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Abstract

Tantalum (Ta) is a metal that has useful properties that make it useful in extreme environments. It is 

therefore important to understand how Ta performs in such extreme conditions by  accurately measuring 

its properties. In this work, the yield strength of tantalum has been measured at pressures up to 276 GPa 

using axial and radial x-ray diffraction (XRD) methods in diamond anvil cells (DAC). We measured 

strength using XRD in a radial DAC to 50 GPa, in an axial DAC to 60 GPa using diamonds with standard 

flat culets, and in a final experiment to 276 GPa using toroidal diamond anvils. The radial XRD data were 

refined using the Material Analysis Using Diffraction (MAUD) Rietveld software package to extract lattice 

strain and the yield strength. The axial data were refined using the General Structure Analysis System 

(GSAS) II and a linewidth method was used to calculate the yield strength. The yield strength measured 

near ambient pressure was found to be 0.5 GPa and increased with pressure up to 50 GPa, where the yield 

strength plateaued at a value of 2.4 GPa. At pressures above 60 GPa, the strength increased again to a 

maximum value of 9 GPa at the highest pressure of 276 GPa. The data from the three experiments show 

good agreement between the methods and previously reported experimental data. This agreement illustrates 

the value of axial diffraction data for material strength determination and allows for measurements at multi-

hundreds of GPa using toroidal DACs.
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1.) Introduction 1 

Tantalum (Ta) is a technologically important element and has many applications in making alloys and 2 
electronics due to its strength, high melting point, and corrosion resistance. Ta and its alloys are used in 3 
power systems, spacecraft, cutting tools, rocket and jet engines, and radioisotope thermoelectric generators 4 
(RTGs) in space probes.1 Due to its many uses and engineering applications, Ta is subjected to a range of 5 
extreme temperature and pressure environments. It is therefore important to determine the properties of Ta 6 
under such extreme conditions to enable informed component and device design.  7 

Ta crystallizes in the body centered cubic phase and is structurally stable up to at least 300 GPa.2 Most high 8 
pressure studies of Ta have focused on equation of state measurements, including a study that used toroidal 9 
diamonds to reach above 300 GPa.2-4 Several studies have been performed to measure the strength of Ta 10 
using static compression methods and x-ray diffraction (XRD) measurements up to 60 GPa 5-7.  Dynamic 11 
methods, such as ramp compression used by Brown et al. and Eggert et al. have been used to determine 12 
strength at pressures up to 350 GPa, however the comparison between values determined by static and 13 
dynamic methods has not been made.8-11  14 

There are two well established X-ray diffraction techniques for measuring the high pressure strength of a 15 
material using static compression in a diamond anvil cell (DAC), radial diffraction and axial diffraction.  16 
The difference between the two techniques is in the geometry of the experiment and the relative orientation 17 
of the incident X-ray beam and the compression axis.  In radial diffraction, the X-rays are incident 18 
perpendicular to the axis of compression, while in axial diffraction, the X-rays are incident parallel to the 19 
compression axis. A DAC compresses a small (roughly 30x30x10 μm3) sample, along with a pressure 20 
marker (typically a metal with a well-known pressure-volume equation of state) between two diamond 21 
anvils.  A gasket with a small hole in the middle, defining the sample chamber, is used to provide a radial 22 
confining pressure during compression. X-ray diffraction in the radial geometry is the more commonly used 23 
technique to measure the strength of a material under high pressure. The radial diffraction geometry leads 24 
to an asymmetric diffraction pattern due to crystal plane orientation with respect to compression axis.  25 
Planes parallel to the compression axis are compressed more than those perpendicular to the compression 26 
axis.  The total compression for a family of planes reflects a combination of the orientation of the plane 27 
with the respect to the compression axis and the relevant single crystal elastic modulus for that set of planes. 28 
Typically, beryllium or boron epoxy gaskets are used for radial experiments, which either limit the 29 
maximum achievable pressure due to their lack of strength, as is the case for boron epoxy gaskets, or 30 
introduce additional peaks into the diffraction pattern, as is the case with beryllium gaskets. Axial XRD is 31 
more common than radial diffraction for non-strength measurements (e.g. equation of state) due to it being 32 
less complex, and so there are many large datasets of axial diffraction data available. Though less commonly 33 
used to determine strength, several axial diffraction analysis approaches have been used based on line width 34 
analysis.12,13 Unlike radial diffraction, the achievable pressure in this method is not limited by the gasket 35 
material since there is no requirement for the X-rays to pass through the gasket. Therefore, non-hazardous 36 
and high-strength materials (e.g. rhenium) can be used as a gasket material in the axial geometry. 37 

 In this study, we performed three experiments utilizing both radial and axial x-ray diffraction methods and 38 
employed the use of toroidal diamond anvils to reach pressures near 300 GPa.2,14,15 Prior to this study, no 39 
direct comparison had been made between the strength results of Ta from axial and radial methods. The 40 
comparison between the axial diffraction linewidth method and the radial method is important for validating 41 
the strength values from axial diffraction, which could extend the determination of material strength to 42 
higher pressures while using existing axial diffraction data. 43 

 44 
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2.) Method 1 

A. Experimental details 2 

All three data sets were collected at High Pressure Collaborative Access Team (HPCAT, Sector 16) ID-B 3 
and BM-D beamlines at the Advanced Photon Source at Argonne National Laboratory. The radial 4 
diffraction experiment used a diamond anvil cell with 300 μm culet anvils and amorphous boron epoxy 5 
gasket that was press fit into a Kapton ring.16 The Ta sample (99.985% purity, 0.012 wt % oxygen, <0.001 6 
wt% nitrogen, 0.008 wt % carbon, 0.001 wt% sulfur), along with a copper (Cu) pressure marker, was loaded 7 
into the 50 μm diameter hole in the gasket. The radial diffraction data were collected at HPCAT beamline 8 
16-ID-B using a Pilatus 1M detector, that was 205.42 mm from the sample, and monochromatic x-rays with 9 

a wavelength of 0.4066 Å (30.5 keV).  10 

The axial diffraction data were collected in two experiments, labeled herein as ‘Axial Low Pressure’ and 11 
‘Axial High Pressure’. Axial Low Pressure was performed at HPCAT beamline 16-BM-D and utilized a 12 
MAR-345 image plate (180.39 mm from the sample) and monochromatic x-rays with wavelength of 0.4133 13 
Å (30.0 keV). The DAC was prepared with 200 μm culet anvils and a spring steel gasket. The same Ta 14 
sample as was used in the radial diffraction experiment and a gold (Au) pressure marker were loaded into 15 
the 80 μm diameter hole in the gasket with no pressure transmitting medium. The sample was compressed 16 
to a maximum pressure of 60 GPa. 17 

Recent advancements in toroidal diamond anvil fabrication have allowed the generation of several hundred 18 
GPa of pressure while collecting a diffraction pattern containing several peaks.2,14,15 The Axial High 19 
Pressure experiment utilized toroidal diamond anvils for generation of pressures to 300 GPa. The toroidal 20 
diamond anvils were produced by focused ion beam (FIB) machining of a single crystal diamond anvil with 21 
a 25 μm diameter central flat and an 8° bevel down to a 300 μm diameter primary culet. The machined 22 
toroidal shape featured an 8 μm central flat surrounded by a grooved region. The samples in this run were 23 
foils of Re and Ta, each 25 μm thick and purchased from Alfa Aesar with purities of 99.97% and 99.95%, 24 
respectively, which were placed between the anvils and acted both as the sample and gasket. This data were 25 

collected at HPCAT beamline 16 ID-B using the Pilatus 1M detector (209.73 mm from the sample) and 26 

an x-ray wavelength of 0.4066 Å (30.5 keV). The collected XRD data extended to 310 GPa, however for 27 

this study the data to 276 GPa were utilized due to peak splitting at higher pressure caused by a sharp 28 
pressure difference between the flat and toroidal section of the toroidal DAC, making that data unsuitable 29 
for the linewidth method15. 30 

In order to determine the crystallite size of the sample materials, transmission electron microscopy (TEM) 31 
was performed on samples prepared by FIB. A dual beam FEI Helios NanoLab FIB was used to prepare a 32 
~ 5x10 μm2 electron transparent lamella from the sample that that was representative of the sample before 33 
compression during the radial diffraction experiment. To make this lamella, the in-situ lift out technique 34 
was used.17 An initial layer of Pt was deposited on the region of interest of the sample using the electron 35 
beam to protect the surface from the ion beam. Additional Pt was then deposited using the ion beam. The 36 
rough milling step was performed at 30 keV, 15 nA;  and the J-cut at 30 kV 1 nA. The initial thinning was 37 
performed at 30 kV. Final thinning was performed at 5 keV 0.48 nA. Transmission electron microscopy 38 
(TEM) was performed using a FEI Tecnai F30 transmission electron microscope operating at 300 kV. Dark 39 
field imaging was used to determine the grain size of the sample. 40 

B. Radial diffraction data analysis 41 

In radial XRD geometry, the diffracted beam samples crystallites orientated both in the direction of 42 
maximum compression as well as perpendicular to the axis of maximum compression, allowing the 43 
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differential microstrain in the sample to be measured by determining the azimuthal dependence of the 1 
scattering angle (2θ) of the plane d-spacings. Along the compression axis, the crystallographic planes are 2 
in compression and d-spacings are smaller, while perpendicular to the axis of compression, the planes are 3 
in extension and d-spacings are larger. Measuring the differential strain between these two limits provides 4 
a lower bound on the material’s yield strength.18 The relationship between d-spacing and azimuthal angle 5 
is given by 6 

 𝑑𝑚(ℎ𝑘𝑙) =  𝑑𝑝(ℎ𝑘𝑙)[1 + (1 − 3𝑐𝑜𝑠2𝛹)𝑄ℎ𝑘𝑙], (1) 7 

where the value of Qhkl represent the lattice strain parameter. These Qhkl values relate the observed d-8 
spacing, dm(hkl), with the d-spacing that would be produced under hydrostatic compression, dp(hkl), 9 
following equation 1, where Ψ is the azimuthal angle of the diffraction pattern.18-20  10 

The Qhkl values are then averaged and the uniaxial stress, t, is calculated using the equation derived from 11 
the Reuss and Voigt approximations with the derivation shown by Singh et al.20  The value of t, the lower 12 
bound of strength, is calculated using: 13 

 𝑡 = 6𝐺⟨𝑄ℎ𝑘𝑙⟩, (2) 14 

where G is the shear modulus of the material. This equation is valid for homogeneous isotropic polycrystals 15 
with no preferred orientation. The shear moduli used in this study were calculated from shear sound speed 16 
measurements to 7.1 GPa in a Paris-Edinburgh large volume press at HPCAT beamline 16 BM-B.21  These 17 
data were used to determine shear moduli at higher pressures using:   18 

 𝐶𝑖𝑗(𝑃) = 𝐶𝑖𝑗|
𝑃=0

+
ⅆ𝐶𝑖𝑗

ⅆ𝑃
× 𝑃 × (

𝑉(𝑃)

𝑉0
)

1
3⁄
, (3) 19 

which is described in detail by Liu et al.13  In Eqn. 3, 𝐶𝑖𝑗(𝑃) is the elastic constant at the desired pressure, 20 

𝐶𝑖𝑗|
𝑃=0

 is the elastic constant at ambient pressure, 
ⅆ𝐶𝑖𝑗

ⅆ𝑃
 is the derivative of the elastic constant with respect 21 

to pressure, P is the pressure, and V(P)/V0 is the ratio of the unit cell volume at pressure, P, to the volume 22 
at ambient pressure. 23 

The diffraction patterns collected from the radial XRD experiments were integrated in 5° segments along 24 
Ψ using a custom MATLAB script. This MATLAB script allows for the batch integration of the XRD 25 
images. Corrections were applied to the 1D integrated patterns from each section of the image to account 26 
for the inactive regions of the Pilatus detector. The integrated data were then output into a format that could 27 
be read by Material Analysis Using Diffraction (MAUD).22 28 

MAUD was used to Rietveld refine the 72 individual 1-D diffraction patterns to determine lattice 29 
parameters and Qhkl values using the “Radial Diffraction in the DAC” function. Figure 1 shows an example 30 
of a refinement using MAUD. 31 

Though a detailed equation of state (EOS) discussion is beyond the scope of the present paper, it is 32 
interesting to note that a hydrostatic EOS can also be determined from radial XRD of uniaxially-loaded 33 
samples. At the “magic angle” of Ψ=54.7°, the observed plane spacings, dm(hkl), in Eqn. 1 are equal to the 34 
predicted hydrostatic plane spacings, dp(hkl), from which a hydrostatic EOS can be determined.23 This 35 
experimental and analysis approach provides an alternative to the determination of EOS from axial XRD 36 
of uniaxially compressed samples, which have previously been found to yield EOS that are discrepant with 37 
those determined with quasi-hydrostatic pressure transmitting media.2  38 

 39 
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C. Axial diffraction data analysis 1 

Axial XRD geometry leads to circular diffraction rings due to the x-ray beam being parallel to the axis of 2 
compression. Analysis of axial experimental data was performed using the linewidth method published by 3 
Liu et al.13 The linewidth of peaks in a diffraction pattern are affected by both crystallite size and 4 
microstrain, as derived by Langford:13,24 5 

 (2𝑊ℎ𝑘𝑙 cos(𝜃ℎ𝑘𝑙))2 = (𝜆/𝑑)2 + 𝜂ℎ𝑘𝑙
2 sin2(𝜃ℎ𝑘𝑙).  (4) 6 

Here, d is the crystallite size, 2𝑊ℎ𝑘𝑙 is the linewidth (full width half max), 𝜃ℎ𝑘𝑙 is the Bragg angle, 𝜆 is the 7 

wavelength, and 𝜂ℎ𝑘𝑙 is the microstrain. Crystallite size follows a 1/ cos(𝜃) relationship and microstrain 8 

follows a tan(𝜃) relationship. The relationship between microstrain, strength (t), the difference between 9 

the minimum and maximum microstress (Pmax)
25, and Young’s modulus, E(hkl), is given by: 10 

 𝜂ℎ𝑘𝑙 =
4𝑃𝑚𝑎𝑥

𝐸(ℎ𝑘𝑙)
=

2𝑡

𝐸(ℎ𝑘𝑙)
. (6) 11 

Empirically, it has been shown that t=2Pmax
12,26,27. Liu et al. derived the following equation to relate strength 12 

to linewidth:13 13 

 (2𝑊ℎ𝑘𝑙 cos(𝜃ℎ𝑘𝑙))2 = (𝜆/𝑑)2 + (2𝑡)2 sin2(𝜃ℎ𝑘𝑙) /𝐸(ℎ𝑘𝑙)2. (7) 14 

This equation can be linearized so that a plot of (2𝑊ℎ𝑘𝑙 cos(𝜃ℎ𝑘𝑙))2 as a function of sin2(𝜃ℎ𝑘𝑙) /𝐸(ℎ𝑘𝑙)2 15 

can be fit with a straight line with slope (2t)2 and y-intercept λ/d, where each data point corresponds to a 16 
peak in the diffraction pattern. The Young’s modulus E(hkl) can be derived from the elastic constants.13 17 

 

FIG. 1. MAUD refinement of the radial diffraction data at 42 GPa. The top cake (spectra 73-144) is the calculated fit and the 

bottom cake (spectra 1-72) is the experimental data. The darker colors correspond to the lower intensities and the lighter 

colored areas are higher intensity. The variation of the 2θ values with the spectrum number corresponds to the eccentricity of 

the diffraction rings and the white arrows indicate the axis of maximum compression. 
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For both sets of axial data, the spectra were integrated 360° in Ψ using Dioptas and refined using General 1 
Structure Analysis System (GSAS)-2 to determine lattice parameters.28,29 The linewidths were determined 2 
from pseudo-Voigt fits to individual diffraction peaks using the Fityk software package.30 Figures 2 and 3 3 
(a) show representative examples of the GSAS-2 refinements, for the low pressure and high pressure axial 4 
data respectively.30 5 

 

FIG. 2. LeBail fit of low pressure axial data using GSAS-II at a pressure of 57.9 GPa. The 

Miller indices of the Ta peaks are labeled with black text and those of the Au peaks are labeled 

in red. 

 

 

FIG. 3. (a) LeBail fit of high pressure axial data using GSAS-II at a pressure of 276 GPa. The Ta peaks are labeled with 

black indices and Re peaks are labeled with red indices. Linear fit of (2𝑊ℎ𝑘𝑙 cos(𝜃ℎ𝑘𝑙))2 as a function of 

sin2(𝜃ℎ𝑘𝑙) /𝐸(ℎ𝑘𝑙)2 is shown in (b). 
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Linear least squares fits of (2𝑊ℎ𝑘𝑙 cos(𝜃ℎ𝑘𝑙))2 as a function of sin2(𝜃ℎ𝑘𝑙) /𝐸(ℎ𝑘𝑙)2 were performed. The 1 

slope of this fit was then taken to be (2𝑡)2 and t extracted.13 An example of this least squares fit at 276 GPa 2 

with R2 = 0.934 is shown in Fig. 3(b). Uncertainty in the least squares fit was used to calculate the 3 
uncertainty in the results. 4 

 5 

3.) Results 6 

The strength vs pressure for all three datasets is presented in Fig. 4. Figure 4(a) shows the strength vs 7 
pressure data up to 60 GPa. The data from the radial diffraction are shown with blue diamonds. Uncertainty 8 
in the radial diffraction data is from the standard deviation in the values of Q(hkl) for different planes. At 9 
the lowest pressure of 7 GPa, the strength was determined to be roughly 1 GPa and gradually increased to 10 
2.4 GPa at the maximum pressure of 50 GPa in the experiment. The axial low pressure experiment starts at 11 
a strength of about 0.8 GPa near ambient pressure and increases to 2.5 GPa at a pressure of 50 GPa then 12 
begins to decrease, reaching a strength of 2.2 GPa at the maximum pressure of 60 GPa. The axial high 13 
pressure experiment showed a similar trend of increasing strength with pressure at pressure below 60 GPa. 14 
Figure 4 (b) shows the axial high pressure strength, beginning at 0.8 GPa at a pressure of 5 GPa and steadily 15 
increasing to a maximum value of 9 GPa at a pressure of 276 GPa. 16 

The low pressure set of axial data exhibits a local maximum around 50 GPa. After 50 GPa, the strength 17 
slowly decreases with increasing pressure, indicating a softening of the material. At ambient pressure, the 18 
three methods agree that the strength is between 0.5 GPa and 1 GPa. All three sets of data are in agreement 19 
with each other and produce a fairly linear slope of yield strength versus pressure with a value of about 20 
0.044 until around 50 GPa, as shown in Fig. 4 (a). All three methods produced some outliers or anomalies 21 
which deviated from the general trend. For example, apparent softening is observed in the radial diffraction 22 
data with a local maximum around 15 GPa and again with a discontinuity at around 40 GPa. This apparent 23 
softening can be attributed to the realignment of the sample with the beam between measurements which 24 

 

 

FIG. 4. Yield strength versus pressure results from the axial low pressure, axial high pressure, and radial experiments up to 60 GPa (a) and 

the full pressure range along with the results reported by Brown et al. for comparison (b). Error bars for the linewidth method came from 

the 95% confidence bounds in the linear fit and the error bars from the radial data came from the standard deviation of the Qhkl values. 
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is required because the sample is moved out of the beam during compression in the radial geometry.  Since 1 
different regions of the sample experience slightly different local stress conditions, this can lead to a 2 
temporary drop in the determined value of t.  However, it should be noted that this slightly lower value is 3 
not inconsistent with neighboring values of t when the error bars are considered.  4 

The high pressure axial data is shown in Fig. 4 (b). These data show that strength continues to follow the 5 
approximately linear trend up to the maximum pressure of 276 GPa. These data are in good agreement with 6 
both the low pressure axial and radial data, as well as those previously reported by Brown et al.8,11.  7 

4.) Discussion 8 

The data from the three experiments performed in this work produce values for the lower bound of yield 9 
strength using two different well established methods. These values are in good agreement with each other 10 
throughout the entire pressure range studied. Additionally, the strength values from the toroidal data are in 11 
good agreement with strength measurement by Brown et al. and models of Ta by Lim et al. to their 12 
maximum pressure of 250 GPa.8,9,11 The softening observed in the low pressure axial experiment at 50 GPa 13 
is consistent with a similar trend reported by Jing et al.5 Jing et al attributes the softening to a decrease in 14 
the average microscopic deviatoric strain of the sample. The strength values found in this study differ from 15 
those reported by Jing et al.5, with the present strength values being less than half the values Jing et al. 16 
reported. This discrepancy may be due to differences in the sample source material studied (e.g. grain size, 17 
texture, morphology, impurities). The size of the grains in the material can affect strength, for example the 18 
Hall-Petch relationship which states that the strength scales exponentially with decreasing grain size.31 The 19 
particle size of the Ta used by Jing et al. was 2 μm. To compare our results with those of Jing et al., the 20 
grain size of the sample used in radial diffraction, before compression, was measured using dark-field 21 
TEM32. These results are provided in fig. S1 in the Supplementary Material. It was found that the grains of 22 
the Ta sample were elongated with an aspect ratio of 2.9±1.6, and the size of the larger dimension of the 23 
grains was 210±120 nm. These values come from the average and standard deviation of the grain sizes 24 
measured. This grain size is smaller than the grain size of the sample used by Jing et al. and this result is 25 
therefore consistent with the Hall-Petch relationship of smaller grain sizes resulting in higher strength.  26 

 The orientation of the grains can also affect the measurements since the compression is uniaxial and some 27 
grains may have a softer crystalline axis aligned with the compression axis than others.33 The results from 28 
one study to the next may vary due to several factors including the internal stresses in the sample and texture 29 
in the sample. In this study, fiber texture was imposed during refinement due to the sample having 30 
cylindrical geometry. Grain shape can also be a contributing factor to inter-study differences; nonspherical 31 
grains may produce different strength results due to the stresses between the grains.34 Impurities in the 32 
sample can substantially affect the strength as well. For example, small amounts of oxygen can dramatically 33 
increase the strength of titanium by occupying the interstitial spaces between Ti atoms.35 As the samples 34 
used in the experiments have similar purity levels (99.985% vs 99.95%), we anticipate that any difference 35 
in the strength of Ta due to differing impurity levels would be within the uncertainty of the measurements. 36 
Finally, experimental differences such as the use of a pressure medium in an axial experiment and the gasket 37 
material36 may influence strength measurement because the uniaxial strain is a lower bound of the strength 38 
and less hydrostatic conditions make the uniaxial strain closer to the true strength value.37 39 

Although there is good agreement, one large factor which may skew the results is the treatment of the shear 40 
modulus. Lim et al. used an exponential fit of the shear modulus9, which differs from the quasi-linear 41 
extrapolation used in this study (Eqn. 3). The quasi-linear fit was used in this study due to it being fit to 42 
low-pressure ultrasonic data and was used in all three sets of data for consistency. When using the same 43 
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9 
 

exponential shear modulus model from Lim et al. 9 the strength value from the axial high pressure data 1 
increased, bringing the strength values, particularly around 200 GPa, farther from those of Brown et al.8,11 2 

5.) Conclusions 3 

The results from both axial and radial methods are consistent with each other at low pressures up to ~60 4 
GPa and the high pressure toroidal axial data up to ~300 GPa. The radial and low pressure axial data indicate 5 
an increase in strength with pressure and a plateau at around 50 GPa with the strength around 2.5 GPa. The 6 
high pressure axial data indicate an increasing strength, which continues to increase to a maximum of 9 7 
GPa at a pressure of 276 GPa. These results support the use of axial diffraction and the linewidth method 8 
for determining yield strength as a function of pressure. These strength measurements are useful for 9 
understand how the mechanical properties of Ta change when used in its many industrial and engineering 10 
applications. 11 

Supplementary Material 12 

Example dark-field TEM images that were used to determine the Ta sample grain size are included in the 13 
Supplementary Material. 14 
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