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Introduction:  Although iron and stony-iron as-

teroids represent a relatively small ~7% of the impact-
ing population [1], their higher density and more 
competent structure compared to rocky objects means 
that for a given size impactor the ground damage po-
tential from a cratering impact may be more severe 
than for a comparably-sized rocky object.  For this 
reason it would behoove us to better understand the 
influence of metal compositions in affecting the mo-
mentum enhancement factor, β, that is a crucial factor 
in determining the effectiveness of the kinetic impact 
method for deflecting potentially hazardous near-
Earth objects [ref].  Since momentum enhancement in 
a cratering impact depends on the mass and speed 
distribution of ejected material, it follows that the dif-
ferent fracture mechanical properties of metals versus 
rock are likely to affect β.  Additionally, we have no 
direct experience with the morphology of impact cra-
ters on, and the visual appearance of the surfaces of, 
iron-nickel asteroids, even though they are begining to 
populate the target lists of spacecraft missions [2]. 

To date, little direct experimental data exist on the 
fracture mechanics of actual meteoritic iron, but those 
that do suggest that the impact response of nickel-iron 
materials in near-Earth space may differ substantially 
from the rocky meteoritic materials we are more ac-
customed to working with.  Johnson and Remo [3] 
examined the material properties of Gibeon nickel-
iron meteorites and suggest that the brittle-ductile 
fracture transition temperature should be near 200 K 
in dynamic (i.e., impact) fragmentation events.  Ryan 
and Davis [manuscript in preparation, personal com-
munication] describe the results of high-speed impact 
experiments using Gibeon iron-nickel meteorites, 
cooled below the brittle-ductile fracture transition 
temperature, as targets at the AVGR.  They find that 
at temperatures near 167 K the meteorites underwent 
brittle fracture and displayed power-law-type fragmen-
tation much like rocky materials (although with much 
greater strengths and producing fracture morphologies 
unlike those of rock).  While these results can be ex-
pected to pertain to iron asteroids in the main belt, 
those in the near-Earth environment will be at tem-
peratures closer to ~270 K, well above the brittle-
ductile fracture transition temperature.  With cratering 
impacts into relatively ‘warm’ iron NEAs behaving 
perhaps more like ductile ‘splashes’ than like frag-

ment-ejecting rocky craters, β might be expected to be 
significantly different (i.e., lower) for these objects.  

Experiment Procedure:  To explore this behavior 
and to gain further insight into the behavior of β with 
size scale in metal targets, we impacted a series of 
iron-nickel cylinders at various temperatures across 
the brittle-ductile fracture transition temperature.  
These metal targets complement the various silicate 
and silicate analog targets we have been shooting to 
date [4].  The ultimate intent is to shoot one or more 
pieces of an actual iron meteorite (probably Gibeon) at 
both ambient room temperature and at chilled temper-
atures below the brittle-ductile fracture transition.  But 
in order to expand the number of shots over that 
which we could obtain with a naturally limited and 
considerably more expensive supply of natural meteor-
itic material we chose to attempt to create an artificial 
Fe-Ni alloy that would be a good analog match for the 
composition of natural meteoritic iron (~90% Fe, 10% 
Ni).  While there is no practical way for us to match 
the crystalline structure of natural meteoritic iron, as 
that is the product of many hundreds of thousands or 
millions of years of slow cooling inside a larger parent 
body, we could at least attempt to match the composi-
tion better than a piece of ordinary industrial iron or 
steel would. 

The targets for each of the shots were Fe-Ni cylin-
ders with diameters of 81mm, lengths of 102 mm, and 
masses of approximately 4150 gm.  Projectiles were 
1/8- to 1/4-inch quartz spheres.  The targets were sus-
pended from the ceiling of the NASA Ames Vertical 
Gun Range impact chamber with fine gauge wire; the 
wire supports were arranged in a dual ‘V’ configura-
tion to allow for ease of recoil swing while somewhat 
reducing side-to-side rotation of the target after im-
pact, thus resulting in a more nearly linear recoil.  The 
pendulum length of the suspension system was meas-
ured to be 67.7mm.  All shots were documented with 
high speed video (six different cameras with frames 
rates up to 500,000 fps) and still photography.  Crater 
dimensions (diameter and depth) were recorded for 
subsequent comparison with and constraints on CTH 
modeling; crater depths were measured with a preci-
sion digital depth gauge.  Table 1 lists the experiment 
conditions and crater dimensions. 

A set of two shots (161213 and 161214) was made 
into flat spots milled into the rounded sides of the tar-
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get used in Shots 161201 and 161202 after those shots 
were completed, in order to more closely examine the 
difference in morphology of craters shot at ambient 
and chilled temperatures.  For these two shots, we 
maximized the impact energy (using Al impactors) 
and minimized the time between removing the chilled 
target from its liquid nitrogen bath and shooting it 
(resulting in a somewhat colder temperature than for 
the ballistic pendulum shots, comfortably below the 
ductile-brittle fracture transition). 

Table 1. Shot Conditions for Metal Targets 

Shot No. 
Proj. 
Mass 
(gm) 

Impact 
Speed 
(km/s) 

Crater Diam/Depth 
(mm) 

Temp. 
(°C) 

161201 0.0365 3.26 7.2/1.70 21.8 
161202 0.0369 3.76 7.1/1.84 -118 
161203 0.0367 5.05 9.0/2.86 19.2 
161204 0.0368 5.18 8.5×8.8/2.60 -120 
161205 0.2953 3.09 14.0×15.0/3.40 20.4 
161206 0.2949 3.01 13.5×13.7/3.10 -124 
161207 0.1246 3.39 11.0×12.3/2.68 20.7 
161208 0.1248 3.63 10.9×11.4/2.71 -122 
161209 0.1245 5.29 13.6×14.5/4.49 21.3 
161210 0.1244 5.72 13.8/4.10 -125 
161211 0.2951 5.08 17.7×18.7/5.79 20.8 
161212 0.2948 5.27 18.0/5.55 -111 
161213 0.3764 5.46 20.5/6.86 24.3 
161214 0.3764 5.70 20.0×20.5/6.32 -156 

Results and Discussion:  Values for β and analy-
sis of the effects of temperature on β will be deter-
mined as we fully reduce the data.  We note a general 
trend that ambient temperature shots leave visible 
traces of the quartz projectile in the walls of the crater 
(powdered projectile in the case of lower-energy shots 
and frothy melt for higher energy shots) while chilled 
shots showed only somewhat darker crater floors with 
no visible traces of projectile (Fig. 1).  Ambient tem-
perature craters appear to be wider and deeper for a 
given impact energy than those for chilled targets; 
crater profiles for both display the shapes of transient 
craters ‘frozen in place’.  Shots with quartz projectiles 
produced craters with darkened, matte luster floors 
(relative to the metallic luster of the surrounding un-
impacted target), often displaying areas around the 
crater rims with ‘rainbow/peacock’ discoloration 
sometimes seen in heated metals.  The two shots with 
aluminum projectiles produced craters with bright, 
metallic luster floors.  Crater rims show ‘flower-
petal’-like overturn flaps resulting from shear-
ing/tearing of the target material during the excava-
tion process, as verified by analysis of high-speed vid-
eo and evident from mm-scale shards of shrapnel-

shaped metal fragments in the impact chamber after 
impact.  Preliminary analyses show that the cratering 
efficiency (crater diameter to projectile diameter ratio) 
is modestly affected by temperature and overall is 
about a factor of three to four times smaller than for 
rocky targets. 

The surfaces of iron-nickel asteroids will be pep-
pered with overlapping craters like these, with a pow-
er-law distribution of sizes.  Larger objects will likely 
form regoliths composed of mixtures of metallic 
shards and some spalled fragments of silicate im-
pactors.  Small, meteoroid-sized objects may not re-
tain substantial regoliths and may display surfaces that 
appear very different from the fractured rock more 
familiar from chondrite meteorites and geologic hand 
samples.  We hypothesize that atmospheric entry heat-
ing and alteration of the overlapping craters on metal 
meteoroids as they exist ‘in the wild’ in space are the 
source of the regmaglypt surface pits on recovered 
iron-nickel meteorites. 

 
Figure 1.  Morphological differences in impact craters 
into metal targets at ambient temperature (21.3 °C, 
top) and at chilled temperature (-125 °C, bottom). 
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