper motor drive,
respectively; and compact design facilitating easy handling and usage
at XRD and spectroscopic facilities. The cell is designed with Boehler
Amlax type anvils45 and can be used for unlimited rotations at pres-
sures as high as 50 GPa. The pressure range may be further increased
using different anvil designs and suitable backing seats. The salient
features of this new design and a few example studies have been pre-
sented in the following sections to demonstrate the capabilities of
the new SSDAC.
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II. DESIGN AND SALIENT FEATURES OF SSDAC
The new SSDAC has been designed with symmetric angular

openings on both sides with the provision of rotation of one of the
diamond anvils with respect to another. As the SSDAC is to be used
for in situ XRD and spectroscopic studies, special consideration is
given to large symmetric angular openings, short working distance,
and coaxial stability under high load/shear conditions. Simultane-
ous loading and rotation of the piston with respect to the cylinder
requires a ball bearing between the piston and the pressure plate
to reduce friction. However, it poses restrictions on the working
distance and angular opening of the cell. We have overcome this
limitation by designing a custom ball bearing for the rotation mech-
anism. A piston-cylinder assembly is chosen for better translational
alignment and coaxial stability of the diamond anvils during load-
ing and rotation. For SSDAC to work properly, the runout of the
piston should be as small as possible. We have kept it less than
5 μm. Surface roughness and waviness of the cylindrical surfaces
have also been kept as small as possible. The exploded view of the
SSDAC design is shown in Fig. 2. The SSDAC and conical diamond
anvils have been manufactured by M/s Somdev Instruments Pvt.
Ltd. India.50

A. Load and torsion mechanism
The SSDAC is designed with an integrated gear mechanism

and motorized rotation with a stepper motor. The gear mecha-
nism rotates the anvil mounted on the piston, whereas the anvil
mounted on the cylinder remains fixed. There are two mechanisms
for applying the load: (i) manual loading using four screws (two
right-handed and two left-handed), which press the cylinder part
against a load-applying plate with threaded holes for the screws and
(ii) gas pressure loading using a double diaphragm membrane for
applying the load from the opposite side of the gear assembly rota-
tion mechanism with an additional thrust plate (Fig. 3). In manual
loading, Belleville spring washers are used, while membrane load-
ing is done without any Belleville washers. The gear ratio between
the stepper motor and anvil rotation is 1:180, which provides

FIG. 3. Double diaphragm membrane with an additional thrust plate for applying
load in the SSDAC in gas pressure drive mode.

quasi-static shear conditions at very low-speed rotations (<1 rpm).
The stepper motor with gear provides a maximum torque of 4 Nm
for the rotation of the piston, which, as per our experience, is suffi-
cient for the rotation of the piston anvil even under high load condi-
tions. The design of the motorized mechanism and full assembly of
SSDAC are shown in Fig. 4.

B. Tilt and translation adjustment for both anvils
One of the primary requirements of SDAC is to align the dia-

mond anvils with respect to each other and with respect to the
rotation axis of the SDAC. To achieve this, both the anvils are pro-
vided with tilt and translation adjustments, as shown in Fig. 2. The
backing seat for both the anvils for the piston and the cylinder is
designed with a hemispherical rocker for tilt adjustment and a cylin-
drical backing plate for Boehler-type diamond anvils, mountable
within the hemispherical rockers with provision for translational
alignment. Both the piston and cylinder are provided with fourfold
holes for the translational alignment of the anvils (Fig. 5).

FIG. 2. Exploded view of the newly designed and developed compact SSDAC.
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FIG. 4. Motorized assembly of the compact SSDAC.

FIG. 5. Piston and cylinder of the SSDAC.

C. Symmetric x-ray opening
Existing SDACs17,22,23 are mostly piston-cylinder type, where

the load is applied mechanically through a lever or screw mecha-
nism. Due to the technical requirements, these SDACs have asym-
metric x-ray openings at the piston and cylinder sides. In order
to carry out oblique angle XRD measurements, the SDAC needs
to be tilted with respect to the incident x-ray beam; however, very
limited angular opening at the piston side (∼2○) does not allow
these measurements. Although high-pressure rotational deforma-
tion apparatus developed by Nomura et al.23 can be used for oblique
angle XRD and x-ray laminography with a large lateral opening, the
spatial resolution of stress heterogeneities within the sample may
be compromised. We have overcome these limitations by design-
ing an SDAC with a symmetric opening on both sides. This new
design provides a compact symmetric opening of 60○(4θ) at both
sides, facilitating oblique angle XRD measurements from −30○ to
+30○. With the symmetric x-ray opening, the SSDAC can also
be used for single-crystal XRD measurements under high-pressure
torsion.

D. Compact design
The SSDAC has been designed to be as compact as possi-

ble without compromising its capabilities. To have a compact size
of SSDAC and good stability, the piston cylinder engagement is
maximized by keeping the anvil from mounting assembly inside
the piston. The overall diameter of the piston-cylinder is ∼53 mm.
The working distance at both sides of the piston-cylinder assem-
bly is <20 mm on both sides using objectives of outer diameter

∼26 mm, such as Olympus SLMPlan 20×. This facilitates spatially
resolved micro-Raman studies across samples from both sides.
This is also useful for recording high spatially resolved ruby flu-
orescence images at both sides of the sample implementing the
recently developed displacement field methodology.48 With these
measurements, the plastic flow of the sample at the sample-anvil
contact surface and actual torsion in the sample can be obtained
quantitatively. The overall weight of the entire assembly, includ-
ing the stepper motor for rotation and the gear mechanism, is
∼1 kg. The footprint of DAC is ∼60 mm X 50 mm. With the com-
pact design, the SSDAC can be easily carried and mounted at
different laboratory-based experimental facilities and synchrotron
facilities.

III. ALIGNMENT AND TESTING
The anvils of the SSDAC need to be aligned with respect to

each other and the rotation axis of the piston-cylinder assembly
of the SSDAC. For this, first the anvil was mounted on the pis-
ton side only, and it was aligned with respect to the rotation axis
using a monocular zoom microscope and laser reflection method,
as shown in Fig. 6 Once this anvil is aligned, the other anvil
is mounted on the cylinder side and aligned with respect to the
already mounted anvil under a microscope using interference fringe
method.

To confirm the stability of alignment under load conditions, an
Ni gasket was loaded in the SSDAC along with several ruby parti-
cles of size ∼2 − 5 μm at the sample-anvil contact surface and was
subjected to uniaxial compression. Under the given load condition,
the pressure distribution in the SSDAC was estimated using the ruby
fluorescence method46 and the shift in the diamond Raman peak.47

As shown in Fig. 7, the pressure distribution shows a symmetric con-
ical shape, which confirms the alignment of anvils under high load
conditions. The maximum pressure observed at the center of culet
was ∼20 GPa.

FIG. 6. Schematic of the arrangement for anvil alignment.

Rev. Sci. Instrum. 95, 053904 (2024); doi: 10.1063/5.0193048 95, 053904-4

Published under an exclusive license by AIP Publishing

 16 M
ay 2024 04:38:04

https://pubs.aip.org/aip/rsi


Review of
Scientific Instruments

ARTICLE pubs.aip.org/aip/rsi

FIG. 7. Pressure distribution in the Ni gasket at a given load condition in the SSDAC.

IV. DEMONSTRATIVE STUDIES
A. Oblique angle XRD measurements

With symmetric x-ray openings at both sides, the newly devel-
oped SSDAC can be used for oblique angle XRD measurements,
providing more reliable stress estimates besides capturing stress het-
erogeneities and pressure profiles across anvil culet. The geometry
of oblique angle XRD is shown in Fig. 8. The symmetric XRD open-
ing of ∼ ±30○ in the new design of SSDAC allows oblique angle XRD
measurements up to ∼28○. To compare the lattice strain estimation
in the axial and oblique angle measurements, a Zr sheet of thickness
∼100 μm was loaded in the SSDAC and subjected to some uni-axial
load, such that the pressure at the center of the culet was restricted to
∼2 GPa to avoid α→ ω phase transition in Zr. Under the same load
condition, XRD measurements were carried out in axial geometry
and at oblique angles of 24○. The measurements were carried out

FIG. 8. Schematic of oblique angle XRD measurements in the SSDAC.

using micro-focused monochromatic x rays (λ = 0.6649 Å; FWHM
= 10 μm) at Extreme conditions XRD (ECXRD) beamline, BL-11 at
Indus-2 synchrotron source, India51 (Fig. 9).

To maintain the same sample-to-detector distance, the sam-
ple was aligned at the rotation axis of the sample stages at the
beamline, which is pre-aligned with respect to the incident x rays.
The 2D diffraction images in these geometries were integrated into
several azimuthal angle sectors of 5○ and analyzed using MAUD
software.52 As shown in Figs. 10 and 11, the cake integration
of diffraction peaks in axial geometry is almost straight imply-
ing the same lattice strain in all azimuthal directions, whereas for
oblique angle XRD, the diffraction peaks exhibit curvature, which
is a signature of different lattice strains at different azimuthal
directions.

To estimate deviatoric stresses at the center, the macro-
stress components (σ11, σ22, σ33) were refined using the tri-axial
model as implemented in MAUD software. Here, σ33 is along the
load axis, and σ11 and σ22 are perpendicular to the load axis in
the 0○ azimuthal plane and perpendicular to this plane, respec-
tively. For the axial geometry, thus obtained, macro-stress com-
ponents are found to be very close to zero (σ33 = −0.003 ± 0.001
GPa and σ11 = σ22 = 0.0015 ± 0.001 GPa), which is not consistent
with the expected macro-stresses during plastic deformation in the
SSDAC. In the plastic deformation regime in DAC, the deviatoric

FIG. 9. Experimental station at the Extreme conditions XRD (ECXRD) beamline,
BL-11 at Indus-2 synchrotron source, India,51 with the SSDAC mounted at the
sample stage.
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FIG. 10. Observed and fitted cake integration of the XRD image of α Zr recorded
at ∼2 GPa in axial geometry.

FIG. 11. Observed and fitted cake integration of the XRD image of α-Zr recorded
∼2 GPa in oblique geometry.

stress should correspond to the yield strength of the material as
σy = ∣σ33 − σ11∣. For oblique geometry, the macro-stress components
are found to be σ33 = −0.8 ± 0.008 GPa and σ11 = σ22 = 0.4 ± 0.008
GPa. Here, we have used the constraint σ11 = σ22 = −0.5σ33, which is
a valid assumption at the symmetry axis of the SSDAC. The thus
obtained yield strength of α− Zr is 1.2 GPa at ∼2 GPa, which is
consistent with the earlier reported values.43

Due to the larger 2θ range of up to 30○, as shown in Fig. 11,
the extent of curvature does not appear much, although it is signif-
icant enough for refinement. The maximum curvature in the cake
integration will be observable in radial diffraction, where incident
x rays are perpendicular to the load axis, whereas\ in our SDAC,
the maximum oblique angle possible is 28○ so the extent of curva-
ture will be relatively less. Obtaining stress components at higher
pressures might have been more convincing; however, the curva-
ture depends on the elastic modulus and yield strength of material,
which vary weekly with pressure. So, even at higher pressures, the
curvature in cake integration will not be much. Nevertheless, we
have performed additional oblique angle XRD measurement up to
∼40 GPa. As Zr is a relatively soft material, achieving such high pres-
sures in unconstrained compression in our SDAC was difficult due
to material flow, and we carried out the study on a tungsten (W) gas-
ket. We also loaded gold (Au) powder on the sample-anvil contact
surface to obtain pressure at the center of our SDAC. The load axis
of the SDAC was tilted to 28○ with respect to incident x rays for the
oblique angle XRD measurement. The XRD measurements were car-
ried out using micro-focused monochromatic x rays of wavelength

λ = 0.4953 Å. The observed and fitted cake integration of the XRD
data of W and Au is shown in Fig. 12. The deviatoric stresses in
W, obtained using MAUD analysis, were σ33 = −4.02 ± 0.001 GPa
and σ11 = σ22 = 2.01 ± 0.001 GPa at ∼40 GPa. Here, one can again
see that the curvature in cake integration (Fig. 12) is not quite large
but the obtained deviatoric stresses are significant. Using these stress
components, the yield strength of W at ∼40 GPa is found to be σy
= 6.03 GPa, which is consistent with the earlier reported pressure-
dependent yield strength of tungsten (1.8 + 0.1p GPa, where p is
pressure in GPa).53

Hence, the oblique geometry XRD measurements, possible
with our newly designed SSDAC, provide more reliable quantita-
tive estimates of macro-stresses as compared to the axial geome-
try. These macro-stress components can be used to estimate the
pressure-dependent yield strength of materials. It is worth men-
tioning here that even the oblique angle XRD measurements would
give information averaged over the oblique thickness of the sam-
ple parallel to the x-ray beam. However, as the sample thickness
(h) in the SDAC is usually small (<50 μm) and the oblique angle
(ω) is 24○, the averaging is over a length scale of h. tan(ω), which
turns out to be <25 μm. In the future, new methodologies com-
bining experiments and macro-FEM simulations will be developed
similar to Ref. 43 for a more precise quantitative estimate of
stress states and their heterogeneities with the oblique angle XRD
measurements.

B. Texture studies with higher pole figure
convergence

The study of texture evolution under plastic straining pro-
vides vital insights into the deformation mechanism, and in the
case of phase transitions, it helps establish the orientation rela-
tionship between the parent and daughter phases. For quantitative
studies, the accuracy of texture parameters is important, which
depends on the pole figure convergence in the XRD measurements.
In axial geometry, the pole figure convergence is limited, as shown
in Fig. 13(a).

The pole figure convergence can be improved by recording
XRD images at different ω angles. With the new design of the

FIG. 12. Observed and fitted cake integration of the XRD image of tungsten at ∼40
GPa recorded in oblique geometry with ω = 28○.
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FIG. 13. (a) Pole figure convergence for the XRD data recorded in axial geometry
with ω = 0○; (b) pole figure convergence for the XRD data recorded at different ω
angles ranging from −24○ to 24○ about the axial geometry.

SSDAC, XRD images can be recorded at different ω angles as far
as the geometrical constraints allow. As a demonstrative study, we
recorded XRD images of the hexagonal α Zr sample loaded in the
SSDAC with ω angles ranging from −24○ to +24○ in steps of 4○.
Figure 13(b) shows the pole figure convergence using all the diffrac-
tion data recorded at different ω angles. The quantitative texture
analysis has been carried out using these diffraction data employ-
ing the E-WIMV texture model as implemented in MAUD software.
Figures 14 and 15 show the reconstructed pole figures of a few
diffraction planes and inverse pole figures, respectively. The analy-
sis shows the strong preferred orientation of (0002) planes along the
load axis. The texture has nearly fiber symmetry, which is expected,
even though the analysis has been done without imposing any
symmetry on the texture model.

C. Displacement field measurements
For displacement field measurements in DAC/SDAC, a digi-

tal image correlation-based methodology has been recently devel-
oped.48 These measurements are very important to obtain adhesion
zones and relative sliding between the sample and anvil, which can
be used as the boundary conditions for finite element method sim-
ulations of the processes in DAC/SDAC instead of hypothetical
friction conditions. In this method, several ruby particles of size
∼2 to 5 μm are placed at the sample-anvil contact surface at both

FIG. 15. Inverse pole figure obtained from texture analysis of the XRD data of
hexagonal α Zr recorded at ∼2 GPa exhibiting strong preferred orientation along
the [0001] direction.

sides of DAC/SDAC, and magnified ruby fluorescence images are
recorded from these ruby particles before and after load/shear condi-
tions. These images are analyzed using the digital image correlation
method to find out the displacement field in DAC/SDAC. For bet-
ter accuracy of measurements, the resolution of fluorescence images
should be as good as possible.

The optical setup for getting these images has to be designed
for both sides as per the available working distance. At best, the
resolution of the image is diffraction-limited and depends on the
numerical aperture (NA) of the optics. For better resolution, the
optical aperture should be as large as possible and the focal length
of the objective lens should be as small as possible. Existing designs
of the SDAC are asymmetric with longer working distance (typi-
cally, >100 mm) and smaller aperture (typically <10 mm) at one side
(piston side), which limits the resolution of the image to ∼7 μm
for the spectral range of ruby fluorescence. Whereas at the cylin-
der side, short working distance allows standard objectives, with NA
∼0.28 (focal length: 35 mm) providing lateral resolution of ∼1.2 μm.
To demonstrate the effect of the optical system with a different
focal length of objective lens on the image quality of ruby fluores-
cence image, ruby particles of size ∼2–5 μm were spread at both
the sample-anvil contact surfaces on a steel gasket mounted on
our SDAC. For recording the ruby fluorescence image, an optical
arrangement was made at both sides of the SDAC, as described in

FIG. 14. Reconstructed pole figure of the (101̄0), (0002), and (101̄1) diffraction planes using the XRD data of hexagonal α Zr recorded at ∼2 GPa at different ω angles
about the axial geometry.
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FIG. 16. Optical image of fluorescing ruby particles dispersed on the sample-anvil contact surface in the SDAC recorded with two optical imaging systems having different
objective focal length of (a) 20 mm with numerical aperture of 0.28 and (b) 120 mm with an numerical aperture of 0.04.

Ref. 48, with a 5 mW, 405 nm diode laser for fluorescence excita-
tion in ruby particles. At one side, a 20 mm focal length objective
was used, and at the other side, a 120 mm focal length objective was
used. Ruby fluorescence was recorded at both sides. Figures 16(a)
and 16(b) show the ruby fluorescence images recorded with the
optical setup of focal lengths 20 and 120 mm, respectively, which
demonstrates the difference in resolution.

The new compact symmetric design has a working distance of
∼20 mm at both sides and 60○ angular aperture. Hence, with opti-
mal optical design for ruby fluorescence image collection setup with
a similar small focal length objective at both sides, one may get
high-resolution fluorescence images at both sides of the SSDAC,
providing more accurate estimates of displacement fields in the
sample under complex load-shear pathways.

V. CONCLUSIONS
With symmetric angular opening and short working dis-

tance at both sides, the newly designed compact SSDAC facilities
implement the recently developed methodologies for more accu-
rate quantitative studies of plastic strain-induced phase transitions.
The oblique angle XRD, possible with the new design, provides
more accurate estimates of stress states under HPT. In addition,
quantitative texture estimates are also more accurate with larger
convergence of pole figures by collecting XRD data at different ω
angles. With shorter and symmetric working distance, the SSDAC
can be used for spatially resolved Raman mapping and displace-
ment field measurements at both sides, providing more insight into
the processes happening under high-pressure torsion. The compact
size of SSDAC is easy to carry and use at laboratory-based and
synchrotron experimental facilities. Although the newly designed
SSDAC has several advantages over other existing designs of SDAC,
there is always scope of future improvements. One of the limita-
tion of the present design is limited lateral opening, which does not
allow radial diffraction measurements perpendicular to load axis.
Although the DAC is not meant for such measurements, incor-
poration of larger lateral opening in the future design will be an
added advantage. Larger lateral opening in future designs will also
be useful for more advanced novel techniques, such as 3DXRD and
diffraction contrast tomography (DCT), providing more detailed
in situ information about internal structure, strain heterogeneities,

and grain mapping in polycrystalline samples during shear at high
pressures.
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