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Abstract 

Neumann band in iron meteorites, which is deformation twins in kamacite (Fe–Ni alloy), has been known to be a 
characteristic texture indicating ancient collisions on parent bodies of meteorites. We conducted a series of shock 
recovery experiments on bcc iron with the projectile velocity at 1.5 km/s at various initial temperatures, room temper-
ature, 670 K, and 1100 K, and conducted an annealing experiment on the shocked iron. We also conducted numerical 
simulations with the iSALE-2D code to investigate peak pressure and temperature distributions in the nontransparent 
targets. The effects of pressure and temperature on the formation and disappearance of the twins (Neumann band) 
were explored based on laboratory and numerical experiments. The twin was formed in the run products of the 
experiments conducted at room temperature and 670 K, whereas it was not observed in the run product formed by 
the impact at 1100 K. The present experiments combined with the numerical simulations revealed that the twin was 
formed by impacts with various shock pressures from 1.5–2 GPa to around 13 GPa. The twin in iron almost disap-
peared by annealing at 1070 K. The iron meteorites with Neumann bands were shocked at this pressure range and 
temperatures at least up to 670 K, and were not heated to the temperatures above 1070 K after the Neumann band 
formation.
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1 Introduction
Wasson (1967) and Wasson et  al. (1998) analyzed 700 
iron meteorites, initially for Ni, Ga, Ge, and Ir and later 
for Cr, Co, Cu, As, Sb, W, Re, Pt, and Au, using instru-
mental neutron activation analyses. Based on these anal-
yses, iron meteorites have been divided into 13 groups 
according to their chemical compositions (Goldstein 
et  al. 2009). The Neumann band has been observed in 
kamacite (body-centered cubic [bcc] phase) separated as 
the Widmanstätten pattern in most groups of iron mete-
orites such as Goose Lake IAB (Scott 2020) and IVA, 
IVB, and ungrouped iron meteorites such as Hammond 
and Babb’s Mill (Blake’s Iron and Troost’s Iron) (Yang 
et al. 2011).

Both carbonaceous chondritic (CC)-type and non-
carbonaceous (NC)-type iron meteorites fractionated 
in their parent bodies in the early stage of formation of 
the solar system, perhaps within 1–3 My after the for-
mation of calciumaluminum-rich inclusions in the solar 
nebula (Kruijer et al. 2017; Hilton et al. 2019; Scott 2020). 
Such early metal–silicate fractionation occurred perhaps 
because of melting caused by the radiogenic heating by 
extinct radiogenic elements such as 26Al (e.g., Goldstein 
et al. 2009). Therefore, iron meteorites possess informa-
tion on their early differentiated planetesimals.

Many iron meteorites, however, have experienced tex-
tural deformation because of mutual collisions, which 
would modify the original information. Therefore, if we 
accurately understand the impact conditions required 
for producing the shock features in iron meteorites, we 
would be able to decode the impact environment in the 
early solar system.
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Although magnitudes of the shock events in ordinary 
chondrites have been classified as the shock stage from 
S1 to S6 based on their shock textures (Stöffler et  al. 
1991), there are few systematic classifications of shock 
stages in iron meteorites. Yang et  al. (2011) made an 
effort to classify the four shock stages for IVA, IVB, and 
some ungrouped iron meteorites based on various shock 
textures. According to them, the Neumann band is a 
prominent signature of stage 1, which shows the records 
of relatively weak collisions, and it can be removed by 
annealing caused by the later heating events. Therefore, 
the formation and disappearing conditions of the Neu-
mann band are useful to identify unaltered or less-altered 
iron meteorites after their formation in the early solar 
system. Because of such importance, we made experi-
mental simulations of the formation and disappearance 
of the Neumann band.

The Neumann band has been known to be a deforma-
tion twin (Uhlig 1955) formed by the intracrystalline plas-
tic deformation in many metals. This deformation twin in 
bcc iron shows the twin boundary of (112) and moving 
directions of atoms along [111] on the twin boundaries 
(Calister and Rethwisch 2000; Murr et  al. 2002a). It has 
been considered that the Neumann band in iron meteor-
ites was formed by mutual collisions between planetesi-
mals (Bischoff and Stöffler 1992).

Murr et  al. (2002a, b) conducted impact experiments 
with bcc iron and SUS304 (an austenitic stainless steel), 
and observed deformation twins in the recovered iron 
samples. Their shock experiments reported velocities 
at 0.5–3.8  km/s and measured the depths where twins 
formed. Based on the relations of the impact velocity 
and the depths of the twin formation, they estimated 
that an impact velocity greater than 0.1  km/s (equiva-
lent to 1 GPa) is needed for producing twins (Murr et al. 
2002b). Although impact experiments on iron–nickel 
alloys at low temperatures down to 110 K (Marchi et al. 
2020) and those of iron at 76–573 K (Rohde 1969) have 
been conducted previously, these experiments did not 
make detailed analyses pertaining to twin formation and 
disappearance.

In this study, we conducted laboratory and numerical 
experiments with bcc iron targets at a variety of initial 
temperatures to investigate the structural changes of iron 
against a propagation of compressive pulse. We repro-
duced deformation twins experimentally in bcc iron and 
revealed the temperature and pressure dependence of the 
twin formation. We also conducted an annealing experi-
ment on iron having twins to explore the temperature 
required for their disappearance. We discussed the for-
mation and disappearance conditions of Neumann bands 
in shocked iron meteorites based on our experiments and 
numerical simulations.

2  Experimental methods
We conducted shock recovery experiments with a light 
gas gun. An iron projectile was accelerated onto an iron 
target. We observed the shock textures including defor-
mation twins in the recovered samples. Here, we sum-
marize the shock apparatus, heating system to realize the 
high-temperature impact experiments, and procedure of 
analyses of the samples recovered from the impact exper-
iments. We also conducted numerical simulations to esti-
mate the pressure and temperature distributions in iron 
targets under the same impact conditions archived in the 
laboratory experiment.

2.1  Two‑stage light gas gun used for the impact 
experiments

The two-stage light gas gun installed in the Institute of 
Fluid Science of Tohoku University, Japan, was used to 
accelerate a projectile. The instrument is schematically 
shown in Fig. 1. Helium gas was compressed by a piston 
made of high-density polyethylene (33  mm in diameter 
and 60 mm in length). A mylar film (500 µm in thickness) 
was used as the second diaphragm to confine the gas 
pressure. The pistons before and after the experiment are 
shown in Additional file 1: Figure S1. We generated the 
projectile velocity of 1.5 km/s in the present experiments. 
The detailed information on the two-stage light gas gun 
is given elsewhere (e.g., Shinohara 2002). We employed 
the laser light blocking method to measure the projec-
tile velocity, V, and the impedance matching method to 
calculate the pressure at the epicenter (Miller et al. 1991; 
Ahrens 1987). The projectile velocity was determined 
from the time of the flight between two laser beams with 
the interval of 520 mm. We employed a GaAs semicon-
ductor laser with a power of 3.2 mW (Kikoh Giken Co., 

Fig. 1 The two-stage light gas gun (installed at Institute of Fluid 
Science, Tohoku University) used for impact experiments to simulate 
the formation of a Neumann band. A schematic image of the 
instrument components is also shown
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Ltd., Hyogo, Japan). The error in velocity estimation 
was 1% or less. We present each experimental condition 
including the impact velocity in Table 1.

2.2  Projectile and target material
The projectile and target samples were iron with the 
purity of 99.9%. The projectile used in the present experi-
ment is shown in Additional file 2: Figure S2 and Table 1. 
The projectile body was made of polycarbonate with 
10  mm in diameter and 13.5  mm in length. A bcc iron 
disk with 8  mm in diameter and 3.5  mm in height was 
placed at the top of the polycarbonate body. The total 
weight of the projectile was 2.5 g.

Bcc iron was also used as the target. The samples were 
shaped into cylinders with a diameter of 38  mm and a 
height of 20 mm or 30 mm. The longer target was used 
in the experiments at high temperatures (670  K and 
1100  K). The iron sample was placed in a molybdenum 
capsule (50 mm in outer diameter, 38 mm in inner diam-
eter, depth of 8  mm, and height of 10  mm) to heat the 
iron sample effectively using the induction furnace. The 
target iron sample embedded in a molybdenum capsule is 
shown in Additional file 3: Figure S3.

2.3  Heating and the temperature measurement 
of the sample

We heated the target samples before the impact of the 
projectile to investigate the effect of initial temperature 
on the textures of the shocked samples. We used an 
induction furnace (TRD-02001, Dai-ichi Kiden Co. Ltd., 
Tokyo, Japan) for heating the target samples. A schematic 
image of the sample chamber with the induction furnace 
and the temperature measurement system is shown in 
Fig. 2. The induction coil of the furnace was covered by a 
ceramic brick cylinder with an outer diameter of 70 mm 
and an inner diameter of 50 mm (as shown in Fig. 2) to 
avoid damaging the coil from the fragments of the pro-
jectile and target during impact. The target iron sample 
and induction furnace were placed in the sample cham-
ber of the two-stage light gas gun. The sample chamber 

was evacuated using a rotary vacuum pump to 20  Pa, 
which is within the suitable condition of heating by the 
induction furnace (667 Pa). The temperature of the sam-
ple surface was measured by radiation from the sam-
ple using an optical pyrometer (IR-CAS2TN, CHINO 
Co. Ltd., Tokyo, Japan). We measured the irradiance at 
0.9 µm using the silicon detector for temperature meas-
urement. The uncertainty of the sample temperature 
measurement was ± 5 °C below 1000 °C. The image of the 
heated sample and the temperature reading of the optical 
pyrometer on the sample surface at the time of collision 
were recorded by a video camera (DM-FVM30, Canon, 
Co. Ltd, Tokyo, Japan). The heating rate was about 7 K/
min, and the cooling rate by shutting off the electrical 
supply was 20  K/min. The two-stage gas gun was oper-
ated within one minute after shutting off the electrical 
supply for heating for safety. Thus, the uncertainty of the 
experimental temperature was within 20  K. The sam-
ple temperature is assumed to be homogeneous and the 
same as that on the surface because of heating by the 
induction furnace and high thermal conductivity of bcc 

Table 1 Conditions for the impact and annealing experiments

HDPE, High-Density Polyethylene: PC, Polycarbonate

*annealing experiment, **Height  × Width  × Thickness

Second diaphragm Piston Projectile Target

Material Weight (g) Velocity (km/s) Material Size (D × H), mm Temperature, K

Run 011 Mylar, 0.5 mm HDPE PC + iron 2.46 1.53 Iron 38 × 20 300

Run 012 Mylar, 0.5 mm HDPE PC + iron 2.43 1.51 Iron 38 × 30 1100

Run 013 Mylar, 0.5 mm HDPE PC + iron 2.43 1.47 Iron 38 × 30 670

Run 011H* – – – – – Iron 18 × 2 × 1** 1070

Fig. 2 A schematic image of the sample chamber with the heating 
and temperature measuring systems used for the two-stage light gas 
gun
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iron, which is shown in the literature to range from 23 
 mm2s/ at 300  K to 5  mm2/s at 1000  K (Monaghan and 
Quested 2001).

2.4  Analysis of the recovered samples
Figure  3 shows the backscattered electron (BSE) image 
(a) and secondary electron image (SEI) (b) of the texture 
of the etched bcc iron target material. The grain size of 

the starting material was 100–200 µm in diameter. Cra-
ters were formed in the iron targets after the impact 
experiments as shown in Fig. 4. To observe the shocked 
texture of the recovered sample, we cut the sample into 
two pieces and polished it with silicon carbide and fine 
diamond powders making a mirror surface of the cross 
section across the center of the crater. We etched the 
polished surface with Nital for a few seconds to perform 

Fig. 3 The backscattered electron (BSE) image (a) and secondary electron image (SEI) (b) of the etched iron starting material

Fig. 4 The images of craters formed by impacts at room temperature (Run 011), (a), 1100 K (Run 012), (b), and 670 K (Run 013) (c), and their 
polished cross sections
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textural observation of the polished cross section. The 
textual observations were conducted using a reflective 
optical microscope (Nikon PTIPHOT2-POL) and a scan-
ning electron microscope (JEOL JSM5410).

We determined the number of twins in the rectan-
gle region with the size of 400 μm × 300 μm at different 
depths of the polished samples measured from the crater 
surface of the target. We also measured the mean grain 
sizes of the samples and obtained the number density of 
twins in individual grain (number per unit area, 1/cm2) as 
shown in Table 2. We did not measure the grain orienta-
tions in the recovered samples in this measurement.

2.5  Shock physics modeling using iSALE‑2D code
We conducted two-dimensional impact simulations using 
the iSALE shock physics code (Amsden et al. 1980; Ivanov 
et al. 1997; Wünnemann et al. 2006) to estimate the pres-
sure and temperature distributions in the nontransparent 
samples during the laboratory experiments. We used the 
two-dimensional version of the iSALE, which is referred 
to as iSALE-Dellen (Collins et  al. 2016). A cylindrical 
coordinate was employed to model vertical impacts per-
formed in the experiments. The analytical equations of 
state (ANEOS) (Thompson and Lauson 1972) pertain-
ing to iron (Thompson 1990) were used for both the iron 
projectile and target. To treat the elastoplastic behavior 

of the shocked iron, we employed the constitutive equa-
tions in the simulations. We used the Johnson–Cook 
strength model (JNCK) with the parameters pertaining 
to ARMCO-iron (Johnson and Cook 1983) because the 
relation between stress and strain for ARMCO-iron has 
been well understood (e.g., Johnson and Cook 1983) and 
the ARMCO-iron contains a small fraction of impurities, 
which is less than 1%. The JNCK parameters and calcula-
tion settings used in the calculations are listed in Tables 3 
and 4, respectively.

3  Results
3.1  The deformation twins created by the impact
We conducted three shock experiments at room tem-
perature (Run 011), 1100  K (Run 012), and 670  K (Run 
013). The projectile collided with the sample at a velocity 
of 1.53(± 0.02) km/s at room temperature (Run 011). Fig-
ure 4a shows the crater and its polished cross section. The 
crater with a diameter of 17.8 mm and a depth of 6.8 mm 
was formed by the impact under this condition. Figure 5 
shows the BSE images of the texture of the polished sec-
tion and the SEI of the highly magnified textures of differ-
ent depths near the crater. A composite BSE image of the 
whole sample is shown in Fig. 6. In the region from the 
surface down to 1.0-mm depth, we observed concentric 
flow textures of grains as shown in Fig.  5. We observed 

Table 2 Number Density  (cm−2) of Neumann bands with depths for the collision at room temperature (Run 011), 670 K (Run 013), and 
after annealing at 1070 K for 10 min (Run 011H)

*Pressure was estimated by impact simulation (see text)

Depths (mm) Number in 400 µm × 
300 µm

Mean grain size 
(µm)

Std dev. (µm) Number density in one 
grain  (cm−2)

Pressure (GPa)*

Run 011 Collision at 300 K

2.9 361 134 26 3.0 (1.2) ×   105 12.7

6 384 125 30 3.2 (1.5) ×   105 9.26

7.7 269 102 24 2.2 (1.1) ×   105 7.65

9 314 129 33 2.6 (1.3) ×   105 6.71

11.6 131 115 38 1.1 (0.7) ×   105 5.41

13.8 87 113 37 7.3 (4.7) ×   104 4.07

Run 013. Collision at 670 K

4.9 421 154 25 3.5 (1.1) ×   105 10.2

6.4 297 157 34 2.5 (1.1) ×   105 8.8

9.3 382 206 25 3.2 (0.8) ×   105 7

15.4 184 200 21 1.5 (0.3) ×   105 3.89

20 11 170 42 9.2 (4.5) ×   103 2.45

Run 011H. Annealing at 1070 K for 10 min

2.7 40 68 15 3.3 (1.5) ×   104 –

7 65 128 37 5.4 (3.1) ×   104 –

9.2 55 137 35 4.6 (2.3) ×   104 –

11.8 53 143 50 4.4 (3.1) ×   104 –

16.4 45 126 40 3.8 (2.4) ×   104 –
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linear textures with 20  µm length and 0.5  µm width in 
this region. In the region from 1.0- to 2.6-mm depths, we 
observed twins together with flow textures. In the deeper 
region from 2.6 mm to 15.5 mm, we only observed twins 
(see Figs. 5 and 6). The number of twins decreases with 
depth in this sample.

Table 3 Models and parameters used for simulation with the 
iSALE 2D code

Parameters used for simulation ARMCO iron (Johnson and Cook 
1985)

Analytical EOS (ANEOS) Thompson (1990)

Melting temperature 1811

Specific heat (J/kg K) 452

Strength model Johnson–Cook (JNCK) model

JNCK parameters

A(MPa) 175

B(MPa) 380

N 0.32

C 0.06

M 0.55

Tref(K) 298

Fig. 5 The optical and backscattered electron (BSE) images of the texture of the polished section adjacent to the crater surface within 3-mm 
depths of the sample impacted at room temperature (Run 011). Its high magnification secondary electron images (SEI) are also shown

Table 4 Calculation settings used in the numerical simulations 
with the iSALE*

*Detailed descriptions of the parameters can be found in the iSALE manual 
(Collins et al. 2016)

Computational geometry Cylindrical coordinate

Number of computational cells

 R direction 330

 Z direction 600

Number of cells per projectile radius

 Radial direction 57

 Vertical direction 25

Number of cells per target radius

 Radial direction 271

 Vertical direction 214 (670 K, 1100 K) 143 (300 K)

Artificial viscosity  a1 0.24

Artificial viscosity  a2 1.2

Impact velocity (km  s-1) The same archived in the 
experiments

High-speed cutoff 2-fold impact velocity

Low-density cutoff (kg  m-3) 100
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In the experiment conducted at 1100 K (Run 012), we 
used a 30-mm-long sample to investigate the tempera-
ture effect on the twin formation. The temperature of the 
sample was increased to 1110 K first, then we turned off 
the electric power of the induction furnace, and the pro-
jectile was accelerated to a velocity of 1.51(± 0.02) km/s. 
Because the cooling rate of the sample was slow (20  K/
min as mentioned), the sample temperature at the time 
of the collision was estimated to be 1090–1110 K in this 
experiment. Figure 4b shows the polished section of the 
recovered sample. A 22.4-mm-wide and 10.1-mm-deep 
crater was formed by the impact at 1100 ± 10 K. Figure 7 
shows the BSE image of the texture of the whole sam-
ple. The polished textures of this sample (Run 012) were 
remarkably different from those of the shocked sample at 

room temperature (Run 011). We did not find any flow 
textures but observed polygonal crystals with a grain size 
of about 70 µm from beneath the crater down to a depth 
of 2.6  mm. We also observed polygonal crystals with a 
larger grain size of 100–200  µm in the deeper regions, 
and we did not identify any twins to the rear surface of 
the sample.

In the third experiment (Run 013), the projectile 
was collided with a 30-mm-long sample at the veloc-
ity of 1.47(± 0.02) km/s at 670  K. The recovered sam-
ple and its cross section are shown in Fig.  4(c). The 
diameter and the depth of the crater were 16.2  mm 
and 6.5 mm, respectively. The BSE images of the whole 
views of the polished section, and magnified local SEI 
images are shown in Fig. 8. Grains with several tens µm 
in diameter were observed in the sample at the depths 
of 1.2  mm. Both the flow textures and twins were 
observed at depths from 1.2 to 2.5  mm. We observed 
only twins at depths from 2.5  mm to around 20  mm 
of the sample, as shown in Fig. 8. The number of twins 
decreased with the depths of the sample. The craters 
have slightly asymmetrical shapes, as shown in Fig.  4. 
Although the cause of asymmetry is not well known, 
it could be because of a slightly tilted collision of the 
projectile.

We conducted an annealing experiment on the 
shocked target at room temperature, which has the 
deformation twins. The recovered sample from Run 011 
was shaped into a plate with the size of 18 mm height 
× 2 mm width × 1 mm thickness. The plate was heated 
for ten minutes at 1070 K, which is below the  bcc–fcc 
phase boundary (1123 K) and was cooled to room tem-
perature with a cooling rate of 20 K/min. The BSE and 
SEI images of the whole view of the plate after anneal-
ing at 1070 K (Run 011H) are shown in Fig. 9. Although 
we observed the oxidized layer with a thickness around 
50  µm on the surface of the annealed sample, we did 
not observe the oxidized layer in the deeper interior of 
the heated sample. We observed remarkable changes in 
textures after annealing at 1070 K for ten minutes. The 
flow patterns formed near the crater by the room tem-
perature impact (Run 011) disappeared to form polygo-
nal grains with a size of 40–100 µm (Run 011H).

3.2  Impact simulation using iSALE‑2D code
We conducted the impact simulations under the same 
conditions, including the sample temperatures, using 
iSALE-2D code. The distributions of the peak pressure 
and temperature during the impacts at room tempera-
ture, 1070 K, and 670 K are shown in Fig. 10. The depth 
profiles of the peak pressure and temperature along 

Fig. 6 The optical and backscattered electron (BSE) images from 
the top to the bottom of the target sample of the room temperature 
impact (Run 011) and its magnified secondary electron images (SEI). 
The twins are observed in the images
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the central axis of the iron targets of these impacts are 
shown in Fig. 11. An increase in pressure to 30 GPa was 
observed within the 5-mm depths from the craters for 
all the runs, whereas the pressure decreased gradually 
from 10 GPa to less than 1 GPa at the depths greater 
than 5  mm to the bottom of the target samples. The 
temperature profiles also showed similar distributions, 
as shown in the bottom column of the figure. A rapid 
increase in temperature appeared at depths shallower 
than 5 mm, whereas the temperature increase was lim-
ited below 160 K in the region deeper than 5 mm depth, 

and the temperature increase was negligible from the 
10 mm depth to the bottom of the target samples. The 
present simulation is consistent with the shock pressure 
of 30 GPa estimated by the shock Hugoniot (Bischoff 
and Stöffler 1992; Murr et  al. 2002a) at the top of the 
crater within the 5-mm depths; however, the pressure 
decayed continuously to below 2 GPa at the bottom of 
the sample. Therefore, it is important to consider this 
decay of the maximum pressure when discussing the 
formation conditions of twins.

Fig. 7 The optical and backscattered electron (BSE) images of the polish section and the magnified secondary electron images (SEI) of the different 
positions of the sample recovered from the impact at 1100 K (Run 012)
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3.3  Distribution of deformation twins in iron target 
samples

Variations in the density of twins within the target sam-
ples for three experiments (Runs 011, 013, and 011H) 
are summarized in Fig. 12. Because we did not observe 
any twins in the shocked target at 1100 K (Run 012), the 
data obtained only at room temperature and 670 K are 
shown. The absence of the twins in this sample is con-
sistent with the result of the annealing experiment.

The distribution of twins was expressed as their den-
sity in a unit area (Number/cm2) in one grain of the sam-
ple following the definition of the dislocation density 

in crystals and is shown in Table  2. The twin was not 
observed near the crater surface to 5-mm depths per-
haps because of an intensive deformation associated 
with the pressure and temperature increase to 30 GPa 
and above 800  K, respectively, in the impacts at room 
temperature and 670  K. No significant difference in the 
number density profiles with pressure was observed 
between the samples collided at room temperature (Run 
011) and 670 K, as shown in Fig. 12b. The distribution of 
twins annealed at 1070 K below the bcc–fcc transition for 
10 min (Run 011H) shows a remarkable reduction of the 
number density at all depths, as shown in Fig. 12a.

Fig. 8 The optical and backscattered electron (BSE) images of the sample impacted at 670 K (Run 013) and the secondary electron images (SEI) 
magnified locally
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4  Discussion
4.1  Conditions for twin formation combining impact 

experiments and simulations
The twins were formed even near the rear surfaces of the 
target samples where the shock pressures decayed below 
2 GPa estimated by the iSALE (Fig.  11a, c), suggesting 
that the threshold pressure of the twin formation is close 
to 1.5–2 GPa. Murr et al. (2002b) reported the relation of 
the impact velocity and the depth of twin formation and 
estimated the threshold impact velocity for the twin for-
mation to be 0.1 km/s (corresponding to 1 GPa) at room 
temperature, which is consistent with our observations.

We can estimate the thermal history of iron mete-
orites experienced during and after collision based on 
their shock textures. Our experiments revealed that 
the Neumann band is a signature of shock above 1.5–2 
GPa, which can be formed by impacts below tempera-
tures about 670  K. However, our result also showed 
that too high degrees of compression above 13 GPa 

cannot produce the twins possibly because of too high 
dislocation density in one grain. Therefore, the Neu-
mann band can be used as a shock indicator between 
1.5–2 GPa and around 13 GPa. The relations between 
the twin density and pressure are also presented as 
shown in Fig. 12b. We found that the twin density can 
be well fitted by a simple linear relation as a function 
of peak pressure. The phase boundary between bcc and 
hcp iron locates at around 13 GPa. Figures  11 and 12 
also suggest saturation of the twin density due to large 
deformation. Although we observed the texture after 
pressure release, the recent in situ XRD measurements 
of the released stages from shocked iron using XFEL 
(Hwang et  al. 2020) suggested the process occurred 
in the large deformation region of our recovered sam-
ples, i.e., the phase change occurred very quickly and 
even fcc phase could be formed due to expansion of the 
samples. These processes likely occurred in the highly 
deformed regions of our samples.

We found that the initial temperature does not largely 
affect the twin density at least up to 670 K, indicating that 
the production rate of twins is high enough to neglect 
the effects of annealing kinetics at least below 670 K. The 
present experiments combined with the numerical simu-
lations revealed that the Neumann band was shocked by 
impacts with shock pressures from 1.5–2 GPa to around 
13 GPa and temperatures at least up to 670 K.

4.2  Annealing and disappearance of twins
Our annealing experiment (Run 011H) revealed that 
twins disappeared easily in bcc iron by annealing and 
recrystallization at 1070  K below the bcc–fcc transition 
temperature only for ten minutes. This observation is 
consistent with experimental results of high-temperature 
annealing of iron meteorites conducted by Jain and Lip-
schutz (1968), Buchwald (1975), and Davidson (1940). 
These previous annealing experiments on iron meteorites 
indicated that the samples recrystallized at temperatures 
above 870  K, which is below the bcc–fcc phase transi-
tion boundary, after 0.5–3  h of annealing. Annealing 
experiments on heavily deformed iron, Fe–0.3 wt%Al, 
and Fe–0.3 wt%Si alloys also indicated that recrystalliza-
tion started at temperatures above 770 K with a heating 
rate of 10 K/min and significant grain growth occurred at 
1070 K (Tomita et al. 2017), which is also consistent with 
our observation of twin disappearance in the shocked 
iron sample.

Recrystallization including reduction of dislocation 
density has been studied extensively (Humphreys et  al. 
2017). The conventional analysis for recrystallization 
may be applied to reduce the twin density by recrystal-
lization, and the decrease rate may be expressed by an 
empirical n-th order recrystallization kinetics expression, 

Fig. 9 The BSE image from the top to the bottom of the recovered 
sample annealed with the induction furnace at 1070 K for 10 min, and 
its locally magnified SEI images (Run 011H)
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dρ/dt = −kρn, where k is the rate constant for recovery 
(Humphreys et  al. 2017), and ρ is the twin density. Dif-
ferent values are proposed for n-values depending on the 
materials; n = 2 for the recovery of olivine (Farla et  al. 
2010) and LiF (Li 1962), n = 2 (Van Drunen and Sai-
moto 1971) or 3 (Prinz et al. 1982) for Cu, and n = 3 for 
Ni (Prinz et  al. 1982). Therefore, we adopted n = 2 and 
3 for decrease in twin density by annealing. By fitting 
our data by this equation, dρ/dt can be obtained with a 
parameter k = 3.084 ×  10–8 for n = 2 and k = 4.316 ×  10–13 
for n = 3 at 1070  K for 10  min. Based on this equation, 
we can estimate the time dependency of the decrease in 
twin density for various durations from 1 min to 1 h at 
1070 K as shown in Fig. 13a. Significant reduction of the 
twin density occurred by annealing at 1070 K as shown in 
this figure.

Decrease in twin density because of annealing and 
recrystallization at different temperatures may be esti-
mated by the temperature dependence of the rate con-
stant, k, which can be expressed by k = k0exp(− Ea/RT), 
where Ea is the activation energy for the process con-
sidered, k0 is a constant, R is the gas constant, and T 
is the temperature. Because we obtained k(1070 K), as 
mentioned, we can obtain a temperature-dependent 
rate constant k(T) if Ea is given. The activation energy 
for the recovery is expected to be close to the self-diffu-
sion of the metals for Cu (Cottrell and Aytekin 1950), Fe 
(Michalak and Paxton 1961), and Zn (Van Drunen and 
Saimoto 1971). Experiments on recovery/recrystalliza-
tion of steel suggest the activation energy, Ea, is around 
250 kJ/mol, which is close to that of the iron self-diffu-
sion (e.g., Watanabe and Karashima 1970; Glover and 
Stellars 1973). Therefore, the activation energy of 250 
kJ/mol was adopted in the recrystallization of twins. 

Fig. 10 The results of numerical simulations on distributions of the maximum temperature (left) and pressure (right) in the iron targets during the 
impacts at 300 K (a), 1100 K (b), and 670 K (c) corresponding to the experimental conditions of Run 011, 012, and 013. The color contour on the left 
side indicates the peak temperature, Kelvin, and that on the right side is the peak pressure in GPa
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Fig. 11 The results of the iSALE-2D simulation on distributions of the peak pressure (GPa) and temperature (K) along the center axis of the 
target. The distribution of peak pressure (a) and temperature (b) in the room temperature impact (corresponding to Run 011), the peak pressure 
(c) and temperature (d) in the impact at 670 K (corresponding to Run 013), and the peak pressure (e) and temperature (f) in the 1100 K impact 
(corresponding to Run 012). The distance from the crater is shown as the depth in mm

Fig. 12 a The twin density from the top to the bottom of the samples recovered from the impacts at room temperature (Solid squares, Run 011) 
and 670 K (Open circles, Run 013). The density after annealing at 1070 K (Open squares, Run011H) for 10 min is also shown. The twin distribution is 
expressed as a linear relation, N  (cm−2) = 4.14 ×  105–2.34 ×  104 × D (mm) (R = 0.908) for the room temperature impact, and N  (cm−2) = 4.45 ×  105–
2.05 ×  104 × D (mm) (R = 0.936) for the impact at 670 K, where N is the density of twins in a unit area of 1  cm2, and D is the depth of the sample 
from the crater surface in mm. (b) The relation between the twin density and pressure (GPa) that was deduced by the iSALE-2D simulation. 
The relation can be expressed by N  (cm−2) = –6.30 ×  104 + 4.11 ×  104 × P (GPa) (R = 0.905). All data for room temperature (solid squares) and 
670 K (open circles) are included for the fitting except a data point (*) at 13 GPa in which the twin density close to the crater may be reduced by 
increasing pressure and temperature
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Finally, we can estimate the temperature dependence 
of the disappearance of twins, as shown in Figure 13b. 
This figure indicates annealing and disappearance 
of twin occur above 700 K, which is consistent with 
annealing experiments on iron meteorites (Jain and 
Lipschutz 1968; Buchwald 1975). This is the reason why 
the shocked sample at 670 K was free from the anneal-
ing. In our impact experiment conducted at 1100 K 
(Run 012), we cannot observe twins in the iron target, 
as shown in Figure 7. The cooling rate after the impact 
at 1100 K is estimated to be 20 K/min as shown in 
Sect. 2.2. Therefore, the disappearance of twins at 1100 
K impact (Run 012) annealed for 10 min during cooling 
to 900 K is consistent with the recrystallization rate of 
twin estimated here.

Our experiments showed that twins were formed by 
impacts at least up to 670  K, and it was not formed by 
high-temperature impacts above 1100  K. The anneal-
ing experiment and the analysis of the kinetics given in 
Fig. 13a and b revealed that the twin in iron disappeared 
easily by reheating and annealing at 1070 K.

The bcc–fcc transition temperature in iron is 1184  K, 
whereas the transition of kamacite with 5–7.5  mol% Ni 
occurs at 770–905  K (Reisener and Goldstein 2003). 
Therefore, the maximum temperature for survival of 
the Neumann band in kamacites might be as low as the 
temperature of the bcc–fcc equilibrium phase bound-
ary. Although we used iron in this study, our result may 

provide insight into Neumann band formation in iron 
meteorites because kamacite can survive even at 1070 K 
metastably because of sluggish transition kinetics (Dun-
lop and Özdemir 2007) when it was reheated rapidly. 
Therefore, iron meteorites with Neumann bands were 
not heated to the temperatures above 1070  K after the 
Neumann band formation.

5  Conclusions
A series of shock recovery experiments at three different 
sample temperatures were conducted using a two-stage 
light gas gun with an induction furnace. Textures of the 
recovered iron were studied with the impact velocity 
of about 1.5  km/s in the temperature range from room 
temperature to 1100  K. The twin was observed in the 
run products of room temperature and 670 K, whereas it 
was not observed in the run product recovered from the 
impact at 1100 K.

We conducted numerical simulations of these impacts 
to estimate the maximum pressure and temperature 
distributions in the targets during the impacts. We 
revealed that the twin can be formed at relatively low 
pressures from 1.5–2 GPa to around 13 GPa at low tem-
peratures at least up to 670 K. The present experiments 
combined with the numerical simulations revealed that 
the Neumann band was shocked at this pressure range 
by impacts and temperatures at least up to 670  K. Our 
annealing experiments also implied that the twin in iron 

Fig. 13 The effect of time (a) and temperature (b) for annealing of twins assuming n = 2 and 3 for decreasing rate expressed by an empirical n-th 
order recrystallization kinetics expression, dρ/dt = −kρn, where k is the rate constant for recrystallization (see the text for more details). a Decrease 
in twin density by annealing during time intervals from one minute to one hour at 1070 K and various depths of the sample for n = 2 (blue curves) 
and for n = 3 (red dotted curves). The experimental data for Run 011 and Run 011H (10-min annealing at 1070 K) are shown as black open and red 
open circles, respectively. b The change in twin density by annealing at various temperatures and durations from one minute to one hour for n = 2 
(blue curves) and n = 3 (red curves). The initial twin density before annealing was taken as 3.5 ×  105  cm−2, and the activation energy Ea of 250 kJ/
mol was adopted for the recrystallization process of twins



Page 14 of 15Ohtani et al. Progress in Earth and Planetary Science            (2022) 9:24 

recrystallizes and disappears easily by heating at around 
1070 K. Iron meteorites with Neumann bands were not 
heated above 1070 K after the Neumann band formation.
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