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Abstract

In 2026, the NASA Discovery mission Psyche will orbit the asteroid (16) Psyche, the largest known
metal-rich asteroid in the main belt. To estimate relative ages of the surface, identify re-surfacing
events and better constrain Psyche’s history, impact craters will be counted and characterized. No
spacecraft has ever visited a metal-rich small body; therefore, laboratory-scale impact experiments
and numerical simulations will play an important role in the interpretation of the mission’s data.
However, the planetary applications of high-velocity impacts have so far mostly been studied for
silicate targets. Limited attention has been drawn to planetary objects predominantly made of
metal, and more laboratory experiments and numerical calibrations are needed. As part of this

effort, we present a suite of numerical simulations using an adaptative smoothed particles
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hydrodynamics numerical code (ASPH) reproducing a high-velocity impact experiment conducted
on a steel target. This work primarily focuses on the influence of the chosen equation of state and
initial distribution of flaws in the material on the estimated crater dimensions, damage and
temperature. We find that changing the EOS and initial flaw distribution affects the crater
dimensions, though for a vast majority of cases the dimensions remain within 20% of the
experimental values. The target is in most cases only locally weakened but not fully damaged,
independently from the EOS chosen. Finally, temperatures at the impact point and around the
forming crater can reach values above the melting point of iron at < 100 GPa, which is in agreement
with experimental observations. These results allow us to speculate on the differences expected
between the surfaces of visited silicate-rich asteroids and that of the metal-rich target of the Psyche

mission.

1. Introduction

In 2026, the NASA Discovery mission Psyche will orbit the ~200-km asteroid (16) Psyche (Elkins-
Tanton et al., 2017). The asteroid bulk density estimate of 3990 + 260 kg m™® (Viikinkoski et al.,
2018) is consistent with that of stony-iron meteorites. The high radar albedo of Psyche (0.37
0.09) also strongly suggests the presence of metal in abundance at its surface (Shepard et al., 2017).
This makes Psyche the largest known metal-rich asteroid in the main belt. The leading hypothesis
to explain the nature of Psyche is that the asteroid is the metallic core of an ancient planetesimal,
whose silicate mantle was stripped away by one or several grazing, hit-and-run impacts (Asphaug
and Reufer, 2014). This idea remains challenged, for example, by the possibility that Psyche

accreted from a metal-rich reservoir in the proto-planetary disk (Weisberg et al., 2010).
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The instruments on board the spacecraft will use different approaches to constrain the
history of the asteroid, with the objective to elucidate Psyche’s nature. One of these approaches is
to count and characterize impact craters. The recent radar-derived shape model of Psyche has
already allowed the identification of two large depressions in the topography of the asteroid,
interpreted as being two craters larger than ~20 km in diameter (Shepard et al., 2017). Although
unresolved by this shape model, it is expected that hundreds of > 100-m craters will be observed
over the course of the mission based on collisional evolution models of the main belt (Marchi et
al., 2019). Craters on small bodies and planets constitute an important source of information to
estimate 1) the age of the asteroid relative to other planetary bodies, 2) the chronology of events
that shaped the asteroid, 3) the environment in which the body evolved and 4) the composition and
strength of its subsurface.

Psyche poses an additional challenge compared to other small and planetary bodies studied
in situ since no spacecraft has ever visited a metallic asteroid. Also, most numerical and small-
scale experimental studies of planetary impacts have been carried out on silicates. Since both the
size and shape of craters are affected by the nature of the asteroid’s surface (Jutzi et al., 2015;
Marchi et al., 2016), calibrations against well-known crater size distributions may not apply
optimally to Psyche. An important effort in understanding cratering processes in metallic material,
through a combination of impact experiments and simulations, is therefore crucial for the
interpretation of the mission’s data.

For decades, industrial and military applications of high-velocity impacts on metals
provided data for the development of several strength models and equations of state (Steinberg et
al., 1980; Johnson and Cook, 1985; Tillotson, 1962; Thompson and Lauson, 1972). Although
limited attention has been drawn to the planetary-scale applications of high-velocity impacts on

such materials, some impact experiments have been carried out on iron meteorites—possible
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analog to Psyche’s surface—or alloyed irons with comparable mechanical properties (Matsui et al.,
1984; Katsura et al., 2011; Ogawa et al., 2017; Ganino et al., 2018; Libourel et al., 2019; Marchi
etal., 2019).

For example, Ganino et al. (2018) and Libourel et al. (2019) carried out a suite of impact
experiments on Cr—Mo alloy steel (SCM 435) and the iron meteorite Gibeon at the Institute of
Space and Astronautical Science (ISAS) in Japan. The objective of the present study is to calibrate
the adaptive smoothed particle hydrodynamics (ASPH) computational package Spheral++ (Owen
et al., 1998) against the high-velocity impact experiments carried out by these authors. Relying on
the well-established Steinberg-Guinan strength model for steel (Steinberg et al., 1980) we are
interested in understanding the effect on crater dimensions of 1) the equation of state (EOS), and
2) the dynamic fracture model (initial distribution of flaws in the material). We compare the
outcomes of 86 simulations obtained with the Tillotson EOS (Tillotson, 1962) and ANEOS
(Thomson and Lauson, 1972) with the same initial conditions using different initial flaw
distributions characterized by a pair of Weibull parameters, with the objective to identify those that
best fit the experimental data. We also compare the damage caused to the target in all cases, and in

selected simulations we analyze the evolution of the target’s temperature.

2. Numerical framework

We use the computational package Spheral++, which employs the adaptative smooth-particle
hydrodynamics method (ASPH; Shapiro et al., 1996; Owen et al., 1998). ASPH replaces the scalar
smoothing scale of SPH (Monaghan, 1992) with a symmetric tensor, such that the resolution around
each point is represented by an arbitrary ellipsoidal volume allowed to follow the local anisotropies

in the particle distribution. This improves the locally Lagrangian approximation of ASPH in that
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each material points volume can follow the Lagrangian deformation of the local fluid element more
faithfully than the simple volume adaptation of SPH. The SPH smoothing scale approximation is
really only appropriate for locally isotropic volume changes. In practice it means that ASPH allows
the local resolution scale to follow while point distributions are stretched or compressed
anisotropically. That way, both numerical stability as well as efficiency can be improved when
resolution is needed in preferential directions. More details about Spheral++ can be found in the
literature (Owen et al., 1998; Owen, 2004; Owen, 2014); here we describe the parameters and
models used and investigated in our simulations. These include the equation of state (material-
dependent equation that relates the pressure to the density and either directly the temperature or the
internal energy), the strength model (which takes into account the mechanical reaction and the
possible plastic deformations of the material) and the damage model (initial distribution of incipient

flaws that may evolve in fractures under a given amount of stress).

2.1. Equations of state
The equation of state (EOS) relates the pressure of a system to its density and temperature or
internal energy. This equation must be added to the equations of conservation and motion for a
complete characterization of the system’s dynamics. It is material-dependent, and typically consists
in a set of interpolation parameters derived to match experimental data in the range of pressure,
temperature and density of interest. The effect of two different equations of state is examined in
this study: the Tillotson EOS (Tillotson, 1962) and ANEOS (Thomson and Lauson, 1972).

The Tillotson parameters for pure iron have been published by Melosh (1989) and are
implemented as default values for iron in Spheral++. The main parameters for steel have also been
published (Nesterenko, 2001). Both sets of parameters (Table 1) were compared by conducting two

otherwise identical simulations, and no fundamental difference was found between the evolution
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in time of the crater’s dimensions (Fig. 1). Therefore, we chose to perform the rest of the
simulations using the Tillotson parameters for pure iron, since they have been more widely used
and the other EOS studied (ANEOS) has only been parameterized for pure iron.

No detailed work has recently been published on the ANEOS of pure iron since the original
publications, unlike for example SiO2 (Melosh, 2007). Two versions of ANEQOS are available for
pure iron, accounting for different phases and phase transitions (Melosh, private communication).
The version adapted from the original ANEQS library matches experimental data for the solid-
solid phase transition at ~13 GPa. This version, however, lacks a distinct liquid phase. Another
version accounts for the liquid phase but not the solid-solid transition (Thompson, 1990); recent
experimental work has shown the limitation of this version for very high pressures (~500 GPa;
Kraus et al., 2015). Both versions of ANEOS would equally benefit from being re-evaluated in the
light of new available experimental data.

The approximate pressure expected in the target during the compression phase of an impact

was derived by Mizutani et al. (1990):
D 3
P~y (-2 &
r

where the initial peak pressure P, is defined as:

Cv vs
P0~p0't ‘ ((1+ tq) where { = 2

1727171
C
14 (Po,t t> 2)
2 2C, PopCyp
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In egs. (1) and (2), subscripts t and p denote target- and projectile-related quantities. Dp (m) is the
impactor diameter, r (m) is the distance from the closest point located on the sphere of radius Dp
below the impact point, p, (kg m3) is the initial density, C (m s?) is the bulk sound velocity in the
material, v (m s'1) is the impact velocity, s is a constant equal to 1.92 (Mizutani et al., 1990). Using
egs. (1) and (2), initial densities of 2700 and 7800 kg m-3, bulk sound velocity of 3500 and 5200 m
s’ for basalt and iron, respectively, we find a peak pressure of ~75 GPa and up to ~45 GPa at 0.45
cm below the crater (i.e., the depth of the final crater, see section 4). Given that the pressure
involved in the area of interest during the impact can be much higher than 13 GPa, and that based
on the experiments partial melting of the target is expected, we chose the version of ANEOS
accounting for a liquid phase to compare to the suite of simulations carried out with the Tillotson

EOS.

2.2. Strength model

The response of a system to an applied force strongly depends on the strength model implemented
and it is crucial to choose the model most adapted to the simulated material. The Steinberg-Guinan
strength model (Steinberg et al., 1980) describes the evolution of both the shear modulus and yield
strength as a function of temperature, pressure and density—as opposed to the Johnson-Cook
strength model, also commonly adopted for metals, which does only provide the yield strength.
This model assumes that both shear modulus and yield strength are independent from the strain
rate, which is only valid if the strain rate is higher than ~10° s1. During an impact, the compressive

strain rate ¢ is approximately:

UpTp

(3)
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where v, is the impact velocity, 7, the radius of the projectile and r is the distance (Melosh et al.
1992). In our case, with vp =6.9kms?, r, = 1.9 mm (Section 3) and r = 1 cm (i.e,
approximatively twice the size of the final crater; Section 4.1), we find & ~ 1.3x10° s%, which is
above the model’s validity threshold. The fitting parameters used for steel are summarized in Table

2.

2.3. Damage model

The tensile stress applied during the impact yields the activation and propagation of flaws in the
material, which irreversibly damage it (i.e., reduce its strength) up to an eventual breaking point.
In Spheral++, the damage of a node is modeled by a tensor D, and the stress tensor applied to a
node will be scaled down by I-D, where I is the identity matrix. Because the yield strength of a
metrial is directly related to the stress applied by the Steinberg-Guinan model (Steinberg et al.
1980), a damaged node will decrease in strength until it is fully damaged. It is then treated as a
strengthless material. To quantify the damage of a node, we look at the maximum eigenvalue of
the damage tensor calculated for this node.

The accumulation of damage in the material is modeled with the widely-used Grady-Kipp
fragmentation theory (Grady and Kipp, 1980) adapted to SPH by Benz and Asphaug (1994). This
theory relies on the existence of incipient flaws in the material—naturally occurring due to, for
example, crystal defects. Each flaw possesses its own stress threshold above which it starts to grow
in order to release part of the stress applied to the material. When the target is initialized, Spheral++
distributes incipient flaws with different threshold stresses and assigns several flaws to each node.

The distribution of these incipient flaws follows the Weibull statistics:
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where N is the number of flaws that activate at or below a stress o for a given volume. The
parameters m and g, (called shape and scale parameters, respectively) are material dependent and
can be experimentally determined—although so far a limited number of materials have been
calibrated. Eq. (4) is also commonly found in the form n(e) = ke™, where n is the number density

of activated flaws at a strain ¢, and:
1/E\™

where V and E are the volume and the Young’s modulus of the target, respectively (Nakamura et
al., 2007).

One objective of this study is to determine numerically the range of values of Weibull
parameters m and oy (or equivalently k) that best reproduce the impact experiment carried out by
Ganino et al. (2018), and evaluate the dependence of the final crater dimensions on these
parameters. None of them has been experimentally measured for SCM 435 steel, and no clear
values of m and gy were identified in the literature for stainless steel. We selected the range of
values investigated for g, using the fact that this parameter is related to the mean fracture stress

(o) of the material by:
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where I is the gamma function (Bergman, 1985). Taking & equal to the tensile strength of the SCM
435 steel (since flaws activate in tension), gy should fall in the range 650-950 MPa for values of
the shape parameter m between 2 and 30. Regarding an estimate of m, Asphaug et al. (2002)
mention that metals could be approximated by m ~ 8 (for reference, a value of 9.5 is often adopted
for basalt). The authors do not provide additional information or reference. Accounting for the
uncertainties of these parameters, we conducted a suite of simulations spanning a broad range of
values of m (2, 5, 8, 10, 12, 15 and 30) and g, (0.05, 0.2, 0.5, 0.8, 0.9, 1.1, 1.5, 2.0 and 3.0 GPa).
The equivalent values of the parameter k are given in Table 3.

Note that the Grady-Kipp fragmentation theory was developed to model failure in a brittle
material, while steel and iron meteorites are both ductile at room temperature. However, Grady
(2003) applied this theory to fragmentation of ductile metals explaining that although some stress
may be accommodated by ductile deformation, this dissipation process is relatively limited and
represents a minor contribution to the final outcome of high-strain rate events. Moreover, impact
experiments comparing steel, Fe-Ni alloy and iron meteorites targets found no significant
difference in crater shape between impacts above and below the brittle—ductile transition
temperature (Matsui and Schultz, 1984; Libourel et al. 2019). Therefore, we assumed the Grady-

Kipp theory could reasonably be applied to model high-velocity impacts in steel targets.

3. Selected experiment

We replicated a high-velocity impact experiment conducted by Ganino et al. (2018). In the

experiment, the target was a cylinder of SCM 435 steel, with a diameter of 6 cm and a height of 3-
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4 cm. In the simulation, the target is a parallelepiped of 6 X 6 x 3 cm. The projectile is a 80-mg
sphere of basalt (i.e., with a radius of 1.92 mm, assuming a density of 2700 kg m-3) impacting
vertically at 6.89 km st under Earth gravity (9.81 m s2). It is initially located three radii above the
target’s surface (5.76 mm). The target is simulated with a resolution of 0.5 mm, which represents
~866,000 SPH particles. The impactor is made of ~93,800 SPH particles; this number is calculated
the mass per SPH particle is the same in the target and impactor. We also conducted two selected
runs with a resolution of 0.2 mm to verify the convergence of the results with increasing resolution
and also analyze the target’s temperature. The SPH particles were assigned an EOS (Tillotson or
ANEOS) and a strength according to the Steinberg-Guinan model for steel (Section 2.2). We
carried out simulations with both EOS for 43 pairs of Weibull parameters m and g, (Section 2.3).
We applied a plastic yield model with constant shear modulus G, = 22.7 GPa and yield strength
Y, = 3.5 GPa to characterize the projectile’s strength and used Weibull parameters published for

basalt (m = 9.5 and k = 10% cm™3; Asphaug et al., 2002).

4. Comparison with the impact experiment

4.1. Crater dimensions

In the replicated experiment (Ganino et al., 2018), a crater diameter of 9.8 mm was measured at
the original level of the target’s surface and a depth of 4.5 mm was measured from this original
level down to the bottom-center of the crater. We measured both quantities the same way at the
end of the simulations (10 us); at this time, all the craters had their final dimension. We considered
the spatial resolution of our simulation (0.5 mm) as the uncertainty in the dimensions of the

simulated craters; this corresponds to a 10% uncertainty for both diameter and depth.
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With the Tillotson EOS, we find that only 58% of the diameters and 30% of the depths
obtained in the simulations are within £10% of the experimental values, though all diameters and
almost all depths (95%) remain within +20% (Fig. 2A). Both depth and diameter vary
monotonically with the Weibull scale parameter oy, : for a given shape parameter m, the dimensions
decrease inversely to gy (except for m = 2, where they are approximately constant). In most cases,
the higher ay, the closer the dimensions to experimental values. However, we do not observe
significant differences when gy, is kept constant and m varies. Both results are not surprising if we
consider the cumulative distribution function of the Weibull distribution (Fig. 3). When gy
increases, a larger applied stress is necessary for the same amount of nodes to fail, yielding a
smaller crater. If m increases, the simulated material becomes more homogenous, but the amount
of stress needed to fail ~2/3 of the nodes (definition of ay) is the same, explaining why varying m
has less effect than oy. Interestingly, the pairs (m, ay) = (8, 0.8-0.9 GPa) are among the best fits
when accounting for both diameter and depth. This is in agreement with our preliminary
calculations for oy (Section 2.3), and with the value suggested by Asphaug et al. (2002) for m, and
corresponds to a value of k of ~10'" cm-3,

With ANEOS, the diameters and depths are overall closer to experimental values with 77%
and 51% within £10%, respectively (Fig. 2B). We observe a similar monotonic trend with gy as
with the Tillotson EOS, with more spread in depth than diameter as a function of g,. Note that the

pairs (m, oy) = (8, 0.8-0.9 GPa) also reproduce well the experimental values.

4.2. Target damage
Because the strength of a material decreases with accumulating damage, any area within the target

with non-zero damage will be irreversibly and proportionally weakened. Ganino et al. (2018)
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imaged a section of the crater with scanning electron microscopy (SEM) and observed
deformations of the target and minor cracks within ~1 mm around the crater edge and up to several
mm directly below the crater. Cracks < 0.2-mm wide were also observed down to about 2 mm
underneath the bottom of the crater, indicating the material had marginally failed. Given the
resolution of the nominal simulations (0.5 mm), it was expected that such cracks would not be
resolved, but that a possible partial damage of the target could be found.

For m > 5, the cases where ay= 0.05 GPa produce near-global failure of the target, with a
majority of nodes damaged at 100%. This is also the case for m = 30 and oy= 0.2 GPa. The cases
where m = 2 leave the target completely undamaged. In all other cases and with both EQS, the first
layer of SPH particles surrounding the crater is only partially damaged by the impact (Fig. 4A-B).
Increasing m from 5 to 30 increases the maximum damage (typically near the impact point) of
~10% and the thickness of material damaged below the impact point by a factor of 2 to 3. Not
surprisingly, increasing oy Yields less damaged nodes because the average threshold stress of the
incipient flaws shifts toward higher values. Globally, the smaller this scale parameter, the thicker
and more damaged the layer of material below the crater. The Tillotson EOS yields on average a
maximum that is about 10% smaller than the same simulation conducted with ANEOS. However,
the EOS does not have a significant influence on the amount of damaged material below the crater
(Fig. 4B). For the cases where the crater dimensions are within 10% the experimental values, the
layer of damaged material below the crater does not exceed 2 mm, which is in agreement with
experimental observations.

For comparison, we performed one simulation with the same initial setup, the Tillotson
EOS and a basaltic target (Fig. 5A-B). We used the Weibull parameters of basalt (m = 9.5,

k = 10% cm®) and the strength model developed by Collins et al. (2004) for rock materials. The
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impact resulted in a crater 1.5 times larger in diameter and depth after 10 us (end of the simulations
with a steel target). We observed a more important damage (between 0 and 10%) affecting larger
regions of the target, as opposed to the very localized, minor damage of the steel target. This

illustrates the importance of the nature of the target in the characterization of impact craters.

4.3. Temperatures in the target
The temperature in the target was not measured during the experiments by Ganino et al. (2018).
However, the authors found numerous metal beads embedded in the ejecta and in the quenched
impactor melt that was deposited at the surface of the target or infiltrated in cracks, suggesting that
the metal reached at least locally melting temperatures. Similarly, immiscible emulsion of silicate
and Fe-Ni metal liquid were observed at the bottom of the crater on the Gibeon iron meteorite
(Libourel et al., 2019), showing the target had experienced temperatures above the melting point
of Fe-Ni metal.

We recorded the evolution of the temperature in the target for two simulations (one for each
EOS) with 0.2-mm resolution and the Weibull parameters (m, ay) = (8, 0.9 GPa). The Tillotson
EOS relates the pressure and density to the internal energy of the system, not directly to the
temperature, which is calculated assuming a constant specific heat capacity. Because of this
approximation, the simulations with the Tillotson EOS may provide less reliable temperatures than
with ANEOS, which directly relates the temperature to the other quantities.

During crater formation (t = 1 us, Fig. 6A-B), a >2-mm heated zone surrounds the crater.
In particular, the temperature of the upper half layer of the heated zone exceeds ~2600°C, the
liquidus for iron at pressures ~70 GPa (maximum pressure in the target; Ahrens et al., 1998). This
confirms that liquid metal is formed during the impact, as expected from the presence of spheroidal

metal blebs in crater and ejecta (Ganino et al., 2018), or by metal-silicate liquid immiscibility in
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craters (Libourel et al., 2019). At the end of the simulation when the crater is in steady state (t =
10 ps, Fig. 6C-D), a zone heated above 100°C remains between 1 and ~3 mm (on the sides and
below the crater, respectively). The maximum temperatures are reached in the uppermost layer in
the crater, which is right at the liquidus temperature for SCM 435 steel at room pressure (~1500°C)
and therefore could still contain melted residues. Remarkably, the temperatures both at 1 ps and
10 ps do not drastically differ between the case with the Tillotson EOS and ANEOS. In our case,
the Tillotson EOS seems to provide a relatively reliable approximation of the temperature in the
target. In both cases, we suspect that the highest temperatures (> 2600°C) could be artifacts due
to the still relatively coarse resolution of the simulations. Note that the Tillotson EOS has a
continuous analytic solution for internal energy (and therefore temperature), whereas for ANEOS,
a grid of temperatures accessible to the EOS must be created. This is due to the fact that Spheral++
evolves the model in terms of the specific thermal energy, while ANEOS works in temperature.
For efficiency, Spheral++ accommodates this difference by computing lookup tables converting
the energy to temperature (as a function of density) and using bilinear interpolation to go between
the two. This increases the computation speed at the expense of a certain discreteness in the
resulting temperatures. In the simulations, the resolution for the ANEOS case was ~50°C, which

explains why small temperature differences cannot be resolved (Fig. 6A-D).

5. Discussion

5.1. Tillotson EOS versus ANEOS

Overall, in the conditions of the experiment we replicated, the influence of the EOS on the
outcomes of the simulations remains limited and always depends on other parameters such as the

initial flaw distribution. In terms of crater dimensions, ANEOS cases are overall closer to the
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experimental values than the Tillotson cases. However, for the Weibull shape parameter m = 8
found in the literature (Asphaug et al., 2002) and reasonable values of the scale parameter g, (0.8—
0.9 GPa) estimated by simple calculation (Section 2.3) both EOS vyield accurate dimensions. In
terms of temperature recorded in the target, we do not find a significant difference between ANEOS
and the Tillotson EOS, which in this case provides reliable temperature estimates despite the
approximation of a constant specific heat capacity. Finally, except for extreme values of the
Weibull scale parameter gy < 0.2 GPa where the target fails with ANEOS but is only widely
damaged with Tillotson, there is no notable difference in the amount of material damaged between
the two EOS. The simulations with ANEOS globally result in a damage ~10% higher that with

Tillotson, though in both cases the target is only marginally affected (damage below 40%).

5.2. Steel versus meteoritic metal

Iron meteorites—possible analog to Psyche’s surface material—are made of a Fe-Ni alloy that was
most often very slowly cooled (a few degrees per million years), yielding the formation of very
specific structures characteristic of meteoritic alloys. One of the most striking example is the
formation of the Widmanstatten pattern, a mm-scale intergrowth of two Fe-Ni phases called
kamacite (Ni-poor) and taenite (Ni-rich) that gives iron meteorites their recognizable geometric
pattern when etched (Buchwald, 1975). With such exceptional cooling conditions and resulting
heterogeneities, differences may be expected between the mechanical behavior of iron meteorites
and that of man-made steels. The limited number of impact experiments and strength tests carried
out on iron meteorites had companion experiments made on various steel targets (Matsui and
Schultz, 1984; Katsura et al., 2011; Ogawa et al., 2017; Libourel et al. 2019). Tensile tests carried
out on the iron meteorite Gibeon measured a yield strength at room temperature of ~310 MPa

(Johnson and Remo, 1974), similar to that of the SCM 435 steel (~350 MPa). Matsui et al. (1984)
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performed high-velocity impact experiments on 1020 steel (yield strength ~300 MPa), pure iron
and three iron meteorites. They found that crater size and shape (lip) were very similar for each
type of target. Matsui et al. (1984) also reported evidence of failure on most iron meteorites, with
cracks propagating along the Widmanstatten discontinuities. Similar observations (lip and cracks
along boundaries) were made by Libourel et al. (2019) after comparison between impacts on
Gibeon and on SCM 435 steel. This difference likely emerges from the contrast between a
relatively isotropic steel and highly anisotropic iron meteorites. The similarities between the craters
in steel and in meteorite show the relevance of modeling steel targets, for which more data are
available. On the other hand, the failure observed on meteorites away from the crater suggests that
the Weibull distribution for incipient flaws may have to be adapted for iron meteorites and should
not necessarily be assumed to be similar to steel, because of the weaker interfaces of the meteoritic
Widmanstatten structure. However, whether such heterogeneities are relevant for planetary-scale

impacts remains to be investigated.

5.3. Possible implications for impact craters on Psyche

The results of our simulations allow us to compare and contrast what impacts into targets of
different compositions might be like. For a given set of initial conditions, iron targets are almost
never fully damaged but rather experience a minor and very localized weakening, whereas a
basaltic target is more widely weakened. Crater size gives us another way to examine these trends.
In the experiment simulated here, the crater to projectile diameter ratio is 2.6 (and varies between
2.2 and 2.9 for other experiments conducted by Ganino et al. (2018) for velocities between 3.39
and 6.88 km s?). In comparison, impacts at 6.9 km s* into aluminum targets yield a ratio of 4.8
(Horz, 2012). Both these values are smaller than the value of 8 calculated from scaling laws for

intact basalt (Holsapple and Housen, 2007; Marchi et al., 2010).
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Scaling laws tested against experiments on silicate targets predict that the threshold for
catastrophically destroying the target, and therefore activating flaws, will decrease as the target’s
size increases (Housen and Holsapple, 1999). This dependence is in particular controlled by the
shape parameter m. Since the value of this parameter estimated in this study (m = 8-10) bracket
that estimated for basalt (m ~ 9.5), it is expected that, like a silicate object, an iron-rich object of
increasing size will get weaker.

However, in the case of cratering, we have seen that the strength of the target influences the
crater size. Therefore, despite the fact that both silicate-rich and metal-rich targets would weaken
at larger scale, the threshold for failure for iron will always be higher than that for silicate. The
implication is that for equivalent impacts, much larger or faster projectiles would be necessary to
cause a similar crater on a metal-rich surface as that inflicted to a silicate one. As a consequence, a
comparison between impact experiments or simulations and the size-frequency distribution of
craters measured on Psyche combined with models of the main belt population may allow us to
glean insights into the composition and strength of Psyche's surface relative to other asteroid
surfaces. A different crater to projectile diameter ratio on Psyche than that measured on other main
belt asteroids would also mean that scaling laws derived for objects dominated by silicates could
not optimally apply to this asteroid.

This study focused on modeling non-porous, pure-iron targets. It is probable that Psyche’s
surface and subsurface will rather be made of a mixture of iron with silicates, possibly hydrated
(Takir et al., 2017), and possibly micro or macroporous. Moreover, we only focused on vertical
impacts, even though oblique impacts would more realistically occur in nature (Pierazzo and
Melosh, 2000). With confidence that vertical impacts on pure iron can be well replicated, a next
step could be to introduce complexities such as oblique impacts, along with varying microporosity

and macroporosity of the target. Further simulating layered or rubble-pile-like silicate-iron
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mixtures, in comparison with experiments on stony-iron meteorites and alloyed mixtures, will

allow us to explore the effects of surface heterogeneities on the fate of impact craters.

6. Conclusion

Understanding the outcomes of impact processes on iron alloys and iron meteorites, as well as their
scaling to planetary-like events is crucial for the optimal interpretation of the cratering data of the
forthcoming NASA Discovery mission Psyche. Moreover, verifying the reliability of numerical
models applicable to metals against simple experiments is an essential step toward more general
investigations of planetary processes involving metallic or differentiated bodies. This work aims at
better characterizing the influence of numerical parameters in the modeling of high-velocity
impacts in steel targets, and possibly iron meteorites, using the ASPH package Spheral++. For a
given strength model of stainless steel, we investigated the influence of the equations of state
(Tillotson EOS and ANEOS), as well the influence of the Weibull distribution of incipient flaws
in the material. The crater dimensions are within 10% of the experimental value in more cases with
ANEOS than the Tillotson EOS. However, for reasonable Weibull parameters estimated from the
literature or simple calculations, both EOS yield craters similar to the experimental one. In a
majority of cases and independently from the EQS, the target does not fail and is only marginally
damaged (damage <40% within 1 to 2 mm around the crater). Finally, the recorded temperatures
are not significantly affected by the choice of the EOS and reach locally values above the melting
point of iron at pressure <100 GPa, which is in good agreement with experimental observations of
melted metal beads coming from the target. This work highlights the importance of specifically
studying impacts in Psyche-like targets, because crater formation differs from what would be

observed with a silicate target in similar impact conditions. Differences might therefore be expected
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between the crater size distribution of Psyche (if metal is dominating the surface and subsurface)
and other asteroids of similar size orbiting in the main belt. The NASA Psyche mission will for the
first time image impact craters on a metal-rich asteroid and predictions arising from experimental

and numerical work will be valuable during data interpretation.
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595  Fig. 1. Depth versus diameter of a crater formed after an impact at 6.89 km st by an impactor ~1.9-
596 mm in radius, for two different sets of Tillotson parameters: pure iron (Melosh, 1989) and steel
597  (Nesterenko, 2001). Apart from their EOS parameters (given in Table 1), the targets were identical.
598  The simulations lasted 10 ys and both craters had their final shape at the end of the simulation.

599  Squares and circles represents 0.5-ps time steps.
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represent increasing values of g, (see Table 3) from left to right. The top panels show the diameter
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Tables

A B E, Eyy Ecy
Parameter a b
(GPa) | (GPa) | (Jkg?) kgt | (Ikg?)
Pure iron 0.5 15 128 105 9.5%x108 2.4%x106 | 8.67x10°
Steel 0.55 | 0.62 117 55 17.5x108 2.4%x106 | 8.67x10°

Table 1. Tillotson parameters published for pure iron (Melosh, 1989) and steel (Nesterenko, 2001).

Parameters a, b, A, B, E, are material-specific, «, B are fitting parameters and Eyy, Ecy are the

energy of incipient and complete vaporization, respectively. Because the values of E;y and Ey for

steel were not provided by Nesterenko (2001), we used the same values as pure iron.




Parameter | Gy (MPa) | Yo (MPa) | A (MPa?l) | B (K%Y B n Y max

Stainless steel
7.7x10° 350 2.26x10°6 | 4.55x10* | 43 | 0.35 | 2.5x103
(except Yy)

638
639  Table 2. Parameters of the Steinberg-Guinan strength model for stainless steel (Steinberg et al.,

640  1980). Y, is taken equal to the yield strength of the SCM 435 steel used in the experiment.



Shape parameter m
k (cm™)
2 5 8 10 12 15 30

0.05 | 1.41e5 | 9.05e15 | 5.79e26 | 9.27e33 | 1.5e41
0.2 8.84e3 | 8.84e12 | 8.84e21 | 8.87e27 | 9.2e33 | 9.2e42 | 9.2e87
0.5 1.41e3 | 9.05e10 | 5.79e18 | 9.27e23 | 1.48e29 | 9.49e36 | 1.1e76
Scale 0.8 8.63e9 | 1.34el7 | 8.43e21 | 5.27e26 | 8.23e33 | 8.0e69
parameter 0.9 5.25e16 | 2.59e21 | 1.28e26 | 1.40e33 | 2.4e68
oy (GPa) 1.1 1.06e16 | 3.49e20 | 1.15e25 | 6.93e31 | 5.44e65
1.5 1.57e19 | 2.9e23 | 6.61e29 | 4.95e61
2.0 8.84e21 | 8.84e27 | 8.84e57
3.0 2.02e25 | 4.61e52

641

642  Table 3. Corresponding values of the Weibull parameter k for a given shape parameter m and scale
643  parameter gy. The combinations showed with a gray cell were not investigated. These values were
644  obtained using the equation k = 1/V(E /ay)™ (Nakamura et al., 2007), where V is the volume of

645  the target (108 cm? in the simulations) and E the Young modulus of the target material (~200 GPa).
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