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Introduction

The strength and mechanical properties of hard ceramic 
materials are required for understanding their stability and 
for their applications under extreme static and dynamic 
mechanical stresses and high pressures (Duffy 2007). alu-
minum oxide, al2O3, has many useful mechanical proper-
ties such as high hardness, wear resistance, and fracture 
toughness, combined with chemical inertness and thermal 
stability. ruby (α-al2O3:Cr3+) is aluminum oxide (corun-
dum, sapphire) doped with a small quantity (~0.1 %) of tri-
valent chromium (Chervin et al. 2001). It has been a widely 
used pressure standard for static high-pressure experiments 
in diamond anvil cells (DaC) ever since the development 
of the ruby fluorescence pressure scale in the 1970s (For-
man et al. 1972; Piermarini et al. 1975; Mao et al. 1978). 
The use of ruby fluorescence for in situ stress measure-
ments in high-pressure experiments played a major role in 
accelerating the widespread application of the DaC. given 
the importance of ruby in high-pressure science, complete 
characterization of this fundamental material is needed.

Static high-pressure studies of the elastic and plastic com-
pression behavior of corundum and ruby remain limited 
(Jephcoat et al. 1988; Meade and Jeanloz 1990; Funamori 
et al. 1994). Many recent high-pressure studies on ruby have 
focused on improved calibration of the pressure-induced 
shift of fluorescence lines (Mao et al. 1978; Jephcoat et al. 
1988; eggert et al. 1989; Holzapfel 2003; Dewaele et al. 
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2004; Chijioke et al. 2005; Dorogokupets and Oganov 2007), 
extending the scale up to the Mbar range (eggert et al. 1989; 
Chijioke et al. 2005). Other studies have examined the sen-
sitivity of the ruby fluorescence signal to non-hydrostatic 
stress (Piermarini et al. 1975; Chai and Brown 1996; Klotz 
et al. 2009; nellis et al. 2010). Meade and Jeanloz (1990) 
measured pressure gradients across ruby under non-hydro-
static stress to determine that the yield strength of ruby 
reaches ~12 gPa at 70 gPa. Under dynamic compression, 
al2O3 was reported to exhibit a yield strength of 21 gPa 
at 100 gPa (reinhart and Chhabildas 2003; reinhart et al. 
2006). The deformation behavior of materials under extreme 
conditions can be measured more directly in situ by radial 
X-ray diffraction (rXrD) (Singh et al. 1998a, b; Duffy et al. 
1999a, b; Kavner and Duffy 2001; Merkel et al. 2002; Shieh 
et al. 2004) together with lattice strain theory (Singh et al. 
1998a; Singh 2004, 2009). rXrD enables us to observe lat-
tice strain of compressed samples in a wide range of orienta-
tions relative to a non-hydrostatic stress field. In this study, 
we use angle-dispersive rXrD (Singh 1993; Merkel et al. 
2002) to observe the non-hydrostatic compression behavior 
of polycrystalline ruby up to 68.1 gPa in a diamond anvil 
cell and provide new constraints on the mechanical proper-
ties of ruby under extreme non-hydrostatic conditions.

Theoretical background

lattice strain theory (Singh 1993, 2004, 2009; Singh et al. 
1998a) describes the variation of lattice strain in a crystal 
as a function of orientation relative to the applied stress. 
The stress state in a polycrystalline sample in a diamond 
anvil cell is approximately uniaxial, with a maximum stress 
along the DaC loading axis, σ3, and a minimum stress in 
the radial direction, σ1. The difference between σ3 and σ1 is 
the macroscopic differential stress, t. The observed d spac-
ing (dm) from rXrD measurements can be expressed as a 
function of the angle ψ between the DaC loading axis and 
diffraction plane normal (hkl):

where dp(hkl) is the d spacing resulting from the hydro-
static component of stress σp = (2σ1 + σ3)/3, and Q(hkl) is 
the orientation-dependent lattice strain (Singh 2004, 2009):

GX is the diffraction shear modulus for the (hkl) lattice 
planes which is given by:

(1)dm(hkl) = dp(hkl)
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GX
R(hkl) is the diffraction shear modulus assuming stress 

continuity (reuss limit) across the grain boundaries and 
G(V) denotes the aggregate shear modulus under strain 
continuity (Voigt bound) across the interfaces between 
the crystallites, respectively. α is the parameter specifying 
the degree of stress and strain continuity across grains in 
the polycrystalline sample. equation (1) indicates a linear 
relation between dm and 1 − 3 cos2 ψ . The slope of the fit 
yields the product dp(hkl)Q(hkl). The differential stress in 
the sample can be given by (Singh et al. 1998a, b):

where <Q(hkl)> represents the average value of Q(hkl) over 
all observed peaks and G is the aggregate shear modulus of 
a randomly oriented polycrystalline sample. In the diffrac-
tion geometry used here, t is nearly insensitive to the value 
of α. f(x) is a function of α and elastic anisotropy which 
has been verified to be close to 1 for solids over a wide 
range of α and x values (Singh et al. 1998a, 2012; Singh 
2009; Singh and liermann 2011). The supported differen-
tial stress given by eq. (4) is a lower bound to the yield 
strength, Y, of the sample under pressure.

Experiment

Polycrystalline ruby powder (average grain size ~3–30 μm, 
annealed) was ground to ~0.5-μm grain size and loaded 
into a 100-μm-diameter hole of a Be gasket in a diamond 
anvil cell. The gasket hole shrank by ~40 % under com-
pression. The gasket was pre-indented to ~30-μm thick-
ness. a ~15-μm-diameter Pt foil placed on top of the 
sample within 5 μm of the sample center served as a pres-
sure marker as well as a positional reference. a symmetric 
diamond anvil cell with a culet size of 300 μm was used 
to compress the sample. no pressure medium was used 
resulting in non-hydrostatic conditions in the sample cham-
ber. approximately 30 min was allowed for stress equili-
bration after each compression step. Two separate experi-
ments were conducted. One sample was compressed up 
to 68.1 gPa in ~5–10 gPa steps, and an additional sample 
was compressed to 37.2 gPa in ~5 gPa steps.

angle-dispersive X-ray diffraction in a radial geometry 
(Singh et al. 1998a; Duffy et al. 1999b; Merkel et al. 2002) 
was performed at the X17C beamline of the national Syn-
chrotron light Source at Brookhaven national laboratory. 
The diamond anvil cell was oriented with the diamond axis 
perpendicular to the incoming X-ray beam. X-rays of wave-
length 0.4066 Å were focused to 25 μm × 30 μm using 
Kirkpatrick–Baez mirrors. The diffracted intensity was 
recorded with a rayonix SX-165 CCD detector. Typical data 
collection time was ~30 min. The 2-D diffraction images 
were analyzed with the program FIT2D (Hammersley et al. 

(4)t = 6G < Q(hkl) > f (x),
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1996) after the detector distance and orientation was cali-
brated with a CeO2 standard. Strong diffraction spots were 
masked in the software and do not affect the subsequent 
analysis. Due to spatial restrictions in the X17C station, the 
CCD detector is mounted in an off-center position, and the 
complete 360° Debye–Scherrer rings could not be recorded. 
Instead, the measured azimuthal angle, δ, ranged from ~10° 
to 180° for diffraction angle, 2θ, up to 22°. at all pressure 
steps, the (012), (104), (110), (024), and (116) diffraction 
peaks of ruby were detectable, but the (110) and (024) dif-
fraction peaks were weaker and overlapped by other peaks 
at some pressures, so they were not used for lattice param-
eter determination or in the lattice strain analysis. The ψ 
angle between the diffraction plane normal and loading axis 
can be calculated from cos ψ = cos θ sin δ (Merkel et al. 
2002). Pressure was calculated from the equation of state of 
Pt (Fei et al. 2007) using the unit cell volume from the (111) 
peak of Pt at ψ = 54.7°.

Results and discussion

non-hydrostatic lattice strain is observed in the sinusoidal 
variations of ruby and Pt diffraction lines with azimuthal 
angle (Fig. 1). The minimum compression is observed at 
azimuthal angle, δ = 90°, perpendicular to the diamond 
cell loading direction. The diffraction peaks of ruby dis-
play larger distortions with azimuthal angle in their Debye 
rings than Pt, indicating larger lattice strain in ruby than 
Pt under the same stress. Intensity changes along the dif-
fraction rings, i.e., texture, are due to the crystal preferred 
orientation (Merkel et al. 2002). While the ruby lines show 

some spottiness due to a few larger grain sizes, no system-
atic preferred orientation of ruby grains was observed and a 
random texture was assumed.

The diffraction patterns were cut into small arcs of 5° azi-
muthal intervals from δ = 0–90° and integrated with FIT2D 
to produce a one-dimensional diffraction pattern. Figure 2 
presents representative integrated diffraction patterns at 
68.1 gPa at selected azimuthal angles. The diffraction peaks 
shift to larger 2θ at smaller δ corresponding to smaller d spac-
ing in the maximum stress direction. The integrated diffrac-
tion patterns were fitted individually with Voigt profiles and 
a linear background function using the program PeakFit.  
Figure 3 shows the variation of d spacing of the (012), (104), 
and (116) lines of ruby with 1 − 3 cos2 ψ at selected pres-
sures. linear variations are observed as expected between the 
measured d spacing and 1 − 3 cos2 ψ. The increase in slope 
with pressure reflects the increase in Q resulting from the 
increase in differential stress, t, with compression. The lattice 
strain Q(hkl) can be obtained directly from these linear rela-
tions via eq. (1). The obtained lattice strains for (012), (104), 
and (116) reflections and their average at different pressures 
are shown in Fig. 4. at lower pressures, the lattice strain for 
(116) tends to be systematically higher than the others while 
the Q value for the (012) peak is the lowest. This reflects 
some degree of stress anisotropy in ruby, but the differences 
in lattice strain among the three lines are not very large and 
they decrease with compression.

If the differential stress reaches its limiting value, i.e., 
the high-pressure yield strength, then 6 < Q(hkl) >= t/G 
will reflect the ratio of yield strength to shear modu-
lus (He et al. 2004) [assuming f(x) = 1]. This ratio, 

Fig. 1  Unrolled diffraction image at 68.1 gPa from FIT2D. The 
sinusoidal variations in diffraction lines reflect variations in lattice 
strain with azimuthal angle

Fig. 2  Diffraction patterns integrated along 5° angular ranges around 
different azimuthal angles of ruby at 68.1 gPa. Diffraction peaks 
of ruby (with hkl), Pt, Be, and BeO are identified on the figure. The 
intense Be peaks have been truncated
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t/G = 6 < Q(hkl) >, increases strongly with pressure to 
~20 gPa and then increases more gradually at higher pres-
sures (Fig. 5a). an initial linear increase in t/G followed 
by a flattening at higher pressures has been observed pre-
viously in radial diffraction studies of other materials such 

as c-Si3n4 (Kiefer et al. 2005). Our interpretation of this is 
that ruby starts to yield at ~20 gPa. The increase in t/G with 
pressure above the yield point indicates that the strength 
increases more rapidly than the shear modulus under com-
pression, indicating significant work hardening (Kiefer 

Fig. 3  Dependence of observed 
d spacing versus 1-3cos2ψ for 
the (012), (104), and (116) dif-
fraction lines of ruby at selected 
pressures. The solid lines are 
least-squares fits to the data
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et al. 2005). Figure 5a compares t/G for ruby with meas-
urements by radial diffraction of other oxides and silicates 
of geophysical relevance. The t/G values for ruby, MgO 
(Merkel et al. 2002), and (Mg, Fe)SiO3-perovskite (Mer-
kel et al. 2003) lie between the higher value for Mg2SiO4-
ringwoodite (Kavner and Duffy 2001), and lower values for 
stishovite (Shieh et al. 2002) and CaSiO3-perovskite (Shieh 
et al. 2004).

Differential stresses in ruby were determined by 
extrapolating the shear modulus of ruby to high pressure 
using its ambient value (G0 = 163 gPa) and its pressure 
derivative dG/dP = 1.64–1.79 as determined by ultrasonic 
measurements (Chung and Simmons 1968; gieske and 
Barsch 1968). The uncertainty in dG/dP leads to ~5 gPa 
uncertainty in the shear modulus, and this adds ~1 gPa 
uncertainty to the uncertainty in t [eq. (4)] at the high-
est pressures. The differential stress supported by ruby 
with pressure determined in this study and previous work 
is shown in Fig. 5b. The maximum differential stress of 
ruby is ~16 gPa equivalent to ~6.5 % of the shear mod-
ulus at 68.1 gPa. The differential stress of ruby in our 
DaC experiments follows a similar trend with pressure 
as those from shock wave measurements of aluminum 
oxide (reinhart and Chhabildas 2003). This is surprising 
as shock experiments have strain rates that are orders of 
magnitude higher than static DaC studies, and strength 
is known to be rate dependent. The observed agreement 
may simply be fortuitous as the strength of a material 
may depend on a number of additional factors includ-
ing total strain, temperature, and sample microstructure. 
Further work is needed to better understand the variation 
of strength in al2O3 for different types of experiments 
at these high pressures. Previously reported values for 
ruby in the diamond anvil cell using the pressure gradient 

method (Meade and Jeanloz 1990) are also shown in 
Fig. 6. In the pressure gradient technique, the yield 
strength, Y, (or differential stress in the event that yielding 
has not occurred) is determined from the measured radial 
pressure gradient, dP/dr, and the sample thickness, h, as: 
t = h(dP/dr) (Meade and Jeanloz 1988, 1990). In our 
study, the pressure dependence of the differential stress 
is much greater than in the previous DaC measurements, 
resulting in much higher strength values at higher pres-
sures. The pressure gradient technique requires knowl-
edge of sample thickness which is not directly measured 
in these experiments. The results may also be affected by 
anvil deformation or slip at the diamond–sample interface 
(Vignes et al. 2013). The differential stress of ~5 gPa at 
around 10 gPa of ruby from this study is consistent with 

Fig. 4  lattice strain Q(hkl) for (012), (104), and (116) reflections of 
ruby and their average value versus pressure

Fig. 5  a ratio of differential stress to shear modulus (t/G) as a func-
tion of pressure. Solid circles ruby from this study; solid lines linear 
fits to the present data. t/G values for selected geological materials 
are shown for comparison. Rw ringwoodite, Pv perovskite. b Differ-
ential stress of ruby as a function of pressure. Solid circles this work; 
open triangles pressure gradient method (Meade and Jeanloz 1990); 
open squares shock wave data (reinhart and Chhabildas 2003). Solid 
lines linear fits to the present data
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previous radial X-ray diffraction measurements of al2O3 
with al2O3–al composites oriented horizontally along the 
radial direction (Conil and Kavner 2006).

alumina is important as a hard ceramic material with 
wide high-temperature and high-pressure applications. In 
recent years, there has been growing interest in the discov-
ery or synthesis of new hard or superhard solids (Haines 
et al. 2001; Brazhkin et al. 2002). a superhard material 
should have a high bulk modulus to resist volume com-
pression, a high shear modulus to resist deformation, and 
strong resistance to plastic deformation. However, the bulk 
modulus and shear modulus are known to be insufficient 
by themselves to predict high hardness (Haines et al. 2001; 
He et al. 2004; Cumberland et al. 2005). Hardness can vary 
by more than a factor of ~10 for different materials with 
similar shear moduli (Haines et al. 2001). Hardness can be 
measured by indentation of a material by a hard indentor, 
and the Vickers hardness, Hv, is one of the most frequently 
used hardness scales. The measurement process for Vickers 
hardness is qualitatively similar to the uniaxial loading of 

a sample in the DaC. The sample deforms plastically, i.e., 
yields, under loading by diamonds in both cases. In Fig. 6, 
we summarize measurements of the Vickers hardness at 
ambient pressure and the high-pressure yield strength of 
ceramic materials and strong metals from selected static 
DaC experiments using radial X-ray diffraction. among 
ceramic materials, a positive correlation can be observed 
between the high-pressure yield strength and Vickers hard-
ness that is approximately linear with pressures [although 
a nonlinear relation is required if diamond is also included 
(see inset)]. The strong metals (W, Os, re) follow a shal-
lower trend. The very low yield strength of stishovite may 
be due to weakening associated with its phase transition 
(Shieh et al. 2002). In addition, the behavior of diamond 
may be an exception as indentation hardness measurements 
require the indenter to be harder than the measured sample. 
as diamond is the hardest known material, the measure-
ment of hardness (as well as yield strength) is more com-
plicated and difficult. The general relationship shown in 
Fig. 6 is useful for predicting the strength of materials at 

Fig. 6  Vickers hardness versus high-pressure yield strength for 
selected ceramic materials and metals from static radial X-ray dif-
fraction measurements. The solid lines are polynomial fits to the 
data. Os, W, and re are not included in the fit. The inset shows the 
yield strength–Vickers hardness relationship including diamond. Data 
sources are as follows: W (Brazhkin et al. 2002; He and Duffy 2006), 
Os (Kenichi 2004; Weinberger et al. 2008) re (Duffy et al. 1999a; 
Brazhkin et al. 2002), CaO (Haines et al. 2001; Speziale et al. 2006), 
CaF2 (Kavner 2008; Chen et al. 2011), MgO (Khan et al. 1992; Mer-
kel et al. 2002), Olivine (evans and goetze 1979; Uchida et al. 1996), 
garnet (Sirdeshmukh et al. 2001; Kavner 2007), MgSiO3-Pv (Karato 

et al. 1990; Shieh et al. 2004), Tin (Kuwahara et al. 2001; Chen et al. 
2010a), ruby (Teter 1998), α-SiC (Qian et al. 2005; Zhang et al. 
2002), WB (Chen et al. 2010b; Dong et al. 2012), WB4 (Moham-
madi et al. 2011; Xiong, Unpublished data), TaC (liermann et al. 
2005; Kim et al. 2009), SiO2-stishovite (andrievski 2001; Shieh et al. 
2002), reB2 (Qin et al. 2008; Chung et al. 2007), OsB2 (Chung et al. 
2008; Kavner et al. 2012), TiB2 (Munro 2000; amulele et al. 2006), 
γ-Si3n4 (Jiang et al. 2001; Kiefer et al. 2005), B6O (He et al. 2002, 
2004), c-BC2n (Zhao et al. 2002; Dong et al. 2009), and diamond 
(Vepřek et al. 2000; eremets et al. 2005)
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high pressures, as well as for evaluating potential superhard 
solids based on static high-pressure strength measurements.

Conclusions

The lattice strain and stress state of polycrystalline ruby were 
investigated up to 68.1 gPa under non-hydrostatic compres-
sion by angle-dispersive X-ray diffraction in a radial geom-
etry in a diamond anvil cell. Knowledge of the stress state 
of ruby under high pressure will be helpful for evaluating 
how non-hydrostatic stress could bias the pressure measure-
ment from the ruby fluorescence scale under non-hydrostatic 
conditions. For example, our measurements could be used 
to help quantify how non-hydrostatic stress affects the ruby 
fluorescence lines (Chai and Brown 1996). More generally, 
this work provides a better understanding of the high-pres-
sure mechanical properties of ruby which is an important 
and widely used material. The ratio of the differential stress 
to the shear modulus increased with pressure from ~3.4 % at 
18.5 gPa to ~6.5 % at 68.1 gPa. These values are similar to 
those observed in other oxides and silicates of geophysical 
relevance. a maximum differential stress of ~16 gPa can be 
supported by ruby at 68.1 gPa. The increase in differential 
stress with pressure obtained in this work is similar to results 
from high-strain-rate shock compression but is greater than 
that determined from the pressure gradient method in the 
diamond anvil cell. Through a synthesis of high-pressure 
yield strength measurements on a range of strong solids, we 
show a correlation between static yield strength and Vick-
ers hardness that provides an useful guideline to relate the 
hardness at ambient conditions with high-pressure yielding 
behavior. Thus, the high-pressure yield strength can be used 
as a proxy for material hardness.
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