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Fig. 1. (a) Schematic of the ideal double-wave velocity profile for elastic-plastic response and (b) experimental velocity profiles of iron!!7..
In the ideal profile (a), the free surface velocity successively exhibits the steep wavefronts and plateau features of the elastic wave
(orange) and plastic wave (blue). The HEL can be determined by the particle velocity ug and the longitudinal sound velocity Ci .
Specifically, Cy is defined as the ratio of the target thickness d to the transit time of the elastic precursor t, . ug is approxim-
ately half the free surface velocity wug at the elastic plateau. However, in the experimental profiles for iron (b), both the plateaus
and rising fronts exhibit significant smearing due to complex dynamic responses. In such cases, the free surface velocity is typically
sampled at the onset of the plateau. The smearing of the elastic precursor’s rising front leads to considerable uncertainty in determ-

ining its arrival time, which directly translates into uncertainty in the determined longitudinal sound velocity.
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Fig. 2. Computational flowchart of the hybrid experimental-theoretical framework for HEL determination. (Left Panel) Experiment-

al data processing module: Extraction of the elastic precursor particle velocity from velocity profiles to serve as the boundary condi-

tion for the self-consistent interpretation equation. (Right Panel) Theoretical simulation module: Construction of the longitudinal

sound velocity dataset within the finite temperature-pressure domain. (Middle Panel) Self-consistent interpretation iterative solu-

tion process: Integration of the aforementioned experimental boundary conditions and theoretical sound velocity data to determine

the axial stress at the critical yield condition (i.e., HEL) via stress-sound velocity self-consistent interpretation iteration.
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Fig. 3. Comparison of the calculated equation of state (EOS) for diamond with experimental measurements: (a) Volume versus tem-

perature at zero pressure (isobaric expansion), where the scatter points correspond to experimental data from Ref. [46] (red, Reeber)
and Ref. [47] (blue, Thewlis). (b) Volume versus pressure at 900 K (red) and ambient temperature 298 K (blue) (isothermal com-
pression). The solid lines represent the simulation results from this study based on the QHA+MFP method, while the scatter points

are X-ray diffraction measurements by Ref. [48] using resistive-heating diamond anvil cell (DAC) techniques.
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Fig. 4. Comparison of theoretical calculations and experimental measurements of the thermoelastic properties of diamond: (a) Tem-
perature dependence of elastic constants Cj; (blue) and Cjy (red) at zero pressure (upper panel) and the corresponding relative devi-
ation analysis (lower panel). The scatter points represent Brillouin scattering data from Ref. [49]. (b) Pressure dependence of elastic
moduli (upper panel) and longitudinal sound velocity (lower panel) at room temperature. In the upper panel, the solid and dashed
lines represent the bulk modulus derived from elastic constants and from the second derivative of the EOS, respectively. Experi-

mental data are taken from Ref. [50] (Hu).

25 240

(@) L ®)
200 *
23 [
8 i .
~ ‘ 2
T p Y 160 [
g 2 2 T
o # 120
H =
5 = f
% [100] [110] [111] £4h W 80 F ?
i, A — — — §
SR, M imin @ © O 4 -
17 F N %, Le e ©o o
J@ﬂl*ﬂ%&ﬂﬁ Mashimo A A 40 “f
SHErhiSER, Winey © y
B R 9%, Konda P L &
BOGIh TS, McWilliams ® 4 % K
15 T T T T T 0 F T T T T T
0 0.5 1.0 1.5 2.0 2.5 3.0 0 40 80 120 160 200 240
BT/ (kmes—1) AR EFTHEL/GPa

K5 &WlA rhili i 5 HEL B3B8 B0 & S0 300 (a) P75 Bk 3 B2 A9 AE LR MR AL D0 3R, SRR R AR 55 £ %) 2
(BB fB) KPR [100])(H 5) L [110] (SR 60) . [111)(Z068) &l i B TH R 25 1, S B 430 5| | McSkimin A1 Andreatch®? (14 #E ## 25
I & | Lang %¢ 22 Winey 4¢ (4| Kondo Fll Ahrens5 & Mashimo %5 55 (15040 b 7 52 56, DL K McWilliams 25 23 18 30 wh o 5256

(b) BT ARG T EE TG HEL 5 9055 5 46 A7 35 HEL f9X 1L, BIHIAF5 K g 6 S5 (a) PRI —3

Fig. 5. Theoretical prediction and experimental validation of shock wave velocity and HEL for diamond: (a) The non-linear evolu-
tion of longitudinal sound velocity with particle velocity. Solid lines represent theoretical calculations from this study for polycrys-
talline (black) and single-crystal [100] (blue), [110] (green), and [111] (red) orientations. Scatter points are derived from experiment-
al measurements, including quasi-static measurements by McSkimin and Andreatch®?, gas gun shock experiments by Lang et al.?2
Winey et al.?, Kondo and Ahrensi and Mashimo et al.”l| and laser shock experiments by McWilliams et al.??. (b) Comparison
between HELs re-evaluated by the proposed hybrid method and those originally interpreted from experiments. Symbols and colors

are consistent with panel (a).
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Table 1. Summary of diamond impact experiment data.
3 s e T RS o 2642 P/ jc pIIE: P mlns RFEE, AR/
Wk R HY (km-s) (km-s™) kR HA (km-s) (km-s 1)
S 1983 Z i 0.9+0.34 20.14+0.8 I 2025 (100)  0.703+£0.011  18.1+0.3
153 I 1983 Z i 0.899+0.063  19.6140.23 I 2025 (100)  0.75540.012  18.240.3
S 2018 (100)  0.849+0.011  18.2440.15 I 2025 (100)  0.552+£0.009  18.140.3
U 2018 (100) 0.8294+0.011  18.19+0.14 I 2025 (100)  0.606-:0.009 18+0.3
S 2018 (100)  0.9414£0.011  18.46+0.11 I 2025 (100)  0.833+£0.013  18.24+0.3
I 2018 (100) 0.9174+0.011  18.2940.11 I 2025 (100)  0.554-:0.009 1840.3
S 2018 (100)  0.84740.011  18.4140.19 I 2025 (100)  0.562+£0.009  18.1+0.3
122 M 2018 (100)  0.9394+0.012  18.494+0.17  [55] SJH 2025 (100)  0.647+0.01 18+0.3
S 2018 (100)  0.91740.012  18.2840.17 I 2025 (100)  0.5764-0.009 18+0.3
I 2018 (110)  0.867+0.011  20.4+0.19 I 2025 (100)  0.572-0.009 18+0.3
My 2018 (110) 1.12840.011  20.54+0.11 I 2025 (100)  0.304+0.005  17.8+0.3
I 2018 (111) 0951 £ 0.011  20.6740.17 S 2025 (100)  0.32840.005  17.840.3
S 2020 (100) 1.25858 18.4+0.2 S 2025 (100)  0.366+0.006  17.9+0.3
M 2020 (100) 0.84563 18.140.4 S 2025 (111)  0.81940.012 2040.3
M 2020 (110) 1.28161 20.6+0.2 I 2025 (111)  0.44+0.007 19.340.3
I 2020 (110) 1.78142 21.440.4 BOt 2010 Zih 2.6+£0.44 21.9+1
M 2020 (110) 1.93615 21.64+0.5 WOt 2010 (100) 1.33+0.13 19.29+0.8
I 2020 (110) 2.0785 21.940.3 BOt 2010 (100) 1.440.05 19.65+0.68
M 2020 (110) 2.5806 22.64+0.5 WOt 2010 (110) 2.584-0.32 21.54+1.6
[54] B 2020 (110) 1.48373 20.9+0.4 Bot 2010 (110) 2.75+0.14 21.6+1.7
I 2020 (110) 2.37292 22.3+0.3 [23] #ot 2010 (110)  1.107+0.071  20.72+0.68
I 2020 (111) 0.97336 20.2+0.2 BOt 2010 (110) 2.4440.24 21.5+1.4
M 2020 (111) 1.39708 20.8+0.4 WOt 2010 (111) 0.88+0.11 20.7440.3
I 2020 (111) 0.91596 20.140.2 BOt 2010 (111)  0.82840.043  20.75+0.36
M 2020 (111) 2.31926 22.140.5 WOt 2010 (111)  0.932+£0.093  20.81+£0.4
I 2020 (111) 0.95815 20.140.4 ot 2010 (111) 1.8340.11  22.43+0.62
S 2020 (111) 1.27341 20.640.2

{E: 1) Lang 5P B 25 SCR B R PR, DUHIGRE 0 A = 1 IR B Sl FRAR S
2) McWilliams = P SOt N4k 9250 (00U ESR: 5 B 27 BBCR AR I ISC S, TR ST A 4 17 1 WA Sl A5 R R b o T 28y AN — K.
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Abstract

The Hugoniot elastic limit (HEL) serves as the critical stress threshold demarcating the transition from
purely elastic to elastoplastic response under dynamic loading. Accurate determination of the HEL is essential
for understanding dynamic mechanical behavior. Traditionally, the HEL is derived from the “double-wave”
structure of free-surface velocity profiles. However, wavefront dispersion of the elastic precursor and non-steady-
state effects in short-pulse laser-driven experiments introduce systematic deviations in longitudinal sound
velocity measurements, thereby limiting precise HEL determination. To address these challenges, a self-
consistent interpretation method integrating macroscopic conservation laws with microscopic thermoelastic
simulations is established.

Based on momentum conservation, this work establishes a self-consistent equation that relates axial stress
to longitudinal sound velocity and particle velocity. This equation corresponds to the process in which high-
stress perturbations catch up with low-stress wavefronts. Using the experimentally measured elastic-precursor
particle velocity as the constraint, the HEL and the corresponding longitudinal sound velocity can be
determined self-consistently by iteratively solving this equation, without relying on ambiguous wavefront
arrival-time measurements. To support this procedure, a continuous sound velocity-pressure constitutive
relationship is derived from a high-pressure thermoelastic dataset spanning 0-1000 GPa, constructed using
density functional theory combined with the mean-field potential (MFP) method and the quasi-static
approximation (QSA).

The validity of this approach is verified using diamond as a benchmark material. The predicted elastic
moduli agree with static compression data within 0.4% relative deviation up to 15 GPa. For gas-gun
experiments with peak stresses reaching 1 TPa, the reinterpreted HEL values show less than 2% relative
deviation from standard experimental benchmarks. These results quantitatively characterize the crystalline
anisotropy, where the longitudinal sound velocity follows the sequence [111] > [110] > [100]. For laser-driven
experiments where non-steady-state attenuation previously caused systematic underestimation, the HEL values
are corrected upward by 8%-13%, reconciling discrepancies between different loading platforms.

This hybrid approach enables the retrospective correction of non-ideal experimental effects through solely
through data reanalysis, thereby providing high-precision dynamic constitutive parameters under extreme
conditions without requiring specialized experimental configurations. The datasets presented in this paper are
openly available at https://doi.org/10.57760 /sciencedb.j00213.00274.
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