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Physics package layout
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Figure S1. Sketches of the target physics package; (a) view from the side, and (b) plan view from the target chamber

center.
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Figure S2. (a) A VisRad’ image of the target, backlighter, and laser configuration. (b) Delivered laser powers of drive
(solid) and backlighter (dashed) beams. Peak centers of backlighter beams are 55 ns for the N220519-001 shot (black)
and 45 ns for the N220622-001 shot (red).



Velocity analysis

Reflections from the stationary free surfaces of the LiF and Quartz windows produce ghost
fringes whose intensity is constant during the travel of the shock wave through the windows. After
the ghost fringes are subtracted from the images®* (Fig. S3a and b), standard phase unwrapping is
performed to obtain apparent velocity (u,) which is corrected to true velocity (u;).

In the [001] Fe-LiF region, a shock wave breaks out of Fe at 23.1 ns and its intensity drops
suddenly at 26.7 ns. We suspect the existence of an unwanted air gap (15 um thick). The Fe free
surface moves until it contacts the LiF (at 26.7 ns), so the measured apparent velocity is same as
the true velocity; u; = u,/nyqc, Where n,,., is the refractive index of vacuum. The Fe-LiF
interface is traced between 26.7 ns and 50.0 ns until the LiF becomes opaque, (at 50 ns) during
which a relation by Kirsch* is used for a correction; u, = Au? + Cu2 where A = 0.7831, B =
0.9905, C = —1.866 x 107>, and D = 3.681. Then the shock wave exits from the LiF at 63.0 ns.

The unwanted air gap is also suspected between Al and LiF. The Al free surface starts to
move when a shock wave reaches at 22.7 ns, until it contacts the LiF at 26.4 ns, traveling 24 pum.
The AI-LiF interface is traced between 26.4 and 40.5 ns before the LiF becomes opaque, and the
shock wave exists the LiF at 60.3 ns.

A shock wave breaks out of Ta at 19.0 ns and the Ta-Quartz interface moves until 29.3 ns.
In this period, the correction is made with a zero-density refractive index of quartz (ny, =
1.0953); u; = u,/ny°. At 29.3 ns, fringe intensity drops suddenly, because a reverberating shock
wave breaks out of the Ta and is strong enough to make the shock compressed quartz reflective.
In this regime, and until it exits the Quartz at 44.2 ns, the apparent velocity is divided by the
refractive index of quartz (ny,, = 1.542) for the correction; u; = u,/nge,. The uncertainty of the
phase retrieval is determined by the value which is needed to get the error bars of the velocity

traces from the two VISAR channels to overlap, which is found as 3-5% of the VPF.
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Figure S3. VISAR data from shot N220622 for [001] Fe, Al, and Ta (a) before and (b) after ghost fringe removal, and
(c) their velocity traces with comparison to hydrodynamic simulations. Roman numbers in (c) represent different
regions: I: an wave front has not yet reached the back surface of the sample (Fe, Al, and Ta) and the fringe data are
obtained from the stationary back surface; II: the back surface begins to move upon the arrival of the wave front, while
maintaining a similar level of reflectivity and fringe contrast, and during this stage the air gap before the LiF window
closes; I1I: a strong wave breaks out from the sample into the window (LiF and Quartz), reducing the transparency of
LiF and generating a reflective wave front in Quartz; IV: a stronger wave reaches the LiF, rendering the window
opaque, and overtakes the propagating wave front in Quartz, causing the loss of fringes. V: the wave front reaches the
window free surface and breaks out into the vacuum. The blue shaded region corresponds to the simulation velocity
uncertainty derived with £5% laser power, verifying the fidelity of our simulations and providing a quantitative

estimate of simulation-induced uncertainty.



Ripple growth analysis

The obtained X-ray radiography image in the unit of photostimulated luminescence (PSL)
is anaylzed to evaluate a growth factor of each sample® (Fig. S4a). The growth factor is defined,
in this study, as a ratio of the areal density amplitudes between the driven (subscript D) and initial
(subscript 0) ripples; GF = Ap p/Apao, Where p, is the areal density and A means a half of the
peak-to-valley amplitude. The areal density is normalized by the initial density (Z = p,/p, in the
unit of thickness) and then the growth factor equation is re-written as GF = AZ /AZ,.

Given that the initial rippled foil has a constant density across the thickness, AZj is the
same as the thickness amplitude (7y) which is measured with a white light interference
profilometer. For the driven ripple, a PSL profile is extracted from a rectanglular area with a 100
pixel width and fitted with a sinusoidal function combined with a second-order-polynomial term
as abackground, PSL = A; sin(A,Y + A3) + (A4 + AsY + AgY?) where A, is the PSL amplitude
(APSL), 2m /A, is the ripple wavelength in pixels, and Y is the pixel position along the y-axis. Two
independent methods, described below, are used to estimate AZj, from the obtained PSL profile
and determine amplitude of the driven ripple. We note that, before extracting the PSL lineout, the
analyzed area is rotated to align the ripple patterns.

In the first method, the steps with known thicknesses are used to convert the PSL profile
to a thickness profile. The average PSL values of the selected regions in the flat Fe foil and six Fe
steps are fitted as a function of thickness (Z) with an exponential function as shown in Fig. S4b;
PSL = B, + Bexp (—B3Z). Like an X-ray attenuation relation, the fitting coefficients of By, B,
and B; are related to the background, incident X-ray intensity, and linear attenuation coefficient
(u, or the reciprocal of the X-ray mean free path), respectively. The PSL-Z relation is used for
converting the PSL profile of the driven ripple to a thickness profile, which is fitted with the
sinusoidal function combined with a second-order-polynomial term, Z = C; sin(C,Y + C3) +
(C4 + CsY + CgY?) where Cyis the thickness amplitude of the driven ripple (AZp). The PSL and
thickness ripple lineouts are shown in Fig. S4c for both [001] and [111] Fe.

The obtained AZ), is then corrected with a modulation transfer function (MTF) to account
for the backlighter diagnostic spatial resolution. A partially opaque gold (Au) knife edge (KE)
mounted behind a partially transparent aluminum (Al) foil is used to evaluate the MTF at the ripple
wavelength (75 um). In the selected area with a 200 pixel width (Fig. S5a), PSL values are
averaged along the X-axis to extract a PSL lineout along the Y-axis (Fig. S5b). The average PSL
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lineout is fitted with a two-component edge-spread function, PSL = D, [exp (YDDZ) + 1] +
3

Ds

D, [exp (Y;6

(LSF) and processed with a FFT (Fig. S5¢). The magnitude curve of the FFT is normalized to 1

-1
) + 1] + D,. The fitting curve is differentiated to obtain a line spread function

for the largest, zero-frequency value, providing a MTF curve as a function of an inverse pixel
wavelength. A pixel-to-pum conversion factor is then obtained from the undriven reference ripples
by comparing the wavelengths in pixel (2m/A,) from the sinusoidal fitting of their PSL profiles
with the wavelengths in pum (Agef) from the profilometer metrology. The MTF curve as a function

of the wavelength in pum is interpolated to find a MTF value at the our ripple wavelength (75 pm),

AZp/MTFKE

MT Fxg (Fig. S5d). Then the growth factor (GF,) is calculated as follwed, GF; = .
0

In a second method, the reference ripple is used to covert APSLp to AZp, directly. As the
reference ripple is undriven, its initial amplitude (7g o) from the profilometer is the same as the
normalized areal density amplitude (AZR). The PSL amplitude (APSLg) is obtained from the

sinusoidal fitting of its PSL profile. The slope of their linear fitting with a zero intercept (ag =

APSLg /nRr ) (Fig. S6) is used to calculate a growth factor; GF, = APSID/@R These two GF values

Mo

evaluated independently (GF; and GF,) are averaged and compared with simulations.
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Figure S4. (a) X-ray radiography image showing regions in ripple foils, steps, and knife edge which are used for
analysis. (b) PSL vs thickness data of steps are fitted with an exponential function. (c and d) PSL lineouts of three

driven ripples are converted to thickness using the exponential function.
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Figure SS. (a) Zoomed section of the knife edge area in the radiograph and (b) corresponding lineout in PSL units

with fitted curve and shaded error. (c) Line spread function. (d) MTF as a function of distance, highlighting 75 um as

the Fe ripple wavelength.

[0 Data ' e
0.244 Fitting curve
0.204 [111] Fe . @
}0-16"_ [001] Fe y .
2 0.124 1
=
0.084
0.04 APSL; = gy 1hp
ta = 0.0263 + 0.0031
0.00 : . r !
0 1 2 3 < 5 6 7 8 9
Nro [wm]

Figure S6. Conversion from amplitude in PSL to amplitude in microns using the reference ripples. Linear fit is used

to convert the driven ripple amplitudes to thickness unit (indicated by dashed lines).



Random Error propagation in GF calculation

At each step of the GF calculation, random error is introduced and propagated. In the first

method, utilizing the KE MTF, the GF is defined as GF; = LZp/MTFKE The errors (6) for each term

No
(AZp, MT Fgg, and ) are 4-7%, 3%, and 2%, respectively. The quadrature sum of these errors

results in a random error of GF; (6GF;) of 5-8%. In the second method, which uses the undriven

APSLD/CZR
Mo

This leads to a random error of the GF, (5GF,) of 11-12%. The weighted average and error of the

reference ripples (GF, = ), the errors are 3-5% for APSLp, 11% for ag, and 2% for 1.

Tie (xi/87)

S (169 and 0x =

growth factor is then calculated using the following formulas : x =

m. In these equations, x; is the data, §; is the error, n is the number of data. The average
i=1 i
GF error (8GF) ranges from 13 to 20%. Further details on the estimation of each contribution are

provided below.

1. Initial ripple amplitude, n,

The sinusoidal ripple patterns have a range of amplitudes; 1 and 1.5 pm for the driven
ripples (for N220512 or N220622, respectively), and 5 and 8 um for the reference ripples. The
topography of the ripple pattern is captured using a white-light profilometer, with accuracy of 20
nm® (less than 2% of the amplitude). A line profile is extracted from the topography, and fitted
with a sinusoidal function, resulting in a calculated amplitude (1,) along with its associated error
(less than 0.5%). The combined effects of instrumental accuracy and fitting coefficient error

contribute to an initial amplitude error (617y) of 2%.

2. Scanned radiography image level, PSL

The scanned image plate exhibits a noise level which contributes to an error in the PSL
value. An empirical relation for this error (§PSL) is established based on experimental data;
SPSL = 0.0443 - PSL%®>, where § denotes the error®. The PSL value for the driven ripple ranges
between 4.2 and 5.8, resulting in a 2% error in the PSL measurement. According to the established
relationship, the noise-to-signal ratio (6PSL/PSL) increases as the PSL value decreases. The

highest PSL error reaches 3% for the Au KE, whose PSL value is 2.



3. PSL amplitude, APSL

A ripple region of interest is rotated to align the ripple pattern and averaged transversely to
extract an average PSL lineout along the pattern. The weighted average and error for the PSL
lineout is then calculated using the PSL values and §PSL. The PSL lineout is fit with a sinusoidal
function, combined with a 2"-order polynomial function as a background, resulting in a PSL
amplitude (APSL) and its error (6APSL), which ranges from 3% to 7%, depending on the
radiograph quality and ripple amplitude. The SAPSL for the driven ripple area is 5% and 3% (for
N220512 or N220622, respectively) and that for the reference ripple is 7%.

4. Thickness amplitude, AZ
Steps with a thickness (Z) error of 0.5% (from the metrology accuracy) and a PSL error of
2% (from the empirical §PSL relation) are fitted with the exponential equation, PSL = B; +

B,exp (—B3Z). This equation can be re-arranged as a function of PSL, Z(PSL) = %log[(PSL -
—P3

B;)/B;] , for converting a PSL lineout of a ripple pattern to a thickness lineout, Z.

The random error of the thickness lineout is estimated in two different ways by considering
(1) the error of the PSL lineout (6PSL) using a Monte Carlo methodology with 10,000 iterations
and (2) the error of the exponential fitting coefficients (B, B,, and B3). In the former, independent
random sampling of the PSL value is carried out from a Gaussian distribution, G (PSL, §PSL) with
a mean and standard devation of PSL and SPSL, which are converted to a thickness value,
Zps,(G(PSL,8PSL)). The distribution of the random thicknesses is statistically analyzed to
calculate a standard deviation, 6Zpg; . Additionally, we use a covariance matrix ¥ of the
exponential fitting coefficients, the Cholesky decomposition (£ = L - LT, where L and LT are the
lower triangular matrix with positive diagonal entries and its conjugate transpose), and a random

value from a uniform distribution U(0,1) to generate the correlated random thicknesses (Z;oef; =
Z + U(0,1) - LT) and their standard devation (6Z.,, £)'%. We note that a uniform distribution is

used instead of a Gaussian distribution to minimize computing instability. Their quadrature sum

is used as an error in the thickness profile, 6Z = (5Z 2e + 077 0'5, which was found to be 6%.

coef
Finally, the converted thickness (Z) lineout and its associated error (6Z) is fitted with a sinusoidal

function combined with a 2"-order polynomial function, resulting in a thickness amplitude (AZ)



and its error (6AZ). The thickness error of the driven ripples is 7% for N220512 and 4% for
N220622.

5. Radiography spatial resolution, MTF

Both PSL noise level and spatial variation are considered during the error propagation of
the MTF calculation. Within the KE image, which is rotated to align the Au-Al boundary, each
data point with a value of PSLy has an error of §PSLkg. For each datapoint along a single lineout
with a 1-pixel width, 2,000 independent random samples, G(PSLgg, SPSLkg) are generated
following a Gaussian distribution. This process is repeated for every lineout along the X axis (i.e.,
parallel to the Au-Al boundary). All the generated random values are statistically analyzed at each
Y position to obtain the average and standard deviation of the KE profile (PSLyg, SPSLyg).

We generate 2,000 lineouts through the independent random sampling, G (PSLyg, SPSLyr)
for further analysis, instead of processing the initially-generated random values for minimizing
computing instability. The differentiation and FFT processes to obtain the MTF are applied for
every random lineout, and their average and standard deviation are calculated, resulting in a 3%

error in the MTF value for 75 pm wavelengths.

6. PSL-to-thickness amplitude conversion factor, ag

The initial thickness amplitude (7o) and measured PSL amplitude (APSLg) for the
reference ripples are linearly fitted with their respective errors, providing the conversion factor ag
(agr = APSLg /MR o). The error of the conversion factor (§ag) is estimated through a Monte Carlo
method with a covariance matrix obtained from the fitting, the Cholesky decomposition (£ = L -
L"), and an independent random sampling of G(0,1)'%; ag; = @z + G(0,1) - L". With 10,000
iterations, the standard deviation of the correlated random values of ay ; is estimated to 11% which

corresponds to dag.
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Hydrodynamic modeling material information

Table S1. Materials and models used in simulations. Glue layers are treated as epoxy with negligible properties

Material Density (g/cm®) EOS Strength model

Common area Be 1.858 LEOS 40 SG
12.5% BrCH 2.0 LEOS 5128 -
Epoxy 1.185 LEOS 5030 -

Physics layer Fe 7.874 Multiphase!! SG & PTW

LiF 2.64 LEOS 2240 SG

Witness layers Al 2.7 LEOS 130 SG

LiF 2.64 LEOS 2240 SG

Ta 16.677 LEOS 730 SG

Quartz 2.65 LEOS 2210 SG

Table S2. Parameters for Steinberg-Guinan (SG)!? and Preston-Tonks-Wallace (PTW)!3 strength models.

SG

PTW

G, (GPa)
Gp (1/GPa)
Gr (1/K)

Y, (GPa)
Yunmax (GPa)
B
€

n

77
0.0226
4.55¢-4

0.34
2.5
43

0
0.35

Voo

X

R ™ =

Tmelt (K)
G, (GPa)

0.015
3.0
0.01
2.5¢-3
6.625¢-3
7.5e-4
0.03
0.25
0.3
le-5
0.25
0.23
2050
87.2
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Growth factor curves with various strength models
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Figure S7. Growth factor curves as predicted from modeling compared to the data. Variations on the (a) PTW and (b)
SG model for shot N220519 and similarly, (c-d) for shot N220622. Note that the simulation for N220622 using

PTWx1 strength stops at 53 ns only due to mesh tangling causing the simulation to crash.
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Compression path
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Figure S8. Different state variables take from the Ares simulation of N220519 considering the PTWx1.5 strength
model. Histograms of pressure, temperature, homologous temperature, strength, and strain as functions of time show
frequency of states across the iron layer in the simulation. The shaded green (28-33 ns) and blue (54-56 ns) areas

depict the peak growth rate (i.e., most deformation) and backlighter timing, respectively.
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Figure S9. Different state variables take from the Ares simulation of N220622 considering the PTWx1.5 strength
model. Histograms of pressure, temperature, homologous temperature, strength, and strain as functions of time show
frequency of states across the iron layer in the simulation. The shaded green (37-38 ns) and blue (44-46 ns) areas

depict the peak growth rate (i.e., most deformation) and backlighter timing, respectively.
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Summary of GF and state variables

Table S3. Summary of growth factors, thermodynamic states (pressure and temperature), and mechanical properties

(strength, strain, strain rate, and viscosity) at t,,.q, (54-56 ns for N220519 and 44-46 ns for N220622) and t;,¢q) (28~

33 ns for N220519 and 37-38 ns for N220622) using PTWx1.5 for e-Fejoo1ja and x1.25 for e-Feji11.. Strength and

strain correspond to von Mises stress and plastic strain, respectively. Viscosity and effective viscosity are calculated

with an analytical form [y? + 2k?(u/p)y — Agk = 0] and the strength and strain rate [.r; = o/ W69,

respectively.
Time N220519 N220622
e-Fejoo1jo e-Fepijo e-Fejoo1ja e-Fepijo
Growth factor Leray 3.88+£0.79 4.75+0.66 4.09 +0.52 533+0.76
Pressure [GPa] 403 + 54 405 + 54 431+ 17 432 £ 22
Temperature [K] 3831+ 317 3719 + 306 5822 +52 5666 + 62
Strength [GPa] tpeak 19.86 £4.71 17.85+3.51 20.04 £2.57 18.56 +£2.79
Strain 0.349 +0.036 0.367 £ 0.041 0.747 £ 0.007 0.808 +£0.011
Strain rate [107 5] 233+£1.86 2.67+1.83 2.16 £0.82 331+£1.00
Pressure [GPa] 321+6 320+ 6 314+ 6 31345
Temperature [K] 4496 + 18 4332+ 17 5431 +£27 5288 £22
Strength [GPa] teray 11.12+1.48 9.43 £1.27 11.44+1.29 9.14+1.46
Strain 0.643 £ 0.004 0.688 £ 0.004 0.818 = 0.004 0.886 + 0.004
Strain rate [107 5] 0.51+0.21 0.54+£0.22 0.79£0.31 0.75+£0.43
Viscosity [Pa-s] - 170 £ 40 140 £ 20 130 £ 20 100 £ 20
Effective viscosity tpeak 350 270 380 230
[Pa-s] teray 890 710 590 500

15
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Figure S10. Strength as a function of (a) pressure and (b) temperature. Two prior laser-driven dynamic studies have
reported strengths 2-5 times higher, excluded here and in Fig. 4. One multi-shock Extended X-ray Absorption Fine
Structure (EXAFS) study'* measured temperatures significantly exceeding predictions, possibly due to thermal
transport from an adjacent hotter diamond window' rather than exceptionally high &-Fe strength (up to 45-90 GPa at
200-560 GPa and 3500-8000 K). Another indirect laser-drive RT experiment!® reported 40 GPa at 150 GPa, although
there is higher uncertainty due to smaller ripple growth (GF of 1-2) and possibly reduced spatial resolution compared

to this study.
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NEMD ramp and homogeneous uniaxial-loading simulations

There are several interatomic potentials to represent Fe. For example, the Voter potential
used by Kadau'”!8 is still used in recent studies!®-*, but was shown to significantly underestimate
the BCC to HCP transition pressure and to lack dislocation plasticity in the BCC phase while
producing a large fraction of FCC phase instead of the experimentally observed HCP phase. The
Mendelev potential, widely used for studies of Fe deformation and plasticity at low pressures?!,
provides a BCC-HCP transition pressure only near 60 GPa. In order to improve this situation,
Gunkelmann et al??. presented a modified Ackland EAM potential with the appropriate phase
transition pressure and a reasonable description of dislocation plasticity in the BCC phase. This
potential has been successfully employed to describe shock propagation, phase transition and spall
in Fe under 100 GPa?*. It was acknowledged that the potential might not work at higher pressures,
well beyond its intended applicability region. Another potential available is the EAM developed
by Belonoshko and coworker?* which fit for Fe under inner core conditions® but presents some
problems at lower pressure and temperature?. Finally, there are some recent machine learning
potentials?’-?® that reproduce reasonable elastic properties but have a large computational cost. In
this work we have carried out the simulations of the main text with the EAM potential developed
by Sun et al>*3°, which provides a good physical description over the entire pressure-range of
interest, with a relatively low computational cost.

Several MD simulation results are shown to support the discussion in the main text. The
NEMD simulation results are shown in Figs. S11-S14; snapshots like the ones in Fig. 5 but for
entire sample regions (Figs. S11 and S12), strength, pressure and temperature profiles (Fig. S13),
and a cross-section showing the clear mirror plane of a twin (Fig. S14). We note that only 3
representative times are shown for T profiles. For shock or other non-equilibrium simulations, the
temperature of certain region has to be evaluated excluding the mean velocity of that region, along
each direction. For shocks, the mean velocity is zero for the directions perpendicular to the shock,
but the correction is very large along the shock direction, with regions moving roughly at the piston
velocity, as detailed by Righi et al*!. The homogeneous uniaxial-loading results are shown in Figs.
S15-S17; strength and pressure profiles with grain size change (Fig. S15), sample snapshots (Fig.
S16), and a cross-section (Fig. S17). [111] grains are clearly smaller and have lower strength at
the relevant times, during the hold stage of the loading. The overall microstructure is the same as

for NEMD loading. Both MD simulation results are summarized in Table S4.
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The role of GB plasticity under shocks is complex. Initial studies in FCC metals showed
GB hardening*®. In the Hall-Petch regime dislocation plasticity dominates, and strength increases
as grain size decreases. On the other hand, when GB plasticity dominates, in the inverse Hall-Petch
regime, strength increases with grain size*?, and this would be the regime for both Fe samples.
Some details on GB plasticity in our homogeneous uniaxial-loading simulation are shown in Fig.
S18. For the PTM analyzer in Fig. S18(a), GB atoms include both BCC (blue) and “Other (gray)”
structure types. Most of the BCC atoms disappear if using a more stringent phase identification
criteria, by reducing the RMSD parameter. In Fig. S18(b), the largest displacements are associated
with GBs in the top and bottom regions of the selected view, with some large displacements inside
the middle grain, due to formation of twins and stacking faults. Fig. S18(c) shows a quantitative
measurement of GB activity, the cumulative GB shear strain, that has been used as proxy for GB
plasticity®*. This cumulative shear provides clear evidence of larger GB contributions to
deformation of [111] samples.

We have carried out additional homogeneous uniaxial-loading simulations using linear
strain and temperature ramp at 107 /s, to check on a possible increase of dislocation activity at
lower strain-rates, similar to the experimental values. We find similar microstructures, but larger
dislocation densities, supporting the use of models like PTW, which are based on dislocation
plasticity. However, we emphasize that dislocation detection with DXA within OVITO® is
challenging for core conditions which involve high stress and temperature with large nanoscale

gradients.
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Figure S11. Snapshot of Fe samples with [001] orientation at 170 ps from the NEMD ramp-compression simulations,
with zoomed-in snapshots of (top insets) microstructure and (bottom insets) grain identification. Atoms are colored
by their structures: blue for BCC, red for HCP, green for FCC, and gray for others. Note that the lateral sizes of the

samples and insets are 20 nm.
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Figure S12. Snapshot of Fe samples with [111] orientation at 175 ps from the NEMD ramp-compression simulations,
with zoomed-in snapshots of (top insets) microstructure and (bottom insets) grain identification. Atoms are colored
by their structures: blue for BCC, red for HCP, green for FCC, and gray for others. Note that the lateral sizes of the

samples and insets are 20 nm.
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Figure S13. Profiles of strength (von Mises stress), pressure, and temperature from the NEMD ramp-compression
simulations; (a-c) for the [001] sample at 100-210 ps, and (d, e, f) for the [111] sample at 100-215 ps. Position denotes
the distance from the piston along the compression axis. Green shading (150-200 nm) marks the regions over which
data are averaged to obtain representative values. The times differ slightly between orientations due to the differences
in their elastic wave velocities. The compression wave reaches the free surface at <170-175 ps, generating a returning
rarefaction wave that produces a gradual decrease in strength, pressure, and temperature toward the free surface during
the later stage (170-215 ps). The piston, located at 0 nm, is maintained at 0 K, acting as a heat sink and causing a
temperature decrease within the 0-150 nm region adjacent to it. Only 3 representative times are shown for temperature
profiles. During ramping up to 330 GPa, strength remains 18-20 GPa for e-Fejoo11a 8-9 GPa for e-Fejoo1j« but eventually
decreases to 15 GPa and 6 GPa, when plasticity has fully evolved and reached a steady state.
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Figure S14. Cross-section of the [001] Fe sample at 170 ps from the NEMD ramp-compression simulation, ~200 nm

ahead of the piston, showing stacking faults (SF, green atomic planes) and twin boundary (TB, black line). Atoms are

colored by their structures: blue for BCC, red for HCP, green for FCC, and gray for others. Yellow lines indicate a

90° degree angle.

Figure S15. (a) Strength (von Mises stress) and pressure and (b) mean grain size as a function of time from the

homogeneous uniaxial-loading simulations of Fe samples with [001] and [111] orientations.
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Figure S16. Snapshot of Fe samples with (a, b) [001] and (c, d) [111] orientations at the end of the homogeneous
uniaxial-loading simulations (40% strain and 105 ps). Atoms are colored by (a, c) their grain identifiers with grains
ranked by size (grain 1 being the largest), and (b and d) their structures according to PTM: blue for BCC, red for
HCP, green for FCC, and gray for others.

Figure S17. Cross-section of the [001] Fe sample at 105 ps from the homogeneous uniaxial-loading simulation,
showing stacking faults (SF, green atomic planes) and twin boundary (TB, black line). Atoms are colored by their

structures: blue for BCC, red for HCP, green for FCC, and gray for others. Yellow lines indicate a 90° angle.
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Figure S18. Cross-section of the [111] Fe sample at 105 ps from the uniaxial-loading simulation. Atoms are colored
by (a) their structures according to PTM (blue for BCC, red for HCP, green for FCC, and gray for others) and (b) their
displacement magnitude (x0.1 nm). Deformation is concentrated at gain boundaries (gray) rather than within grain
interiors (blue, red, or green). (c) Cumulative shear strain for grain-boundary (GB) atoms as function of time. The
higher GB strain in the [111] sample can be explained by enhanced GB sliding associated with a larger number of

smaller grains.

Table S4. Summary of the MD simulation results. The NEMD shock results are spatially-averaged over a region of
150-200 nm ahead of the piston at 200-205 ps, while the homogeneous uniaxial-loading results are averaged
temporally over the last 10 ps (95-105 ps) across the simulation cell. The strength (von Mises stress) values from the
uniaxial-loading simulations are systematically lower than both experimental and NEMD results, possibly attributable
to the absence of stress gradients or wave fronts in the controlled loading geometry. Temperatures indicate the
temperature at the time of the strength measurement, in the region indicated. Higher temperatures for homogeneous

loading would contribute to the observed lower strength.

NEMD shock (150-200 nm) Homogeneous uniaxial-loading
e-Fejoo1jo e-Fepijo e-Fejoo1ja e-Fepijo
Time [ps] 210 215 95-105
Pressure [GPa] 3311 330+ 1 307.8+0.2
Temperature [K] 4305 + 65 3897 +33 5000
Strength [GPa] 15.12 £ 0.95 6.25+0.49 597+0.16 2.57+0.11

24



Viscosity of Fe

The viscosity of Fe reported in the literature spans a wide range from 10#-10"2 Pa-s for
liquid Fe to 10!4-10'8 Pa-s for e-Fe under inner core conditions. The liquid Fe viscosities, measured
using falling-sphere method*®>% and supported by ab initio molecular dynamics (MD)
simulations’’, establish a lower bound for comparison. Our results (10? Pa-s) therefore correspond
to solid-phase measurements. The highest inner-core estimates (10'6-10'® Pa-s) are derived from
the dislocation creep models based on density functional theory (DFT) calculations. Machine
learning-based MD simulations suggest that high vacancy concentrations can lower these by a
factor of 10% (to 10'#-10'® Pa-s), with further reduction possible via grain boundary sliding*°. These
ranges are consistent with Earth's nutation modeling (2x10'-7x10'* Pa-s)*!, a static compression
extrapolations (10'°-10'8 Pa-s)*?, and a maximum estimate (4x10' Pa-s) using a minimum strain

for texture development (0.5), a maximum inner core age (1100 Ma) and a minimum stress

condition (0.12 Pa)*.
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Figure S19. Analytic RT dispersion curves for (a) N220519 and (b) N220622 with varying viscosity. The symbol

corresponds to the experimental measurements.
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