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Intermetallic phases formed during tin implantation into iron and steels

P. H. Dionisio, B. A. S. de Barros, Jr., and |. J. R. Baumvol
Instituto de Fisica, Universidade Federal do Rio Grande do Sul, 90000 Porto Alegre, RS, Brasil

(Received 20 June 1983; accepted for publication 9 September 1983)

The surface layers of pure iron, high-carbon steel and stainless steel, ion implanted with 1x 10'7
Sn* cm~?, have been characterized by means of 1'°Sn conversion electrons Mdssbauer

scattering. The intermetallic phases existent in the as-implanted samples are determined, and then
the thermal decomposition of these phases are established. The phase transformations observed in
the treated surfaces agree reasonably well with the phase diagrams reported in the literature for

stoichiometric intermetallic phases formed in bulk.

PACS numbers: 68.20 + t, 61.70.Tm, 64.70.Kb, 76.80. + y, 97.20.Kz

I. INTRODUCTION

In recent years several authors reported modifications
of the mechanical and high temperature oxidation proper-
ties of iron, steels, titanium, and other metals, caused by ion
implantation or ion beam mixing of tin into the surface lay-
ers of these materials.'™®

The reductions observed in the wear rate and friction
coefficient after treating the metal surface by the two above
processes may be due to precipitation hardening, since sec-
ond phase precipitates such as FeSn, and Ni;Sn, which can
account for hardening are formed during implantation.

The improved resistance to high temperature oxidation
in the case of pure iron implanted with Sn* ions was asso-
ciated with the intermetallic FeSn,. This was established in
analogy with tinplating, where FeSn, acts as a barrier
between the active iron substrate and the oxidizing environ-
ment, reducing greatly the surface area of the iron that is
sacrificially protected by SnO,.® Oxidative wear is also in-
fluenced by this mechanism. '

These introductory remarks emphasize the existence of
a large interest on the characterization of the phases formed
on the surface of the above mentioned materials when they
are implanted with Sn, as well as the relative proportion of
these phases and the kind of transformations that they exper-
ience when the samples are submitted to temperatures typi-
cal of the practical working conditions. Such a knowledge is
essential for the understanding of mechanisms responsible
for the protective effects that are observed, and also to be
able to predict the most promising applications.

In the present paper we report on the determination of
intermetallic phases on pure iron, tool (high-carbon, low-
chromium) steel and stainless (18/8) steel implanted with
Sn™ ions. The method used to determine the phases formed
during implantation and their thermal evolution was the fol-
lowing.

(i) '"Sn conversion electron Mdssbauer scattering
(CEMS) analysis is performed on the as-implanted sur-
faces.'®'? The components used to fit the CEMS spectra are
identified by comparison with data on transmission Moss-
bauer spectroscopy of stoichiometric intermetallic com-
pounds from the literature.

(i) The samples from (i) are annealed in high vacuum at
temperatures in the range 200-900 °C. After every annealing
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temperature a CEMS spectrum is recorded. By comparing
the new parameters for each component of the fitting with
the Mossbauer data from the literature we can establish the
phase transformations occurring at the surface of the sam-
ples.

{iii) The phase transformation schemes obtained in the
present work are then compared with the phase diagrams for
the Fe-Sn and also for the Ni-Sn systems (there are no C-Sn
nor Cr-Sn intermetallics). This comparison allows in most
cases a rather unambiguous determination of the kind of
precipitates formed during implantation and their thermal
evolution.

il. EXPERIMENTAL RESULTS

Samples of pure iron (99.99%), ground and polished
NSOH tool steel ( 1 C, 0.5 Cr, 1.2 Mn, 0.5 W) and polished
18/8/1 stainless steel (0.15 C, 18 Cr, 8 Ni, 2 Mn) were all
electropolished and then implanted with 1x10"
1981+ cm ™2 at 200 keV in the Linttot facility at Harwell.
Typical depth profiles for the implanted Sn™ are given in
Ref. 1.

The CEMS data were obtained in a backscattering ge-
ometry. A proportional counter in which He-5% CH, was
allowed to flow was added to a conventional constant accel-
eration Mdssbauer spectrometer. In this experimental setup
the samples are placed inside the detector and all the conver-
sion electrons with energies below 20 keV are collected on a
tungsten wire. Further experimental details as well as the
data reduction and analysis procedures can be obtained in
Refs. 10 and 11. The Mdssbauer source used was '™ Sn in
BaSnO,. All the isomer shifts are quoted with respect to this
source.

In Fig. 1 we show our CEMS spectra for the as-implant-
ed samples. The lines through the data points are least-
square fits to the experimental points. The subspectra com-
posing the fitting for each experimental curve are also
indicated. In Table I we give the parameters obtained from
the fittings, and also the M&ssbauer parameters for the cor-
responding phases as given in the literature. Intermetallic
compound precipitates can in principle be identified by com-
paring the parameters from the present work (corresponding
to nonstoichiometric, heavily damaged systems) with the
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data for stoichiometric usually single phase systems that
have been investigated by transmission Mdssbauer spectros-
copy by other authors.

For pure iron [Fig. 1(a) and Table I] we see that 66% of
the relative area of the CEMS spectrum for the implanted
1980 corresponds to the intermetallic FeSn,, and 34% ap-
pears to be due to a solid solution of Sn in Fe (FeSn) with
variable concentration (reflected in the CEMS spectrum by
large linewidths). From the magnitude of the hyperfine mag-
netic field of this last component, H = 76 4 4 kOe, we can
assume a maximum concentration of Sn of 2% for the solid
solution FeSn.'3-'¢

In NSOH tool steel [Fig. 1{b) and Table I] 27% of the
relative area of the spectrum corresponds to FeSn, and 73%
to the intermetallic compound FeSn.

Finally, in stainless steel [Fig. 1(c), Table I] we observe
22% of FeSn,, 58% of FeSn, and 20% of an intermetallic

5 0

FIG. 1. '"Sn CEMS spectra for the pure iron
(a), tool steel (b), and stainless steel (c) samples,
as-implanted with 1x10'7 Sn* cm "2 at 200
keV. The full lines accompanying the experi-
mental points are least-squares fittings, and the
subspectra composing the fittings are shown be-
low each spectrum. The source was ''*™Sn in

4 7B BaSnO, (see text and Table I).
=1

VELOCITY (mm.s™')

17,1%

phase of Sn and Ni, namely Ni;Sn,.

The CEMS spectra for the three samples after anneal-
ing in high vacuum (10~ ° Pa), during | h, at different tem-
peratures are displayed in Fig. 2 (pure iron), Fig. 3 (NSOH
tool steel), and Fig. 4 (stainless steel). The parameters from
the least-squares fittings of the experimental points are given
in Table II.

The surface composition of pure iron implanted with
''°Sn* does not change after annealing at 200 °C [Fig. 2(b)].
The annealing at 350 °C brings about a new component [Fig.
2(c)], a singlet with isomer shift § = 1.8 mm s ™', whose na-
ture is only made clear when one analyses the CEMS spec-
trum after annealing at 500 °C [Fig. 1{d)]. This last annealing
reveals the complete absence of FeSn, and, on the other
hand, the presence of new and well defined components
(with rather smaller linewidths), that we can identify, by in-
spections of Tables I and II, as the intermetallic FeSn and a

TABLE I. Méssbauer parameters from the fitting of the ''Sn CEMS spectra of three samples of the present work, as-implanted, and the Mdssbauer
parameters as given in the literature for the Fe-Sn and Ni-Sn phases of interest (see text). The isomer shifts are given relative to SnO,.

Data from literature

H AE, S r Relative H AE, 1]
(kOe) (mm/s) (mm/s) {mm/s) area (%) Phase (kOe) (mm/s} (mm/s}) Ref.
Sn*t— 29(3) 1.84 1.1 66 FeSn, 25 #0 2.10 16
pure 33 0.15 2.24 13*
Fe 24.5 zero 2.43 15
76(4) 1.41 1.3 34 FeSn
2.1at. % 75 1.53 14
2.5at. % 71.9 1.59 14
4 at. % 66 1.36 13
5at. % 63.6 1.58 14
7.8 at. % 55.7 1.59 14
8 at. % 59 1.36 13+
0
Fe,Sn, from 2.07 13
to 73
Snt—» 45(4) 0.20 1.78 0.9 46 49 0.26 2.17 ;
FeSn 13*
tool o 0.86 2.05 0.9 27 .- 0.74 1.99
steel
25(2) 2.05 0.9 27 FeSn,
+ -
Sn. — 45(3) 1.80 1.0 24 FeSn
stainless sl 0.75 1.80 0.9 34
steel 25(2) oee 1.92 0.8 22 FeSn,
. 1.18 2.12 17
1.08 1.92 0.8 20 Ni,Sn, 120 S 1s 8
® Measured at 77 K.
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FIG. 2. '"9$n CEMS spectra for the pure iron sample as-implanted (a}, and
after annealing in high vacuum at 200 °C (b}, 350 °C (c), and 500 °C (d) {see
text and Table II}.
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FIG. 3. ''°Sn CEMS spectra for the tool steel sample as-implanted (a), and
after annealing in high vacuum at 400 °C (b}, 500 °C (¢}, 600°C (d), and
700 °C (see text and Table II).
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FIG. 4. 1"Sn CEMS spectra for the stainless steel sample as-implanted (a),
and after annealing in high vacuum at 400 °C (b}, 500 °C, {c} 600°C (d),
700 °C(e), and 900 °C (f) {see text and Table II).

solid solution FeSn with very small concentration of Sn (see
Refs. 13 and 14). Then we can interpret the singlet of Fig. 1{(c)
as due to the incipient formation of FeSn at 350 °C.

The CEMS spectra for NSOH tool steel annealed at 400
and 500 °C [Figs. 3(b} and 3(c)] do not reveal any qualitative
change in the surface composition. Only the relative areas
corresponding to FeSn, and FeSn change (see Table II) as
well as the proportion between the two sites for ''°Sn in
FeSn. So, the relative area corresponding to FeSn, decreases
from 42% at 400 °C to 18% at 500 °C, whereas the relative
area corresponding to FeSn increases from 56% to 82% in
the same temperature interval. After annealing at 600 °C
[Fig 3(d)] FeSn, disappears completely from the CEMS spec-
trum. The only remaining compounds are FeSn {64%) and a
new magnetic component with H = 76 kQOe (see Table II)
that is again identified as Sn in solid solution in the steel
matrix, with an average Sn concentration around 2% [we
note here that the linewidths are larger in this solid solution
as compared to the ones of Fig. 1{d) for pure iron}. Finally,
annealing at 700 °C [Fig. 3(e]] results in a further modifica-
tion: all the previously existent phases disappear from the
surface, leaving only a very poorly defined spectrum with
very small absorption coefficient. This might well be due to
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TABLE 11. Mossbauer parameters from the fitting of the ''"Sn CEMS spectra of the present work taken after annealing in high vacuum at different

temperatures. The isomer shifts are given relative to SnO,.

Annealing Relative
temperature H AE, I} r area
°C) (kOe) (mm/s) (mm/s) (mm/s) (%) Phase
Sn* RT 29 1.84 1.1 66 FeSn,
pure 76 1.41 1.3 34 FeSn 2 at. %
Fe or Fe;Sn,
200 29 175 11 66 FeSn,
73 1.40 1.3 34 FeSn 2 at. %
350 29 1.70 1.1 55 FeSn,
73 1.40 1.3 32 FeSn 2 at. %
0 0 1.80 0.8 13
500 81 0.20 1.31 0.8 ky) FeSn<2at. %
78 0.46 1.74 0.8 27 FeSn<2at. %
43 . 1.80 08 22
) 0.71 1.62 0.9 19] FeSn
Sn 14 RT 45 0.20 1.78 0.9 46
too 0.86 2.05 0.9 27’ FeSn
steel
25 2.05 0.9 27 FeSn,
400 25 1.87 1.0 0 FeSn,
50 . 1.86 1.0 24
0.81 1.90 1.0 34] FeSn
500 24 1.70 1.0 18 FeSn,
45 . 1.95 10 46
0.88 1.80 1.0 36] FeSn
600 43 . 1.63 1.6 29
e 0.90 1.83 13 35] FeSn
76 o 1.49 1.4 36 FeSn 2 at. %
700 Not fitted
Sn*— RT 45 e 1.80 1.0 24
stainless o 0.75 1.80 0.9 34] FeSn
steel 25 ce 1.92 0.8 22 FeSn,
e 1.08 1.92 0.8 20 Ni,Sn,
400 25 1.80 0.8 25 FeSn,
45 . 2.00 1.0 25
0.73 1.72 0.9 38} FeSn
112 1.93 0.8 12 Ni,Sn,
500 23 . 1.73 0.9 8 FeSn,
43 0.30 2,01 0.9 29] Ees
0.73 1.63 0.9 24 en
1.10 1.69 1.0 39 Ni,Sn,
600 45 175 1.0 13] Fes
0.75 1.85 1.0 29 en
e 1.16 1.73 0.9 58 Ni,Sn,
700 o 111 1.73 0.9 100 Ni,Sn,
900 Not fitted

in- or out-diffusion of the implanted ''°Sn, resulting in a very
dilute solid solution.

In Fig. 4 we show the thermal evolution of the 18/8
stainless steel sample. Again, as in the case of tool steel, there
are only redistributions of the relative areas corresponding
to Ni,Sn,, FeSn,, and FeSn in the CEMS spectra measured
after annealing at 400 and 500 °C [Figs. 4(b) and 4{c) and
Table I1]. Annealing at 600 °C [Fig. 4(d)] completely decom-
poses the FeSn, leaving only 58% of Ni,Sn, and 42% of
FeSn. By annealing at 700 °C [Fig. 4(e)] we decompose the
FeSn intermetallic and the CEMS spectrum can be fitted
exclusively with the quadrupole doublet identified with
Ni;Sn,. Finally, the annealing at 900 °C suggests the partial
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decomposition of Ni;Sn, and the loss of '°Sn from the sur-
face, since the peak-to-background ratio is smaller than ob-
served in the previous spectrum, although qualitatively simi-
lar.

lil. DISCUSSION AND CONCLUSIONS
A. Pure Iron

The evidence for the intermetallic FeSn, in the surface
layers of pure iron implanted with Sn™ is very satisfactory.
The magnetic hyperfine fields and isomer shifts extracted
from the CEMS spectra of the present work agree very well
with transmission Mossbauer spectroscopy on stoichiome-
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tric, heat treated FeSn, and also with the data obtained by
CEMS observations on iron samples treated by means of
tinplating,'> where it is known that only FeSn, is formed.
Moreover the thermal evolution displayed in Fig. 2 shows
that FeSn, decomposes at 500 °C into FeSn plus free Sn in
solid solution in the iron matrix. This is an agreement with
the phase diagram for the Fe-Sn system where this decompo-
sition occurs exactly at 496 °C.'9-2!

The most plausible interpretation for the other compo-
nent of the fitting of the as-implanted pure iron sample from
Fig. 1(a) is indeed a solid solution of Sn in Fe. The hyperfine
field and isomer shift agree very well with the result of Ref.
14. However we cannot be conclusive about the origin of the
large linewidths that we observe. They may well be due to a
distribution of concentrations of Sn in FeSn or alternatively
they may lead to a completely different interpretation of this
component as being the intermetallic compound Fe;Sn,. In-
deed, for this compound which is said to be stable in the
temperature interval between 600 and 815 °C, Trumpy ez
al.*? observed an unresolved spectrum probably made up of
about four different magnetic components with hyperfine
fields between zero and 73 kOe; however the isomer shifts
that we measured do not agree with Trumpy’s results. If we
choose FeSn, + FeSn as the most probable interpretation,
then we can see that by means of ion implantation we
reached the region of the phase diagram of the Fe-Sn sys-
tem'®-2! where FeSn, and Sn coexists, a situation which is
only stable at high concentration of Sn (above 80 wt. %) and
temperatures below 300 °C.

The formation of FeSn and a more dilute solid solution
FeSn after annealing at 500 °C are, as we discussed above,
very consistent with the phase diagram for the Fe-Sn sys-
tem.'®

The Mdssbauer parameters extracted from our fittings
agree reasonably well with the reported values. The only
disagreement is in the relative areas of the magnetic and non-
magnetic (quadrupole interaction) sites for ''*Sn in FeSn.
This may eventually be due to the fact that we did not anneal
the sample at temperatures higher than 500 °C, and higher
temperatures might be necessary to prepare stoichiometric
and crystallographically homogeneous FeSn.

B. Tool steel

The surface composition of as-implanted NSOH-tool
steel is rather clear from the point of view of CEMS analysis
and it is also consistent with the phase diagrams established
by Edwards and Preece.!® The coexistence of the intermetal-
lic phases FeSn, and FeSn is also assessed in the phase dia-
gram of the Fe-Sn system in the region between 66-82 wt. %
of Sn and temperatures below 496 °C. The complete disap-
pearing of FeSn, from the surface only occurs at 600 °C,
although it is decreasing since 400 °C and it is already very
small (18% of the relative area) after annealing at 500 °C.
This is at slight variance with the phase diagram of the Fe-Sn
system, but we must consider here that the substrate is a high
carbon steel and so when we implant Sn* into it, we are
dealing with a ternary (at least) system. So, small departures
from the Fe-Sn system are expected to occur.

4223 J. Appl. Phys., Vol. 55, No. 12, 15 June 1984

After annealing at 600 °C we come again into a close
agreement with the phase diagrams since, as described in
Refs. 19 and 20, at this temperature only FeSn and free Sn in
solid solution in the steel matrix are stable. The situation
described by the CEMS spectrum after annealing at 700 °Cis
consistent with a loss of Sn from the surface, due to the diffu-
sion of the implanted ions. It is not possible, based on the
CEMS spectrum only, to say anything conclusive about the
nature of that part of Fig. 3(e) which is above the background
level.

C. Stainless steel

The general picture for stainless steel below 600 °C is
similar to NSOH tool steel in that the Fe-Sn intermetallics
are concerned. The new and very important aspect for prac-
tical purposes is the formation of the intermetallic Ni;Sn, in
the as-implanted sample. This remains stable and increases
its proportion up to 600 °C, where it represents 58% of the
relative area of the spectrum. The rest of the CEMS spec-
trum after annealing at this temperature is due to FeSn. The
intermetallic FeSn, disappears completely after annealing at
500 °C.

If we look at the phase diagram for the Ni-Sn system?*
we expect that Ni;Sn, would remain stable at 700 °C. Indeed
the CEMS spectrum taken after annealing at this tempera-
ture can be fitted exclusively with the quadrupole doublet of
Ni,Sn,. The decomposition of FeSn should occur at a slight-
ly higher temperature but, again, we must consider that we
are dealing with a ternary system

A final verification of the consistency of the results here
described with the phase diagram for Ni-Sn was made by
annealing at 900 °C. However the CEMS spectrum reflects
the loss of ''°Sn from the surface. This spectrum could not be
analyzed, although we can see that the line shape is similar to
the previous one. This indicates that Ni,Sn, is still stable at
900 °C, consistently with the phase diagram.

The identification of Ni,Sn, precipitates is, as we said
before, very important since Eliezer et a/.'” have demonstrat-
ed that when this intermetallic is precipitated the hardness of
a steel may be enhanced by a factor of more than two. In-
deed, Dearnaley* reported an enormous reduction on the
wear rate of stainless steel when the surface is ion beam
mixed with tin, and we can propose an explanation of this
reduction in terms of the formation of Ni,Sn, precipitates in
the surface layers of the stainless steel.

D. Conclusions

In conclusion we can say that the use of ''°Sn CEMS
allowed us to obtain a reasonable characterization of the
phases formed during implantation of Sn™ ions into iron and
steels, as well as the behavior of these systems under thermal
annealing.

The agreement with phase diagrams for the Fe-Sn and
Ni-Sn systems that we observed can certainly be used for
future applications. These applications can be in high tem-
perature oxidation (we have already tested the behavior of
the NSOH tool steel implanted with Sn with excellent re-
sults) where the formation of FeSn, indicates that good re-
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sults must be expected, as well as in wear resistance.

Further work is in progress in the characterization of
the systems here investigated using other techniques of sur-
face analysis, and we are also doing *’Fe CEMS investiga-
tions of the same samples of the present work.
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