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Phase separation in ion bombarded FeNi Invar alloys

M. R. Gallas, L. Amaral, and J. A. H. da Jornada

Instituto de Fisica, Universidade Federal do Rio Grande do Sul, 91500 Porto Alegre, Brazzl E
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Studies of the effects of ion bombardment on the phase equilibria and ordering of FeNi alloys

with 30.6 and 39.5 at.

% Ni were performed. The FeNi samples were bombarded with

Ne, Ar, and Kr at different doses and temperatures, and analyzed using the conversion electron
Méssbauer spectroscopy (CEMS) technique with 3’Fe. The changes in the CEMS

spectra of Fegg 4Nizg e and Fegp sNisg s alloys, bombarded with Ne and Ar, indicate a phase
separation, but no evidence of ordering. The Kr bombardment does not produce any

change, however samples of 39.5 at. % Ni already showing phase separation returned to the
single phase state after Kr irradiation. Our results give strong evidences of a prevalence

of displacement mixing for bombardment with heavier ions, and of radiation enhanced

diffusion for bombardment with hghter ions.

|. INTRODUCTION

Iron-nickel alloys in the composition range from 30 to
50 at. % Ni have been extensively studied, mostly because
of the Invar phenomena.! Tt is known that for these alloys,
important structural changes like atomic ordering and
clustering should take place below 700 K.2f4 At such low
temperature, diffusion is extremely sluggish, so a real equi-
librium is hardly achieved. In FeNi alloys found in mete-
orites, a state closer to the thermodynamical equilibrium
can be observed because the cooling rates are very slow,
about 1 K per 10° years. In order to attain a state closer to
equilibrium at reasonable experimental times, it is neces-
sary to use special techniques for increasing diffusion, like
electron and neutron irradiation®”’ or ultrafine particles.®’
These works show a tendency to produce phase separation
and ordering, very similar to the ones found in FeNi me-
teorites. !%1!

Ton irradiation is a very interesting technique to be
used in connection with this problem. Besides more com-
plicated phenomena, it can produce two important effects:
for one side, it can enhance the diffusion by the so-called
radiation enhanced diffusion effect, which in principle
could generate the same stable phases produced by the
techniques referred above. On the other side, it will aiso
produce displacement mixing, which tends to homogenize
the system, producing a more random distribution of Ni
and Fe atoms. Indeed the two aspects are interesting, be-
cause these alloys are not only difficult to be produced in
an ordered way, but also a completely random distribution
of the atoms seems to be very difficult to be achieved.!>!3
The importance of having tools either for producing a truly
randomly mixed alloy or producing a state closer to the
true thermodynamical equilibrium (which for this system
means atomic ordering and phase separation), lies not only
in the metallurgical aspects. In fact, Invar properties are
known to be strongly dependent on atomic ordering.'*!
Preliminary results, using Ar jons,'® showed a phase sep-
aration in FegNiy, alloys.

In this work we study the atomic rearrangements pro-
duced by ion bombardment in Invar FeNi alloys, with
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composition of 39.5 and 30.6 at. % Ni, through conversion
electron Mdssbauer spectroscopy (CEMS). Different no-
ble gases ions have been bombarded with variable doses
and energy, at different substrate temperatures.

Il. EXPERIMENT

FeNi samples with composition of 36.6 and 39.5 at. %
Ni and a purity better than 99.9 at. % for Fe and Ni, were
laminated and then annealed for 1 h in vacuum better than

10~ * Pa at a temperature of 1273 K.

The samples were analyzed through the conversion
electron M0ssbauer spectroscopy (CEMS) technique us-
ing a *’CoRA source. The measurements have been done in
a conventional Mdssbauer setup operating in the constant
acceleration mode. ' A

The ion irradiation with Ne, Ar, and Kr were done at
the HVEE 400-kV ion implanter of the Institut of Physics,
Porto Alegre. The implantation current density was con-
trolled in order to avoid undesirable heating of the sam-
ples. The implantation energies were set to produce a bom-
barded region of around 2000 A, that is about the CEMS
penetration depth.

As noble gas ions are not expected to produce chemical
effects, in order to see the influence of ion mass we compare
the results for different conditions, but with approximately
the same displacement per atom (dpa) and mean projected
range, that were evaluated through the TRIM code.!” We
selected a dpa around 85, based on our preliminary work,'®
which shows a clear phase separation for Ar bombardment
in FegNiyq at this conditions. The different ion irradiation
parameters * are summarized in Tables I and II for
Fegp sNisg 5 and Fegg 4Nij, ¢ samples, respectively, as well as
the hyperfine parameters obtained.

lll. RESULTS AND DISCUSSION

Typical CEMS spectra are shown in Figures 1-4, for
different cases in the Fegq sNiyg 5 and Fegg 4Niyg ¢ samples.
Tables I and II show the hyperfine parameters for these
samples.

© 1991 American Institute of Physics 131



TABLE 1. Irradiation conditions and hyperfine parameters for the FegysNiz s sample. I =ion; E = energy; D =dose; ST = substrate temperature,
dpa = displacement per atom; H = hyperfine field; IS = isomer shift; I' = linewidth; A = relative area. In all the cases, the beam current intensity was

lower than 1 pA/cm?, in order to avoid excessive heating of the sample.

Irradiation conditions

Hyperfine parameters

H IS r A

E D ST kG mms™! mms ! %
I keV ‘ions cm ™2 K dpa +2 +0.01 +0.02 +2
unirradiated 295 —0.100 . 0.64 60

[Fig. 1(a)] 310 —0.068 0.38 40

Ne 210 8.4 10' 300 85 300 —0.062 0.70 61
[Fig. 1(b)] 315 —0.094 0.42 22

—0.180 0.27 17

Ar 370 4.0x10' 300 85 295 —0.038 0.60 40
[Fig. (2)] 320 - 0.072 0.44 52

- 0.185 0.35 8

Kr 760 1016 300 107 295 —0.079 0.71 83
[Fig. 1(c)] 310 —0.084 0.39 17

For the unirradiated sample the CEMS spectrum [Fig.
1(a)] shows two very close magnetic sextets, which is in
good agreement with previous results.>'%'® The spectra ob-
tained after bombardment with Ne show a single central
peak, in addition to the magnetic sextets [Fig. 1(b)]. This
new singlet is well known for spectra of meteorites and in
FeNi samples irradiated with electrons and neutrons,>!°
identifying the onset of a paramagnetic phase. According
to previous studies,> ! this phase has a low concentration
of Ni, but has the same fcc structure as the ferromagnetic
coexisting phase, and remains metastable due to the small
size of their clusters.

Using Ar ions, instead of Ne, for the 39.5 at. % Ni
sample, we obtained similar results, but for the same dpa
and substrate temperature during bombardment (300 K),
we observed a lower intensity of the central peak (Fig. 2).

Doing the same experiment with the Kr ion, we ob-
served no central peak formation, and the spectra remain
basically the same, even for very high dpa. We propose that
this kind of result could be explained by a competition
between two effects: radiation enhanced diffusion (which
in this specific case would lead to phase separation and
eventually ordering in one of these phases) and displace-

ment mixing (which tends to homogenize the system) so,
it seems that if we maintain the same dpa, the relative
importance of the radiation enhanced diffusion mechanism
is stronger for lighter ions (Ne), decreasing for Ar ions,
and is totally suppressed by the displacement mixing effect
in the case of the heavier Kr ion. This increased impor-
tance of the displacement mixing for heavier ions is in
agreement with previous results observed on a-iron irradi-
ated with heavy ions by Jenkins, English, and Eyre.!® It
was observed that the cascade becomes denser and more
localized, when it was increased the incident ion mass,
which enhance the local vacancy concentration tending to
an aggregation and loop formation. This kind of process
could increase displacement mixing and prevent the vacan-
cies from moving through the lattice heiping diffusion.

In order to test this hypothesis, we bombarded with Kr
a sample previously bombarded with Ne, that showed a
strong central peak, as displayed in Fig. 1(b). As a conse-
quence of Kr bombardment the central peak produced by
the previous Ne irradiation disappeared totally, suggesting
again a predominant displacement mixing effect [Fig.
1(e)].

It is well known that ordered samples found in neutron

TABLE II Irradiation conditions and hyperfine parameters for the Fey sNiy ¢ sample. I = ion; E = energy; D = dose; ST = substrate temperature,
dpa = displacement per atom; H = hyperfine field; /S = isomer shift; I" = linewidth; 4 = relative area.

Irradiation conditions

Hyperfine parameters

H s r A

E D ST kG mms™ ! mms™! %
I keV ions cm ~? K dpa £2 +0.01 +£0.02 *2
unirradiated B —0.120 1.64 47

[Fig. 3(a)] 118 —0.091 1.39 53

Ne 210 8.4 10 300 85 ‘e —0.190 0.37 57
[Fig. 3(b)} 297 —0.110 0.88 43

Ne 210 8.4¢10' 473 85 ‘e —~0.170 0.86 50
(Fig. 4) 200 0.011 0.70 24

] 275 —0.033 0.70 26

Kr © 760 1016 300 107 ~0.170 0.86 57
(Fig. 3c) 200 0.011 0.70 10

275 —0.033 0.70 33
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FIG. 1. Mdssbauer spectra for Feg, sNiyg s sample: (a) unirradiated; (b)
bombarded with Ne at room temperature (dose = 8.4 X 10'® jons cm ~2,
energy = 210 keV, dpa = 85); (c) sample bombarded as in (b), with
further bombardment with Kr at room temperature (dose = 10'® ions
cm "2, energy = 760 keV, dpa = 107).

or electron irradiated alloys or meteorites shows a quadru-
pole splitting due to a noncubic L1, structure,>'® but in our
spectra no strong evidence of ordering of a possible Ni
enriched phase is present.

We performed a similar study also for samples with
composition more to the end of the Invar region, namely
30.6 at. % Ni. For the unirradiated case [Fig. 3(a)], the
CEMS spectrum shows a broad distribution of magnetic
field that can be fitted with a broad central peak and a
small magnetic sextet (see Table II). For the Ne bombard-
ment [Fig. 3(b)], the central peak becomes sharp, and the
broad part of the spectrum disappears yielding a lower
contribution of a more defined magnetic sextet, with
smaller relative area, that represents a composition rich in
Ni, according to the known dependence of the magnetic
hyperfine fields with concentration.’’” When this same Ne
bombarded samples was later irradiated with Kr [Fig.

3(c)], it was not observed a complete reversion to the unir- -

radiated situation, as for the previous case. However, a
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FIG. 2. Mdssbauer spectrum for Fegg sNijg s sample bombarded with Ar
at room temperature (dose=4X10'® ionscm—2 energy =370 keV,
dpa = 85).

clear tendency to revert the effect was observed, namely,
the central peak broadens and the value of the magnetic
field decreases, indicating a predominance of displacement
mixing, in a way similar to that for the 39.5 at. % Ni alloy.

R R R T I
8 6 4 -2 0 2 4 6 8

VELOCITY (mm/s)

FIG. 3. Mdssbauer spectra for Fegg 4Niy;¢ sample: (2) unirradiated; (b)
bombarded with Ne at room temperature (dose = 8.4 10'6 ions cm ~2,
energy = 210 keV, dpa = 85); (¢) sample bombarded as in (b), with
further bombardment with Kr at room temperature (dose = 10'¢ ions

cm ~ 2, energy = 760 keV, dpa = 107).
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FIG. 4. Méssbauer spectrum for Feg 4Niyo s sample bombarded with Ne
at 473 K (dose = 8.4 10 ions cm ™%, energy = 210 keV, dpa = 85).

In Fig. 4 we present the spectrum for the sample of
30.6 at. % Ni also bombarded with Ne, but at 473 K, in
order to see the effect of the sample temperature. As this
spectrum is similar to the previous case [Fig. 3(c)], we
started with the same fitting parameters, and noted that the
relevant change was only in the relative area, showing that
only the proportion of the phases was changed. As can be
seen, the irradiation effect is different compared to the
room-temperature bombarded samples and shows a less
pronounced sharpness of the central peak. This fact is in
agreement with the decreasing of the thermodynamical
driving force for phase separation with increasing temper-
ature. Studies of the FeNi phase diagram in the rather
low-temperature range suggest a temperature about 723 K
as the dome for the miscibility gap in this region of 30—40
at. % Ni.2! This is also in qualitative agreement with our
experiments involving the effect of annealing on the spectra
of bombarded samples, where we found that the spectra for
the 40 at. % Ni practically returned to the original unir-
radiated form, for annealing temperature of 773 K during
1h

IV. CONCLUSIONS

In this work we made an investigation of the effect of
ion bombardment, with different noble gas ions, on the
phase structure of FeNi Invar alloys, at compositions of
30.6 and 39.5 at. % Ni. We observed a clear phase sepa-
ration for Ne, the same effect but not so strong for Ar, and
a reverse effect for Kr. These results are interpreted as
evidence that for lighter ions the radiation enhanced diffu-
sion effect is predominant, whereas for the heavier ions we
studied (Kr), the displacement mixing effect is dominant.
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It is interesting to note that a similar effect was observed by
Jenkins et al.”® in a study of a-iron irradiated with heavy
ions.

The temperature at which the phase separation disap-
pears, as well as the kind of spectra, is very similar to the
already studied case of neutron and electron irradiation,>!°
however we did not find enough evidence of ordering.
Probably the mixing effect associated with ion bombard-
ment is sufficient, even for Ne, to mix the atoms in the very
short range necessary for ordering, but this mixing is not
enough to mix larger regions of the clusters formed by the
phase separation.

It is important to point out, finally, the advantage of
ion bombardment as a powerful tool for producing Invar
alloys not only in the more stable state of two phases, as in
neutron and electron irradiation, but also in the more ran-
dom state, through the use of heavy ions, which is very
interesting due to the dependence of the Invar properties
with atomic order.
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