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Possible wave formation and martensitic transformation of iron particles in
copper single crystals during argon ion bombardment
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Thin single crystal copper specimens (thickness ~ 250 nm) containing coherent iron particles
(diameter 40-50 nm) have been bombarded with argon ions (5, 80, and 330 keV). During this
process some of the iron particles transform to martensite. The transformation was observed near
the exposed surface and sometimes also close to the other surface but never in between. This is
interpreted in terms of mechanical waves starting from the impact area.

PACS numbers: 79.20.Nc, 62.30. + d, 81.30.Kf

Martensitic transformation is normally an extremely
fast process and does not therefore lend itself easily to a di-
rect study, but one has to rely on a comparison of the start
and end products. Another complication to any martensite
investigation is the fine scale of the transformation, often
with a dense twinning. This puts a limit even to electron
microscopy methods and makes it difficult to distinguish the
different stages of the process. One way to circumvent this
problem is to study small, isolated particles.'~” For example,
this has been done for iron particles contained in a copper
matrix.”” By plastic deformation of the copper matrix mar-
tensite transformation is induced within the iron particles.
Martensite transformation has also been studied in extracted
small iron particles® and in gas evaporated cobalt particles.’

Electron irradiation in a high voltage electron micros-
cope (650 keV) has been tried as an alternative to plastic
deformation to initiate martensitic transformation in small
particles, but with a negative resuit.?

This paper deals with argon ion bombardment of
thinned copper single crystals containing spherical coherent
fce iron precipitates with a diameter of 40-50 nm. The total
iron content is 1.25 wt. %. The alloy was made by a method
described earlier” and was subsequently thinned down to
electron microscope specimen thickness at — 60 °C using a
nitric acid-methanol solution. The specimens were then
bombarded with 5 {with an ion beam miller), 80, and 330keV
argon ions with total doses of 4 10'*, 10'%, and 10'? ions/
cm?, respectively. The ions were striking the foil to within 5-
10° of a (112) direction for 5, 20.5, and 20.5 s, respectively.

During bombardment some of the particles lost their
coherency and transformed martensitically, as seen by the
banding in the particles (Fig. 1). The transformation to mar-
tensite was sometimes partial, sometimes complete, as was
checked with electron diffraction. The particles at the sur-
face were more prone to complete transformation. These fea-
tures here are identical to those observed in the plastically
deformed Cu-Fe alloys, as well as in extracted particles.

The depth distribution of the individual transformed
and untransformed iron particles, as well as the damage
loops, was determined by careful stereo microscopy and the
results for 5 and 80 keV ions are shown in Fig. 2. In both
cases damage loops were observed inwards from the bom-
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FIG. 1. (a) Coherent precipitates of ¥-Fe in a copper matrix, Cu 1.25 wt. %
Fe. Solution heat treated at 1040 °C for 1 h, quenched into water; precipita-
tion treated at 700 °C for 7 h. The mean diameter of particles is 40-50 nm. (b}
Precipitates (40-50 nm) after bombardment by argon ions at 5 kV. Trans-
formed precipitate indicated. {c} Transformed particles. Kinematical condi-
tions in the matrix. Note banding in two of the particles.
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FIG. 2. (a) Depth distribution of the damage loops for a specimen bombarded at 5 keV. (b) Depth distribution of the transformed and untransformed iron
precipitates. Same specimen as in (a). (c) Depth distribution of the damage loops for a specimen bombarded at 80 keV. (d) Depth distribution of the trans-

formed and untransformed iron precipitates. Same specimen as in (c).

barded (top) surface (much more in the 80-keV case}, as well
as transformed particles, but there the similarity ends. What
is totally unexpected is the distribution of the transformed
particles. In the 5-keV case, transformed particles were seen
near the top surface extending somewhat further down than
the damage loops. In the case of 80 keV ions the damage goes
down to about half the specimen thickness (~250 nm) and
transformed iron particles are seen near the top and bottom
surfaces. In between there are no transformed particles. In
addition, it looks as if there are fewer particles visible in the
central areas than there were before the bombardment. This
remains a mystery, but it can possibly be due to a loss of
coherency without martensitic transformation.

At 330 keV no detailed measurements have been per-
formed but the impression is that the ion beam damage has
gone right through the foil and that the transformed parti-
cles are limited to the top and bottom surfaces.

It is a very strange and unexpected result that transfor-
mation of the particles occur at the top and bottom surfaces
but not in the center. There seems to be three possible expla-
nations for this result.

The first possibility would be that when the incoming

1068 J. Appl. Phys., Vol. 54, No. 2, February 1983

ion dissipates its momentum, this is in fact equivalent to a
force acting on the thin foil. A calculation using the relevant
data, however, gives stresses which are all too small to cause
any deformation (~ 107> N/m?). Also, the bend stresses in
the foil which appear due to this oneside loading are too
small to cause severe deformation and moreover there
should be no difference between top and bottom surfaces.

A second possibility would be that implanted excess
material gives rise to stresses.® These stresses would then be
largest at the top (and the bottom) surface. The surface stress
obtained with 100 keV argon ions (dose 10'°~10"7 ions/cm?)
in a steel® is 50X 10° N/m? This stress drops heavily with
the dose; so with the doses involved here the stresses would
be very small.

The third and only possibility which seems to be left is
that a wave is launched from the point of impact, causing
some of the metastable particles to transform in the neigh-
borhood and further out. The possibility of waves sent out at
ionic impact has been raised and debated recently.>'® A
computer simulation of argon ion impact at 5 keV at a cop-
per surface also showed evidence of a shock wave.!

Firstly, one should consider the energy and momentum
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TABLE I. Table shows the particle velocity of the wave in the forward direction (u), the energy transmitted in the forward direction W, the stress levels
o = pu,u (using v, = 5000 m/s) and also the number of atoms participating in the wave, N. The results for four different u/v, values are shown. The u/v,

values gives the relative energy, which is transferred into the forward wave.

W, = 5keV = 80 keV W, = 330 keV
u W, o u W, o u W, o
u/v, N (m/s) (Nm) (N/m?) (m/s) (Nm) (N/m?) {(m/s) (Nm) (N/m?)
107! 6.3 1.5x10% 8.0x107"7 7x10" 6.2 10* 1.3x107%  3x10" 1.3x10° 53x107%  6x10'
1073 6.3%10? 1.5% 10? 8.0x107" 7x10° 6.2 107 1.3%x107"7  3x10" 1.3x10° 53%107"7  6x10"
10~° 6.3x10* 1.5 8.0x1072"  7x10’ 6.2 1.3x107"%  3x108 1.3x 10! 5.3x107"  6x10®
1077 6.3x10° 1.5%x 1072 8.0x107%2 7x10° 6.2% 1072 1.3x107%"  3x10° 1.3x 107! 5.3x107%0 6x10°®

balance at impact
W,=W,+ W,

Py =Py
where W, is the energy of the incoming ion, W, the energy of
the outgoing wave in the forward direction, W the energy
lost due inelastic collisions and scattering in a nonforward
direction, v, the velocity of the incoming ion, v, the wave
velocity in the solid, u the particle velocity of wave in for-
ward direction, p, the momentum of the incoming ion, p, the
momentum of the wave in the forward direction, and p the
density of the solid.

Once u/v, is known, it is possible to solve
W,(= W, Xu/v,) and also to find the stress levels o near
impact, using o = pv,u. Without knowing any details about
the wave, we have made the calculations for four different
situations (#/v, values) (Table I). It is observed that in several
cases the stresses reach substantial values being in many
cases a large fraction of the elastic moduli. Unfortunately,
we are at this stage not able to tell the exact u/v, level, nor
whether this is the same for the three energies.

Secondly, it is appropriate to consider elastic wave
propagation in anisotropic media, as this includes some new
concepts as compared to the isotropic case.'” In anisotropic
media there are three different velocity surfaces, which

[010]
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2

FIG. 3. Section perpendicular to [001] through the velocity surface of cop-
per. Curves mark the three different wave velocities in each direction.
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means that in the general case three different wave velocities
exist in each direction. In the isotropic case one distinguishes
between a longitudinal wave with one velocity and two
transversal waves polarized perpendicularly to the beam di-
rection and with lower velocities. In the general anisotropic
case the three waves are also polarized perpendicularly to
each other but there exist no pure longitudinal or transversal
waves. As an example, a [001] section through the velocity
surfaces for copper is shown in Fig. 3. An important point
now emerges. The energy transport does not take place in the
same direction as the wave vector. To find the direction of
energy transport, first construct the slowness surface which
is the reciprocal of the velocity in each direction. A [001]
section through the slowness surface is shown in Fig. 4. Now
the group velocity which marks the direction of energy flow
is given by the normal to these surfaces and it can easily be
seen that some directions are favored; i.e., the energy travels
preferentially in certain directions. This shows that the ener-
gy can be considered to be sent out as narrow rays which
indicates that the available intensity does not fade off very
rapidly on its way down the foil. The same type of arguments
can be used for the surface (Rayleigh) waves. When a har-
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FIG. 4. Section perpendicular to [001] through the slowness surface of cop-
per. Energy flow is always perpendicular to the surfaces as marked by ar-
Tows.
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monic farce, for example, is acting at the surface of a semi-
infinite isotropic solid, waves are emitted into the solid and
along the surface and a large proportion of the available en-
ergy follows the surface. There is every reason to believe that
the same picture is true even in the case of impact on an
anisotropic material, but now we also have the slowness
curve for the Rayleigh waves to consider. This also leads to
rays of energy leaving the impact area and these can also
travel substantial distances without fading.

We have now found a mechanism to transport energy to
coherent iron particles which then could transform marten-
sitically from their metastable state; however, the picture is
far from complete. Why does it happen at the lower surface
at 80 keV but not in the center? Does that depend on a reflec-
tion of a compressive wave into a tensile at the bottom sur-
face which then could cause damage like in scabbing? Or
does it depend on some other interaction phenomena
between several waves, some of which are possibly reflected
at the particles? Another possibility would be that surface
waves were sent out which then proceeded to the electropo-
lished hole and continued on the lower surface. Due to the
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limited penetration of a surface wave (less than a wavelength)
this might also explain why the transformation is confined to
the surface regions.
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