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The relative stiffnesses and strengths of hexagonal diamond and cubic diamond constitute long 

standing unresolved issues, because relevant experimental results are lacking. Laser interferometry 

was used to experimentally determine the longitudinal sound speeds and moduli in hexagonal 

diamond and cubic diamond formed during the shock compression of graphite. The hexagonal 

diamond longitudinal moduli are significantly larger than the cubic diamond longitudinal moduli, 

and even exceed averaged cubic diamond single crystal values. The measured hexagonal diamond 

longitudinal moduli, combined with high-pressure bulk moduli for cubic diamond single crystals, 

show that shock-formed hexagonal diamond shear moduli are larger than the shear moduli for 

cubic diamond single crystals. 

 

Cubic diamond, the hardest known bulk solid, has long been an important material for 

scientific and technological applications because of its exceptional mechanical, optical, and 

thermal properties [1]. Due to the considerable interest in the utility of extremely hard and strong 

materials, significant scientific effort has been devoted to discovering and characterizing solids 
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with mechanical properties superior to those of cubic diamond [2–4]. Hexagonal diamond, a 

candidate material, was first discovered in meteorites [5,6] and synthesized in the laboratory [7] 

in 1967. Hexagonal diamond, similar to cubic diamond, is comprised entirely of tetragonally 

bonded carbon atoms with comparable bond lengths and bulk density [7]. Because of its potential 

for achieving superior mechanical properties, hexagonal diamond has long been considered as an 

excellent alternative to cubic diamond. However, to date, hexagonal diamond mechanical 

properties have been examined almost exclusively using computational methods, due to the lack 

of available macroscopic samples for experimental measurements [8].  

Computational studies have reported that hexagonal diamond is stronger [9], stiffer [10], 

and has larger elastic moduli than cubic diamond [11], despite computations also suggesting that 

hexagonal diamond is thermodynamically less stable [12,13]. One computational study [9], 

utilizing first-principles total energy calculations, reported that the ideal indentation strength of 

hexagonal diamond surpasses that of cubic diamond by 58%. However, indentation hardness 

results are extremely difficult to assess as they are strongly dependent on the testing conditions 

imposed [14]. We note that claims of materials exhibiting hardnesses significantly greater than 

cubic diamond values have been rebutted strongly and deemed scientifically unreliable in a recent 

article [14], which also provides an extensive list of references regarding this topic.  

Although the calculated [11–13] and experimentally determined [15] hexagonal diamond 

bulk modulus values (measure of volume incompressibility) are comparable to the bulk modulus 

of cubic diamond [16], experimental evidence to support claims of superior strength and/or 

hardness – which are governed by the shear modulus [17] – is lacking for hexagonal diamond. 

Simply stated, the bulk modulus is not a measure of material strength and hardness – properties 

that govern a material’s ability to resist deformation. Hence, experimental determination of 
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hexagonal diamond’s longitudinal and/or shear modulus constitutes an important need to evaluate 

its inherent mechanical strength and to make meaningful comparisons with cubic diamond moduli.  

Hexagonal diamond formation has been reported in samples recovered near meteorite 

impacts [5,18], from shock compression experiments [19], and from static compression 

experiments [7,15]. However, careful reanalyses [8,20] of the so-called hexagonal diamond 

samples and x-ray diffraction (XRD) data from the earlier studies revealed that the previously 

reported hexagonal diamond is more accurately characterized as stacking disordered cubic 

diamond with some cubic and hexagonal stacking of the carbon layers. One study reported that 

previous samples contained, at most, ~60% hexagonal stacking [20], but another study claimed to 

exceed this threshold [21]. The above contradictory findings demonstrate that the use of recovered 

samples for measuring hexagonal diamond properties is questionable.  

Unlike recovery studies, recent in situ XRD measurements have definitively established 

the formation of hexagonal diamond during shock compression of highly oriented pyrolytic 

graphite [22,23]. In these shock experiments, the hexagonal diamond was formed during uniaxial 

strain compression. This feature avoids the complex thermomechanical unloading histories and 

the resulting challenges associated with recovered samples [20,24]. However, determination of the 

hexagonal diamond properties formed under shock compression [22,23] requires in situ 

measurements while the material is in the shock compressed state – the focus of the present work. 

We present results from plate impact experiments that provide the longitudinal moduli of 

hexagonal and cubic diamond formed during the shock compression of three graphite types. Using 

the front-surface impact method [25–28], longitudinal sound speeds were measured in the shock 

compressed state. These measurements along with the densities in the shocked state provided the 

longitudinal moduli for both diamond types formed under shock compression. Our experimental 
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results show unequivocally that the hexagonal diamond longitudinal moduli are significantly 

higher than the cubic diamond moduli, and even exceed ambient single crystal cubic diamond 

longitudinal moduli by a considerable amount. 

Figure 1(a) shows the configuration used in our front-surface impact experiments. Three 

graphite types, obtained from Momentive Performance Materials, were studied: ZYB-grade highly 

oriented pyrolytic graphite (HOPG), ZYH-grade HOPG, and as-deposited pyrolytic graphite (PG). 

Each graphite sample was nominally ~1 mm thick, 10 mm in diameter (one experiment used a 20 

mm diameter sample), and the average crystallite c-axis was oriented perpendicular to the sample 

face. Graphite samples, bonded to Lexan (polycarbonate) projectiles, were accelerated to impact 

velocities between 4.1 and 7.2 km/s using a two-stage light-gas gun and impacted onto [100] 

oriented lithium fluoride (LiF) optical windows. The LiF windows had gold mirrors vapor-

deposited on the diffuse impact faces to enable interface velocity measurements using both 

VISAR [29] and PDV [30] diagnostics. The sample and window dimensions were chosen to ensure 

that the sound speed measurements would be obtained during uniaxial strain compression. Further 

experimental details, including material characterization, are reported in the Supplemental 

Material (SM) [31].  

Figure 1(b) shows schematically the shock and release wave propagation for the front-

surface impact experiments, and Fig. 1(c) shows the corresponding particle velocity profile at the 

sample/LiF interface. Upon impact (𝑡𝑡0), shock waves propagate into the graphite and LiF, resulting 

in a jump in the interface particle velocity. The measured particle velocity, 𝑢𝑢𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, in the LiF [36] 

provides the peak stress in each experiment. Peak longitudinal stresses between 34 and 83 GPa 

were obtained in the present work, resulting in the formation of hexagonal diamond and cubic 

diamond [22,23] from the shock compression of HOPG and PG, respectively.  
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Determination of the stresses, densities, longitudinal sound speeds, and corresponding 

longitudinal moduli in the shocked state – from the measured particle velocity histories (Fig. 2) – 

is based on well-established analytical procedures [25–28] and the same are presented in the 

SM [31]. Before describing the experimental results, a brief overview of the overall approach – 

utilizing Fig. 1 – is summarized. At 𝑡𝑡0, a shock wave with velocity, 𝑈𝑈𝑠𝑠, propagates into the graphite 

sample and produces the high stress state that transforms the graphite into diamond; in all our 

experiments the shock wave amplitudes were well above the transformation stresses for HOPG 

and PG [22,23,35]. Subsequently, the propagating shock reflects from the sample/Lexan interface 

as a longitudinal release wave which unloads the peak stress in the shock compressed state. The 

leading edge of the longitudinal release propagates back at the isentropic Lagrangian sound speed 

in the peak state [24-27], 𝑐𝑐𝐿𝐿,𝐿𝐿  – corresponding to the sound speed in the diamond phase. The 

release wave arrival at the diamond/LiF interface (𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟), the ambient sample thickness (ℎ0), and 

the shock velocity provide the longitudinal sound speed in the shocked state (diamond):  

 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑡𝑡0 = ℎ0
𝑈𝑈𝑆𝑆

+ ℎ0
𝑐𝑐𝐿𝐿,𝐿𝐿

 (1) 

In only one experiment (34 GPa peak stress), two waves propagated into the graphite because the 

first wave corresponding to the phase transformation onset was not overdriven [35]. A slightly 

modified analysis method, described in the SM [31], was used for this experiment.  

We note that the determination of cL,L  is quite sensitive to small changes in trel . For 

example, for a 1 mm sample, with US = 8.5 km/s and trel = 150 ns (values comparable to our 

experiments), a 1 ns difference in trel results in a 3% difference in cL,L. For this reason, great care 

was taken to ensure the accuracy of trel. As described in detail in the SM [31] (see Fig. S3(b)), trel 

was determined from the intersection of lines fit to the peak state particle velocity before release 

and to the initial portion of the release. Although a range of fitting assumptions gave very 
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consistent results (less than 0.4 ns differences), each trel determination was also cross-validated 

using the two independent velocity measurements (VISAR and PDV) for each experiment, which 

gave very consistent results. 

Particle velocity profiles measured at the sample/LiF interface for all eight experiments are 

shown in Fig. 2; to facilitate comparisons between the profiles, time after impact was normalized 

by the ambient sample thickness. Overall, the measured profiles – apart from the fluctuations 

discussed below – are very similar to the idealized profile shown in Fig. 1(c). Despite the observed 

fluctuations, the release wave arrivals were very distinct and permitted precise determination 

(within ~1 ns) of the release time (𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟) in our experiments. The following general pattern was 

observed in all eight experiments: the peak state durations were shorter for experiments having 

higher peak stresses (corresponding to higher interface velocities in Fig. 2). This result is expected 

due to a combination of faster shock velocities and faster longitudinal release arrival at higher 

stresses.  

Given the heterogenous nature of the starting graphite samples – for both HOPG types and 

PG – some level of fluctuations was expected in the impact surface measurements. In addition, 

because the samples are commercially processed, with variability in material parameters likely 

between samples, some scatter in the velocity histories and results between experiments is not 

unreasonable. The measured profiles in Fig. 2 show that the fluctuations in the transformed 

material are more pronounced for the PG than for the HOPG. Although we cannot be certain [32], 

these differences likely reflect the heterogenous nature (and orientational order) of the cubic 

diamond and hexagonal diamond formed under shock compression. As noted in the SM (Fig. S1), 

the mosaic spreads for the PG samples were more than an order of magnitude higher than the 

HOPG samples.  



7 
 

To aid the analysis and discussion of the sound speed measurements, we briefly summarize 

our earlier findings [22,23,35] relevant to the present work. Both HOPG types transform to 

hexagonal diamond above 22 GPa and the PG transforms to cubic diamond above 46 GPa; the 

transformation to the diamond phases are completed in a few nanoseconds. Within experimental 

uncertainties, the longitudinal stress – density Hugoniots of both hexagonal diamond and cubic 

diamond – formed under shock compression – are nearly identical and are in good agreement with 

the elastic Hugoniot data obtained from the shock compression of bulk cubic diamond single 

crystals [38]. Although in-situ x-ray diffraction data showed that both shock-formed diamond 

types consisted of polycrystalline aggregates, the cubic diamond consisted of nearly randomly 

oriented nanograins (≳ 5 nm) and the hexagonal diamond consisted of larger grains with significant 

texture (hexagonal diamond [101�0] along shock loading direction). 

The longitudinal Lagrangian sound speeds, obtained using Eq. (1) for all experiments, are 

listed in the SM (Table S2); other relevant continuum quantities corresponding to the shocked state 

are also listed in that Table. As noted above, small variations between experiments contribute to 

some scatter in the results, as determined from Eq. (1). After accounting for the sample thickness 

change due to compression, Eulerian sound speeds were obtained from the Lagrangian sound 

speeds and the same are plotted versus the peak longitudinal stress in Fig. 3. In addition, sound 

speeds for the graphite phase [27] (below transformation) and results from an earlier study [39] on 

shock compressed PG are also shown. The average of the hexagonal diamond sound speeds (~20 

km/s) is significantly larger than the cubic diamond average (~18 km/s), even leaving aside the 

lowest value from Exp. 5. Determination of the error bars in our results are described in the SM. 

No explanation of the error bar determination for in the results from Ref. [39] was provided in that 

paper and the error bars for Ref. [27] are on the scale of the symbols. 
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For comparison purposes, we show several reference results in Fig. 3, corresponding to 

ambient cubic diamond and hexagonal diamond sound speeds. The first is the longitudinal sound 

speed along the [100] direction for single crystal cubic diamond. Because cubic diamond is not an 

isotropic solid and because the shock-formed diamonds in our work are polycrystalline solids, we 

also show the orientationally averaged ambient longitudinal sound speeds using Voigt and Reuss 

averages [40]; the two averages are very close (18.17 km/s and 18.03 km/s, respectively). Due to 

the incompressibility of cubic diamond, the sound speeds should not vary much over the stress 

range shown. In addition to the cubic diamond reference results, we also show the ambient 

hexagonal diamond longitudinal sound speed expected from an average [22] of theoretically 

calculated second order elastic constants along hexagonal diamond [101�0] , the crystallite 

orientation observed in the XRD experiments [22,23]. The calculated ambient hexagonal diamond 

sound speed (18.7 km/s) is larger than all cubic diamond elastic sound speeds and is consistent 

with the pattern observed from the experimental results in Fig. 3 – the longitudinal sound speeds 

in hexagonal diamond are measurably larger than the cubic diamond sound speeds shown. 

Using the density (𝜌𝜌1 ) and the Eulerian sound speed (𝑐𝑐𝐿𝐿,𝐸𝐸 ) in the shocked state, the 

longitudinal moduli in the shock-formed hexagonal diamond and cubic diamond are given by 

 𝐿𝐿 = 𝜌𝜌1 𝑐𝑐𝐿𝐿,𝐸𝐸
2 . (2) 

In Fig. 4, we have plotted the longitudinal elastic modulus – for both shock-formed hexagonal 

diamond and cubic diamond – as a function of the peak stress. For reference, we show the 

longitudinal modulus values for the graphite phase (at stresses below the transformation stress) 

and bulk cubic diamond. Using the second and third order elastic constants for cubic diamond [41], 

we show the longitudinal elastic modulus for shock wave compression along the [100] direction. 

Since Voigt and Reuss averages have been reliably established only for second order elastic 
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constants [40], the polycrystalline averages shown in Fig. 4 were obtained using ambient sound 

speeds (shown in Fig. 3) and the densities in the shocked state; hence, the increase in the 

longitudinal modulus values with the longitudinal stress. 

Figure 4 highlights notable findings from the present work. These results show that the 

longitudinal moduli for shock-formed hexagonal diamond (from HOPG) are significantly larger 

than the corresponding moduli (1120 – 1350 GPa, even discounting the 840 GPa value) for shock-

formed cubic diamond (from PG) and the moduli for bulk single crystals and polycrystalline cubic 

diamond.  The blue line – shown as a visual guide – emphasizes the trend in hexagonal diamond 

moduli relative to the cubic diamond moduli. Because the shock-formed hexagonal diamond has 

a strong preferred orientation with the hexagonal diamond [101�0]  axis along the loading 

direction [22,23], comparing the present results to the effective moduli along the hexagonal 

diamond [101�0] is useful. This value (1230 GPa), reported in Ref. [22] and shown as an intercept 

of the blue line, corresponds to the average theoretical modulus along hexagonal diamond [101�0]. 

Although previous theoretical work [10] has suggested that hexagonal diamond is stiffer than cubic 

diamond, the present work provides the first experimental demonstration of the stiffer response of 

hexagonal diamond.  A comparison of the graphite and hexagonal diamond longitudinal moduli in 

Fig. 4 shows a dramatic change across the phase transition – nearly a 7-fold increase between the 

modulus at 18 GPa (graphite phase, prior to the transformation) and 34 GPa (diamond phase, after 

the transformation).  We also note that the experimentally measured longitudinal moduli for shock-

formed cubic diamond (from PG) are generally consistent with the well-established longitudinal 

moduli for single crystal and polycrystalline cubic diamond.  

 Although the present experiments only provide a direct experimental determination of the 

hexagonal diamond longitudinal modulus, the hexagonal diamond shear modulus can be estimated 
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using the following approximate approach. We first recall the definition of the longitudinal 

modulus (𝐿𝐿) in terms of the bulk (𝐾𝐾) and shear (𝐺𝐺) moduli: 

 𝐿𝐿 = 𝐾𝐾 + 4
3
𝐺𝐺. (3) 

Because both cubic and hexagonal diamond are carbon allotropes, have similar bonding, and have 

comparable densities, their bulk moduli are expected to be similar. Indeed, both 

computational [11–13] and experimental [15] studies have established the similarity of hexagonal 

diamond and cubic diamond bulk moduli. The ambient hexagonal diamond bulk modulus (425 

GPa) – experimentally determined through in-situ XRD measurements of the unit cell [15] – is 

somewhat comparable to the cubic diamond value of 445 GPa [14].  Next, we use the bulk modulus 

values of cubic diamond single crystals at 60 and 80 GPa longitudinal stresses — determined from 

averaging nonlinear elastic constants [41] for [100], [110], and [111] orientations — as a substitute 

for the shock-formed hexagonal diamond bulk modulus values at these stresses since the same 

have not been determined experimentally. Using these substitute bulk moduli, the hexagonal 

diamond longitudinal moduli measured in the present work (blue line in Fig. 4) and Eq. (3), we 

obtained the following results. The shock-formed hexagonal diamond shear moduli are at least 8 

to 13 percent higher than the corresponding shear moduli for bulk cubic diamond crystals at 60 

and 80 GPa, respectively.  These differences represent lower bounds because the shock-formed 

hexagonal diamonds are at higher temperatures and the substitute bulk moduli used are likely 

larger than the actual hexagonal diamond values (based on a comparison of the ambient bulk 

modulus values listed above). 

Due to the approximations noted in the paragraph above – resulting from the lack of bulk 

modulus measurements for both shock-formed hexagonal diamond and cubic diamond – it is 

difficult to assign meaningful error bars to the shear modulus values for shock-formed hexagonal 
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diamond. Hence, the 8 to 13 percent difference between the inferred shear modulus values for 

shock-formed hexagonal diamond and bulk single crystal cubic diamond should be viewed in a 

qualitative manner. 

Using front-surface impact experiments on highly oriented pyrolytic graphite (HOPG) and 

as-deposited pyrolytic graphite (PG), at stresses above their respective phase transformation 

stresses, the longitudinal moduli of shock-formed hexagonal diamond and cubic diamond were 

experimentally measured – thus, addressing a long-standing scientific need.  Our results show that 

the longitudinal modulus of shock-formed hexagonal diamond is significantly larger than that of 

shock-formed cubic diamond and even single crystal cubic diamond. By treating the hexagonal 

diamond bulk modulus variations with compression to be similar to that of averaged cubic 

diamond single crystal variations with compression and using the longitudinal moduli of 

hexagonal diamond measured in this work, we infer the shear modulus of hexagonal diamond to 

be at least 8 – 13 percent larger than the corresponding cubic diamond shear moduli. This 

difference – admittedly, a qualitative measure because of the lack of bulk modulus measurements 

– can be put in perspective by noting the following comment from Ref. [14]: “In contrast to the 

bulk modulus, reports on the shear moduli above the diamond value are almost absent in both 

experimental and theoretical works.” 

Because the strength and hardness of a defect-free crystalline solid are determined by its 

shear modulus [14,17], our results provide the first experimental evidence that perfect hexagonal 

diamond crystals are stronger and harder than perfect cubic diamond crystals.  Of course, the 

strength of a real crystal will depend on both the shear modulus and the density of defects in the 

crystal [17].  Nevertheless, the present work will provide an impetus to explore the production of 

hexagonal diamonds – an ultrahard material for use in numerous technological applications.  
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Figures 

 

FIG. 1. Front-surface impact experimental approach. (a) Experimental configuration. (b) An ℎ − 𝑡𝑡 

plot showing wave propagation. Solid lines indicate shock waves and dashed lines indicate release 

waves. (c) Idealized center probe particle velocity history obtained at the graphite/LiF interface. 
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FIG. 2. Particle velocity histories obtained at the graphite/LiF interface for HOPG (a) and PG (b). 

Experiments 1–4 are on ZYB-grade HOPG and experiment 8 is on ZYH-grade HOPG. The particle 

velocity history for Exp. 6 utilized PDV measurements due to VISAR contrast loss. All other 

profiles were obtained from VISAR measurements. 
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FIG. 3. Eulerian sound speeds. Sound speeds determined for each experiment are shown as solid 

symbols and previous sound speeds reported for shock compressed HOPG [27] and PG [39] are 

shown as open symbols. For comparison with the experimental results, the dashed line shows 

ambient cubic diamond (CD) sound speed along the [100] orientation and the solid black lines 

show the ambient sound speeds corresponding to the Voigt (upper bound) and Reuss (lower bound) 

averaged CD elastic moduli. The ambient hexagonal diamond (HD) sound speed calculated from 

an average [22] of theoretical elastic constants along the orientation observed in XRD experiments 

([101�0]) is shown as a blue line.  
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FIG. 4. Longitudinal moduli. Experimentally determined diamond moduli are shown as solid 

symbols and moduli reported for HOPG below the transition [27] are shown as open symbols. For 

comparison with the present experimental results, the dashed line shows cubic diamond (CD) [100] 

moduli calculated from second and third order elastic constants. Solid lines show the moduli 

corresponding to the Voigt (upper) and Reuss (lower) averaged CD elastic moduli scaled with 

increasing stress (and hence density) assuming a linear elastic response. The blue line is a linear 

fit for visual reference, with the intercept fixed at the ambient hexagonal diamond (HD) modulus 

along  [101�0], calculated from an average [22] of theoretical elastic constants. 
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