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Interstitial migration in irradiated iron and iron-based
dilute alloys: I. Interstitial trapping and detrapping in
FeMo, FeV and FeTi dilute alloys
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UA CNRS No 803, Université Paris XI, F-91405 Orsay, France
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Abstract. Three series of ditute iron alloys. withoversized solutes, FeTi,FeV and FeMo, inthe
concentration range 50 at.ppm to 3 at. %, have been electron-irradiated at low temperature
together with the metal. A strong dependence of the solute and defect resistivities on the
solute concentration is observed, which is analysed in terms of the two-current model. The
specimens have then been annealed throughout stage I (self-interstitial migration) and stage
II up to stage III (vacancy migration), with their resistivity measured. In these alloys, the
mobile Fe self-interstitials, which are not annthilated at vacancies, are observed to get
trapped at solute atoms in stage I and released from traps in stage II. Detrapping occurs in
stage II at a temperature, Ty, depending on the solute. Trapping is the weakest for V (T =
140 K) and the strongest for Ti (7}, = 180 K). At verylow concentration (50 and 100 at.ppm),
the solute trapping efficiency is lost at the beginning of stage I1I (200 K} for all these solutes.
In the most concentrated FeMo alloys, an important fraction of the radiation-induced
resistivity is retained at 200 K, due to multiple trapping (trapping of iron interstitials by more
than one Mo atom).

1. Introduction

The damage pattern of an irradiated alloy depends on the respective mobilities of the
radiation-induced defects, interstitials and vacancies, at the irradiation temperature. It
hasbeen observed for example, in dilute AgZn alloys, that when the solute concentration
is increased beyond a few per cent, the interstitials are slowed down so much, due to
multiple trapping, that voids are created instead of the dislocation loops that form in
very dilute alloys (Régnier and Halbwachs 1980).

On the other hand, in BCC alloys, solute long-range diffusion is expected to occur
already at low temperatures with a high efficiency through mixed-interstitial long-range
migration (Lucasson er al 1985). According to a simple model, which assumes that
the size parameter is the decisive parameter for the formation of mixed interstitials
(Dederichs et al 1978), mixed interstitials should not be formed with ‘oversized’ solutes.
Yet channelling experiments have shown that mixed interstitials are indeed able to form
with slightly oversized solutes such as Ag, Ga, Ge in Al (Swanson et al 1980). In these
three cases, the impurity size effect is small: the Pauling metallic radius of the solute
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(Taylor 1961) is not larger than that of the solvent by more than 1% (AR/R < 1%). No
mixed interstitials have been observed with more oversized solutes such as Mg, In, Sn
in Alor Ag, Sb, Auin Cuor Te, Au in Fe (Swanson et al 1980), for which AR/R > 10%.

As a step towards a deeper insight into the influence of various parameters such as
solute size effect, electron concentration, etc., on the behaviour of irradiated dilute
iron alloys, which could lead to a better understanding of the behaviour of irradiated
commercial steels, we have investigated a number of metallic solutes in a-iron, which
enter the composition of commercial low-alloy ferritic steels. The present paper deals
with the three ‘oversized’ solutes: Mo, V and Ti. Results obtained with Mn, Ni and Cu
are reported in the following paper. Other results obtained with Si (Maury et al 1985),
Co (Maury et al 1986) and Cr (Maury et al 1987) have already been reported.

In section 2, we briefly describe the specimen characteristics and experimental
conditions. In section 3, we discuss the interpretation of the resistivity measurements in
the particular case of Fe and Fe alloys. In sections 4, 5, 6 and 7, we analyse the stage I
and stage 11 recovery spectra of Fe, FeMo, FeTi and FeV.

2. Experimental specifications

The pure iron and the alloys were prepared in Grenoble (CENG) except for two FeNi
alloys prepared in Vitry (CECM). The FeTi, FeCu and FeV alloys were cold-rolled in
Grenoble to a thickness of about 100 um. The samples (=1 X 25 mm?) were then
chemically thinnedinaH, 0,(95%) + HF (5%) bath. The FeMn, FeNi and FeMo alloys
were cold-rolled in Vitry directly to a thickness of about 50 um. This procedure results
in a better definition of the sample thickness but, in case of surface contamination during
the alloy elaboration, may lead to poorer purity. Before mounting, the samples were
annealed in hydrogen: 3 or 4 h at 730 °C or, for a few of them, 24 h at 850 °C.

The main residual impurity is Si (a few to 30 at.ppm); the concentration of all other
elements (H, C, N, O, Al, . . .)is <1 at.ppm in the purest samples and may reach a few
ppm (Ni, Cu, . . .) in the less pure ones. The grain size is =0.5 to 1l mm (Vanoni 1973).

The specimen characteristics for the alloys FeMo, FeV and FeTi are listed in table 1.

The sample thickness was measured with a micrometer. The shape factor of the
samples was deduced from geometry and, for the most dilute alloys, from their room-
temperature resistance. Both determinations agreed within less than 10%.

The samples were irradiated with 1.6 MeV electrons in Orsay, up to a fluence of
7.4 x 10" e~ /em?. Their temperature during the irradiation (25 to 35 K) was controlled
by recording their electrical resistivity. The resistivity measurements were performed at
liquid-helium temperature without a magnetic field. The fluctuations of the irradiation
temperature from one sample to another mainly reflect the beam inhomogeneity. The
uncertainty on the radiation-induced resistivity comes both from the beam inhomo-
geneity and from the uncertainty on the shape factor. For the most concentrated alloys,
the shape factor is measured geometrically and the corresponding uncertainty on the
radiation-induced resistivity, as well as on the specific solute resistivity, is <10%.

3. Solute and defect specific resistivity

3.1. Solute resistivity
The apparent solute specific resistivity is defined as
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Table 1. Specimen characteristics.

Apparent  Solute Irradiation
) solute specific conditions: Radiation-
Alloy Sample Residual  specific resistivity  dose (e"/cm?)  induced
and mean Solute resistivity, resistivity, from and resistivity,
sample thickness concentration, p,=py  pX literature® temperature Apy
number®*  (um) ¢, (nQcm) (uQcem)  (uQem) (K) (nQcm)
FeTi 6.3 x 107
1.1 =27 0 33 — 255! 20 62-58-59
3007 117 21
290° 134 16¢
1.4 =26 107 65 300 260+ 21 65-60-59
360° 117 27
141 22
1.3 =23 2x 1073 126 460 21 60-55-55
117 26°
136 22¢
FeV 7.4 x 107
3.1 35=x2 0 42 — 140! 20 53
32 39 5x107° 63 400 120° 25 57
33 35%2 (U 88 450 140% 21 58
34 27 =1 107% 273 230 90* 21 110
35 28+ 1 10°: 1370 135 60° 22 230
3.6 38=x2 3x 1077 2850 95 25 350
FeV 7.4 x 107
4.2 112 0 47 — 37 58
4.3 84 = 1 5% 107" 67 400 37 62
4.6 34=x2 107+ 78 310 20 62
4.1 96 =1 1073 300 250 45 108
4.5 101 2 10°* 1420 140 49 260
4.4 982 3x 1077 3000 100 48 360
FeMo 8.0 x 10V
7.1 36.5 0 63 — 160° 30 69
7.2 46 5x 1077 104 800 190+ 33 69
7.3 56 10+ 132 700 34 70
7.4 45 4x 107 278 540 33 77
7.5 42 1077 470 410 32 105
7.6 45 3x 107 940 290 34 180
FeMo 7.4 % 10"
8.5 49.5 10-* 2160 210 24 210
8.4 49.5 3x 1072 4800 160 24 270
8.6 36.3 0 80 — 23 76
8.3 48 0 34 — 23 55
9.1 41 0 87 — 23 61

# The first figure of the sample number is the experiment number, the second one refers to the position of the
sample on the sample holder. The FeTisamples underwent five runs (labelled la to le; see section 6), the first
three at ~20 K, the last two at ~120 and 140 K.

b Sources: ' Campbell er al (1967); * Arajs et al (1969), * Fert and Campbell (1976), * Dorleijn and Miedema
(1977); ® Pierronetal (1982). All these determinations have been carried out for solute concentrations between
0.5and 3 at.%.

¢ The dose for these runs was 16.8 x 107 e”/em?.
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pd = [psk(alloy) — p4K(Fe)]/Cs’

where ¢, is the solute concentration. We have seen in a previous paper (Maury et al 1987)
that it may depend strongly on the solute concentration. This is the case for the alloy
FeCr; and it is also the case for FeMo and FeV (see table 1) or FeMn but not FeNi (see
next paper).

We have shown that this dependence can be well interpreted on the basis of the two-
current model developed by Fert and Campbell (1976). It results from the non-additivity
(in opposition to Matthiessen’s rule) of the resistivity of the solute (which has a spin-up
resistivity o, larger than its spin-down resistivity p | ) together with that of the residual
impurities (mostly Si atoms for which p | is larger than p,). The present results cor-
roborate this interpretation since a large effect is observed with those solutes (Mo, V,
Mn) for which the ratio a, = p | /p 4 is smaller than 1 (respectively 0.2, 0.1, 0.1) and not
with Ni for which it is larger than 1: a; = 3 to 7 (Campbell and Fert 1982).

The residual impurities, however, cannot be responsible for differences observed
between the 1% and the 3% alloys: the solute specific resistivity is found to be smaller
in the 3% alloy than in the 1% alloy, both for FeMo and FeV (see table 1). Such a large
decrease (25 to 30%) of p¢ when the solute concentration ¢, goes up from 1% to 3%
was not observed in the FeCr alloys (Maury et a/ 1987). It could result from solute
precipitation in Fe + 3% Mo: the solubility limit of Mo in Fe is less than 3 at. % at 700 °C
(Moffatt 1980). In the alloy Fe + 3% V, it could come from short-range ordering: the
interaction between two solute atoms in first- and second-nearest-neighbour positions
is found to be repulsive in this alloy, like in Fe + 3% Cr (Hennion 1983, Mirebeau et
al 1982, 1984). But the effect of short-range ordering on the alloy resistivity in this
concentration range is small (Pierron er al 1984) and cannot account for the large
variation of p observed between 1 and 3% V. A tentative explanation is given in
appendix 2.

3.2. Defect resistivity
The apparent Frenkel pair specific resistivity is defined as

pi (@) = Ap/ce = [pax (@) = puk (0)]/cr(®)

where ¢ is the electron dose, ¢y the radiation-induced Frenkel pair concentration
and p4k the alloy residual resistivity. Owing to the above-mentioned deviations from
Matthiessen’s rule, p¢ depends both on the alloy through the solute resistivities cyo; |
and ¢,p,4 and on the dose through the Frenkel pair resistivities cgpr | and cgppy . This
dependence is worked out in appendix 1 according to the two-current model.

The resistivity pf is always larger than pg, the Frenkel pair specific resistivity in pure
Fe. It is the larger, the more different the parameters a, and af, or z; and zg, z being
definedasz = (p, — p;)/(p, + p1). Ourexperimental results show that the measured
radiation-induced resistivity Ap, and hence p¢, is much larger for solutes having a
negative z, like V, Mn, Mo, than for solutes with a positive one, like Ni. This indicates
a positive value of zz. Now zp is a mean value (see appendix 1) between the interstitial
and the vacancy parameters z; and z,; z, is expected to be negative since a vacancy in
iron should act like a repulsive potential, i.e. at least qualitatively like a V atom (zy =

—0.8), for example. The positive value of zp is thus likely to result from a large positive
value of z;.

This simple model allows one to explain most of the measured resistivity change

rates:
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ob— —— Fe, ——o—— function of the electron dose (E = 1.6 MeV) for
z & 6 8 ¢ /10" eem > Fe and FeMo alloys (runs No 7 and 8).

In our Fe samples, where the main residual impurity is Si (up to =20 at. ppm), which
has a positive z, the initial value of p§. (pf )y, is usually not much larger than ps.
Moreover, if the residual impurity concentration is low enough, pf can approach its
saturation value, pg, as the irradiation goes on.

In concentrated alloys (¢, = 1 to 3%), p¢ should depend neither on the solute nor
on the defect concentration since both the residual impurities and the Frenkel defects
are negligible compared to the solute. Yet the measured resistivity change rate is always
found to decrease when the dose is increased, even in the most concentrated alloys (see
figure 1 for example), but then this decrease is small (3 to 10% when the fluence goes
from 2to 5 X 10'7 €~ /cm?), almost within the experimental uncertainties and part of it
may be due to a shift in the beam profile or a slight increase in the temperature as the
irradiation proceeds. But again, the 1% and 3% alloys, which should behave similarly,
definitely do not. The measured radiation-induced resistivity is found to be larger in the
3% alloys than in the 1% ones; for example Ap (3% V) = 1.4Ap (1% V).

If we assume that about the same concentration of defects is produced in both alloys,
and since this concentration, which is quite low (=30 at. ppm with pr = 2.0 mQ cm),
cannot modify significantly the precipitation or short-range order state of these alloys,
it thus follows that p¢ , like p°, is found different in the 1% and 3% alloys. A possible
explanation for this difference is given in appendix 2.

In the alloys of intermediate concentrations (1000 to 3000 at. ppm) the initial value
of p¢ isintermediate between pg and p¢ in the concentrated alloys; p¢ decreases as ¢¢
increases without the saturation value pg being attainable because cg cannot grow much
larger than c,.

3.3. Need for experimental data correction

It follows from the preceding that since the apparent Frenkel pair specific resistivity
pi depends on the defect concentration cg, the measured radiation-induced resistivity
is not proportional to the defect concentration, and is not a straightforward measure of
this concentration. As a consequence the experimental resistivity recovery spectra
need to be corrected to reflect the defect recovery. This correction is negligible in the
concentrated alloys where p{ is about constant (¢ <€ ¢;), but not quite negligible in the
metal and the dilute alloys. This is shown by the variations of the fractional resistivity
recovery due to Frenkel pair recombination ( fraction of the radiation-induced resistivity
annealed at 94 K or height of the Ip, recovery peak around 100 K). Correcting the
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Figure 2. Differentiated isochronal recovery spectra of two Fe samples, No 8.3 (O) and 8.6

(A): T, =25K: At = 300s; (a) uncorrected data, (b) maximal correction. (¢) medium

correction.

experimentalrecovery spectraaccording to the two-current modelincreases the recovery
rate at low temperatures and reduces it at the end of the recovery. Such a correction is
reliable as long as the recovery is due to Frenkel pair recombination. We will assume as
a first approximation that no resistivity change occurs when a migrating split self-
interstitial, Fe-Fe, is trapped in the vicinity of a solute atom.

4. Stage I and stage Il recovery in Fe samples

Nine Fe samples, prepared and annealed successively, either in Grenoble or in Vitry,
were irradiated in eight different runs together with the alloy samples, in the present set
of experiments. Their residual resistivities varied from 34 to 87 nQ2 cm. Their stage I
recovery spectra all fall within the two extreme spectra shown in figure 2(a), which are
those of samples 8.3 prepared in Vitry (p, = 34 nQ cm) and sample 8.6 prepared in
Grenoble (p, = 80 nQ cm).

A correction based on the two-current model so as to get cg/cp, from Ap/Ap, makes
the two spectra identical within the experimental uncertainties up to 125 K as can be
seen from figures 2(b) and (c). The corrected resistivity data are listed in table 2 with the
corresponding values of «, which is the o parameter of the sample prior to the
irradiation. The value of aris best taken equal to 10, in agreement with Dunlop’s (1980)
determination: e = 5to 10.

Once corrected, the radiation-induced resistivity, Ap,, and the fractional extra
resistivity retained after close pair recombination, Ap(94 K)/Ap,, should not depend
on the sample. The fractional extra resistivity retained at the end of stage I, Ap(148 K)/
Apy, should increase with increasing purity. These three points are exactly met in (c).
Correction (b) is the largest one compatible with the former requirements, given the
experimental uncertainties.
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Table 2. Uncorrected and corrected stage I recovery data for Fe samples 8.3 and 8.6.

Sample Apy Ap(94K)/Ap,  Ap(148K)/Ap,
No a, (nQcm) (%) (%)
(a)  Uncorrected 8.3 — 55.4 70.4 12.2
data 8.6 — 75.7 71.8 13.1
(b)  Maximal 8.3 20 482 67.3 9.2
correction 8.6 0.9 393 63.3 8.3
(¢) Medium 8.3 1.5 446 65.6 8.0
correction 8.6 1.1 455 64.4 8.5

4 (Ap/Apo)/%Kq
a7 Fe

15

{ 1 1 1 1

{
150 200

1 1 1 |

! 1 1

i .
250 T/K

Figure 3. Differentiated isochronal recovery spectra of eight Fe samples: No 8.3 (—O—) of
minimal residual resistivity (o, = 34n€ cm): No 9.1 (+--+ A---+) of maximal residual
resistivity (o, = 87 nQ cm); Nos 3.1,5.2,6.6,7.1,8.6 and 9.1 (———@---) of intermediate
residual resistivities; uncorrected data; At = 300's.

The stage II and stage I1I recovery data of all Fe samples are plotted on figure 3. As
expected the stage 11 recovery spectra are much more different from one another than
the stage I spectra.

The purest sample (8.3) elaborated in Vitry in a Cu crucible, and annealed together
with Fe + 1% Niand Fe + 3% Nisamples, shows three distinct recovery peaks in stage
I1. The first one centred around 145 K is related to residual Cu; the second one around
155 K toresidual Ni (see the following paper); and the third one, between 160 and 190 K,
to residual Si (Maury et al 1985) and to poly-interstitials retained by residual impurities.
The Fe samples elaborated in Grenoble in a silver crucible do not show any Cu peak,
except for one sample annealed in Vitry, nor any Ni peak, except for one sample
annealed together with FeNi samples. Their stage Il recovery is enhanced between 180
and 200 K, probably because of additional residual impurities.

Stage I11, which is attributed to vacancy free migration (Vehanen ez al 1982), is the
larger the purer the sample, as expected. No correction can be validly applied to stage
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Figure 4. Isochronal recovery spectra together with their derivatives of Fe and FeMo alloys;
T, = 30-35K:; Ar = 300s.

II or I1I due to the complexity of the defects (mixed and/or poly-interstitials) involved
in these stages.

5. Interstitial recovery in FeMo alloys

5.1. Stage I recovery

Figure 4 shows the measured resistivity recovery spectra of Fe and FeMo alloys. Up to
115 K and for a Mo concentration ¢, < 400 at.ppm, the spectra are the same, taking into
account the variations observed for the various Fe samples. The spectrum of the Fe
sample (7.1) is identical to that of sample 8.3 of figure 2. The spectra of Fe + 50 ppm
Mo and Fe + 100 ppm Mo are intermediate between those of samples 8.3 and 8.6. For
Mo concentrations ¢, = 400 at.ppm, correcting the measured spectra for p§ variations
brings in but negligible changes.

The spectra of the dilute FeMo alloys look similar to those of FeAu alloys (Maury
et al 1985). Stage Ig between 120 and 140K is gradually suppressed by increasing
concentrations of Mo, indicating that the freely migrating Fe-Fe self-interstitials are
getting trapped at the Mo atoms.

The Ip, and Ip, peaks, centred at 101 and 108 K respectively, begin, like the recovery
below 94 K to be reduced when the Mo concentration reaches 0.1 at.%. Figure 4
shows that Iy as a function of the solute concentration is the same as I, : both peaks are
equally suppressed whatever the solute concentration may be: 0.1, 0.3, 1 and even
3 at.% Mo, which corresponds to a mean distance between the self-interstitial and the
nearest solute atom of respectively 5, 3, 2 and 1.5 interatomic distance. This is not
consistent with I, originating from close pair recombination and Ip, from correlated

recombination of free interstitials, as has been assumed previously (Takaki et al 1983,
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Figure 5. Same as figure 4, but at higher temperatures.

Maury et al 1985). The present results show that substages I, and Ip, must both arise
from close pair recombination (and should be better labelled I,and I ¢,). The correlated

recombination of free interstitials with vacancies should then take place between 110
and 120 K.

5.2. Stage Il recovery

Figure 5 shows the measured recovery spectra of Fe and FeMo alloys. If we look at the
most dilute alloys (50, 100 and 400 at.ppm), we see a peak centred around 155 K, the
height of which increases regularly with increasing Mo concentrations. It does not shift
towards low temperatures as the Mo concentration goes up. This indicates (Maury et al
1988) that it is a detrapping peak whose position is governed by the binding energy
between the solute atom and the self-interstitial. The 155 K peak can thus be attributed
to the release of self-interstitials trapped at Mo atoms. It is similar to the peak observed
at 160 K in FeAu dilute alloys and also attributed to detrapping of self-interstitials from
solute atoms.

In this paper and the following one, we use the term ‘trapped interstitial’ when the
self-interstitial ((110) Fe~Fe dumbell) is retained in a neighbour position of a solute atom
and ‘mixed interstitial’ when the solute atom has been pushed out of its lattice site and
has replaced one of the two Fe atoms forming the self-interstitial whatever the final
configuration may be ({110) dumbell or not). That in FeMo alloys, no mixed interstitial
is formed during stage I, is shown by the channelling results of Kiejek and Palmer (1987).
It is predictable on the basis of the large positive size effect of Mo in Fe (King 1966) and
consistent with the present experiment, where one does not observe any recovery peak
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Table 3. Percentage of the measured radiation-induced resistivity retained at 172, 192 and

292 K.

Sample No e, Ap(172 K)/Apy Ap(192 K)/Ap, Ap(292 K)/Ap,
8.6 0 12.1 10.3 33
7.1 0 12.5 10.5 2.9
7.2 5% 107°F 12.3 10.2 32
7.3 1074 12.0 10.6 3.2
7.4 4 x 107 13.5 12.4 32
7.5 1073 18.5 16.2 3.8
7.6 3x 107} 24.6 20.7 3.3
8.5 102 353 27.6 3.1
8.4 3x 1072 47.0 40.2 5.5

shifting towards low temperatures as the solute concentration goes up, which would
havetobe attributed tomixed-interstitial long-range migration. Atsolute concentrations
such as 1000 ppm Mo, high enough to suppress partially the correlated recovery (110-
120 K), interstitials, which instead of being annihilated at their correlated vacancy are
trapped by solute atoms, are still correlated with their original vacancies. If mixed
interstitials were formed and freely migrating around 155 K, this correlation should
appear as a shift of the recovery peak towards low temperatures as the solute con-
centration goes up. In contrast when dissociation takes place (either of trapped or mixed
interstitials), and provided the self-interstitial migration energy is small as compared to
the trapped (or mixed) interstitial binding energy, it gives rise to a recovery peak whose
position is governed mainly by the frequency of the detrapping jump. The subsequent
jumps resulting in self-interstitial long range migration are practically instantaneous, so
the correlation between interstitials and vacancies is not observable.

"~ Asecond peak is observed, centred around 165 K, the amplitude of which is maximal
for a Mo concentration ¢, = 1000 at.ppm. This peak can possibly stem from the release
of two self-interstitials trapped at the same Mo atom, on opposite sides for example.
At low Mo concentration (50 at.ppm) they form in a negligible concentration. The
concentration of residual impurities is larger than that of trapped interstitials. At higher
Mo concentrations (¢, = 3000 at.ppm), itis the occurrence of multiple trapping (trapping
by at least two neighbouring Mo atoms) that hinders their formation. The 165 K peak is
lowered as new peaks appear at higher temperature.

The fraction of extra resistivity retained at the beginning of stage III, Ap(192 K)/
Apy, increases markedly as the Mo concentration goes up. This increase reflects the
incidence of multiple trapping. As shown by table 3, it has been annealed out at the
end of stage 111 the molybdenum efficiency for interstitial trapping is lost at room
temperature. For Mo concentrations larger than 1%, the possible occurrence of pre-
cipitates in the a-phase impedes a straightforward interpretation of the data. It is not
excluded that, like in AgZn alloys (Régnier and Halbwachs 1980), multiple trapping still
plays a role at room temperature in the 3% alloy but not in the 1% one.

6. Interstitial recovery in FeTi alloys

Like Mo, Ti is an oversized solute in Fe. Its solubility limit is still lower than that of Mo:
2.3 at.% at 700 °C (Moffatt 1980). The apparent Ti specific resistivity (see table 1) was
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Figure 6. [sochronal recovery spectra together with their derivatives, of Fe and FeTi alloys:
T,. =20 K: Ar = 300s: open symbols. run No 1b; full symbols, run No Ic.

found to be larger in the alloy Fe +200 ppm Ti than in Fe + 100 ppm Ti, indicating that
either some Ti has been lost in the 100 ppm alloy or that some extra pollution has
occurred in the 200 ppm alloy. Ti oxidises easily (Bénard et al 1984) and the oxides TiO
and TiO, are not volatile like SiO, VO, or Al,O.

The FeTi experiment was the first performed of all the experiments reported here.
Because of the low Ti solubility, no concentrated alloys (in the per cent range) were
prepared and irradiated. The sample chamber was the same as used previously for the
FeCr experiments. It had a small thermal inertia, which allowed rapid changes from
measuring to annealing temperature but resulted in a poorer stability of the annealing
temperature, and thus poorer reproducibility of the recovery spectra from one run to
the other.

6.1. Stage I recovery

Five irradiation runs were performed successively: runs No la, 1b, 1cat 20 K to afluence
of 6.3 x 10'7 ¢~ /cm? and runs No 1d and le, at 120 and 140 K respectively, to a fluence
of 16.8 x 10'7e~/cm?. Between each run, the samples were kept for several days at room
temperature. The extra resistivity left in the samples varied from 0.3 to 3.5% of their
residual resistivity or from 1.1 to 2.5% of the radiation-induced resistivity at 20K,
depending on the sample and on the run.

Figure 6 shows the measured stage I recovery spectra after run No 1b (open symbols)
and run No 1c (full symbols). The two Fe spectra do not coincide at the end of stage I;
this may stem from the modification of the residual impurities distribution through
radiation-induced solute diffusion after run No 1b. The FeTi spectra are not changed
significantly.
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Figure 7. Isochronal recovery spectra together with their derivatives, of Fe and FeTi alloys;
{a)runNo l¢; T, = 20K, (b) run No 1d; Ty, = 120 K; Ar = 300s.

Stage I is suppressed by 100 and 200 ppm Ti as it is by 50 and 100 ppm Mo, indicating
that, like the Mo atoms, the Ti atoms do trap the migrating self-interstitials.

6.2. Stage Il recovery

Figure 7 shows the stage II (150-200 K) and stage III (200-250 K) recovery spectra
measured after run Ic (T, = 20K, ¢ = 6.3 X 10" e7/cm?) and 1d (T}, = 120K, ¢ =
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17 x 10" e~ /cm?). Quite similar spectra were recorded after run le (T, = 140 K, same
dose) except that stage II was enhanced, in Fe by a factor 2, and in Fe + 100 ppm Ti by
a factor 1.5.

In stage II, one peak, at 180 K, is related to the presence of Ti. Its position does not
depend appreciably on the solute content nor on the dose: 181 + 1 K after runs Ic, 1d
and le. Its amplitude increases with increasing concentrations of Ti; it is about the same
(if measured after run lc, or if normalised to the 20 K radiation-induced resistivity after
runs 1d, le) as that of the 155 K peak of FeMo. The most straightforward interpretation
of the present results is to ascribe this peak to the detrapping of single Fe interstitials
trapped at substitutional Ti atoms. That no mixed interstitials are formed cannot indeed
be inferred from the present experiment: the 180 K peak could as well be attributed to
the dissociation of Fe-Ti mixed interstitials. The existence of Fe-Ti mixed interstitials
has been assumed by Walz et al (1982) to interpret magnetic relaxation spectra. It seems
to us unlikely on the basis of size effect considerations but cannot be excluded. What
the present experiment shows is that the stage II recovery is much different in FeTi than
in FeNi (Maury er al 1986) or in FeSi (Maury et a/ 1985). In FeNi a peak Il; is observed,
which shifts from 145 K for 100 ppm Ni to 140 K for 400 ppm Ni. Its amplitude increases
markedly with the solute concentration. This peak is attributed to the free migration of
Fe—Ni mixed interstitials not retrapped by Ni atoms. In FeSi a peak Il; is observed,
which shifts from 180 K for 50 ppm Si to 175 K for 400 ppm Si. Its amplitude does not
depend much on the solute concentration. This peak is attributed to the free migration
of Fe-Si mixed interstitials retrapped by Si atoms. The 180 K peak in the FeTi alloys
behaves with the solute concentration quite differently from peaks Ily; or Ilg;. On the
other hand its behaviour is comparable to that of the 155 K peak of FeMo or the 160 K
peak of FeAu. We then attribute it to the release of self-interstitials from Ti traps or, if
mixed interstitials were formed, to their dissociation.

Stage III is suppressed by the addition of Ti, which is consistent with the positron
annihilation results of Corbel (1986): Tiimpedes the clustering of vacancies up to 350 K.

7. Interstitial recovery in FeV alloys

Vanadium is highly soluble in iron (its solubility limit is ~30%). Its size effect is still
positive, but smaller than those of Au, Mo or Ti.

We irradiated two sets of FeV samples. The first ones were chemically thinned from
~100 to 30 um and then annealed. The second ones (except for sample 4.6) were just
cleansed and then annealed. The residual resistivity of the Fe sample was only slightly
higher in the latter case (47 instead of 42 n€2 cm). Its stage Il recovery however was quite
different, being much enhanced between 170 and 200 K, which indicates that some
surface pollution has not been entirely removed in that case.

7.1. Stage I recovery

Figure 8 shows the measured recovery spectra of the two sets of samples. Both sets were
irradiated with the same electron flux, resulting in a higher temperature for the thick
samples (40-50 K) than for the thin ones (20-25 K).

The points of figure 8 are raw data. The first run data (figure 8(a)) can be corrected
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Figure 8. Differentiated isochronal recovery spectra of Fe and FeV alloys: (a) run No 3. thin
samples. T, = 20 K: (b) run No 4. thick samples. T}, = 44-55K: At = 300 s.

for the variations of pi with the values of o, (mean « prior to the irradiation) listed
below and with ap = 10:

Sample Fe Fe + 50 ppm V Fe + 100 ppm V Fe + 1000 ppm V

ay 1.7-2.5 1.7-2.5 1.7-2.5 0.9-1.1

The a, range is determined so as to yield a constant radiation-induced resistivity,
Apg = 45 = 5nQ cm, and a constant fractional recovery up to 94 K, Ap(94 K)/Ap, =
64 t067%. This p} correction (not shown on figure 8) does not modify appreciably the
relative disposition of the curves; it is negligible for 1 and 3%. As concerns the second
run data (figure 8(b)) no correction can reasonably be done since the variations of the
irradiating temperature, due to thickness differences from one sample to another, may
be responsible for some part of the Appor Ap(94 K)/Ap,variations. Yet it appears that
the p# correction for the Fe sample (4.2) has to be unusually small as shown by the
figures in table 4. This again indicates that some superficial pollution was not removed
in that case; it shows furthermore that these additional impurities must have (like Si,
Al, Ga, ...) an o parameter larger than the usual &, of our Fe samples.

If we now compare the recovery data for the two runs, we see that the two 100 ppm
spectra are identical within the experimental uncertainties (no thick sample was available
for that concentration); so are the 1000 ppm and 1% spectra, which are not sensitive to
the residual impurities. The Fe and Fe + 50 ppm V spectra are the only ones that differ
from one run to the other: (i) in the I, region because the pf correction is larger for the
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Table 4. The p¢* corrections for Fe.

All other Fe samples

Sample 4.2
uncorrected uncorrected after pg* correction
(%) (%) (%)
Ap(94 K)/Ap, < 68.5 69.5—71.8 65-66
Ap(142K)/Ap, <9 12.1-14.0 8.5~10

thin samples and (ii) in the I region because the thin samples are purer than the thick
ones.

One striking feature that shows up from figure 8 is an apparent enhancement of the
recovery at the end of stage Ig as the V content increases. In fact the corrected fraction
of extraresistivity retained at 151 Kis constant for the most dilute alloys (up to 100 ppm),
Ap(151 K)/Ap, = (10 = 1)%, showing that the enhancement of the recovery at the end
of stage I¢ cancels a previous reduction. This is more clearly visible for the 1000 ppm
sample. In that sample the cancellation is not complete so that Ap(151 K)/Ap, is still
higher in the alloy (13 to 14%) than in the metal (10%).

This suggests that the defects that recover at the end of stage Ig are those which have
not been annealed out in stage I, or at the beginning of stage Ik, i.e. the interstitials that
have been trapped during their migration. The reduction of substages Ip, and Ip,
(around 101 and 108 K) in the most concentrated alloys, which is comparable with
(although of slightly less amplitude than) that observed in FeMo alloys (figure 4),
confirms that, like the Mo atoms, the V atoms do trap the migrating Fe interstitials.
Moreover. like in the FeMo alloys, the recovery below 94 K also begins to shrink as the
solute concentration reaches 1000 ppm.

The most straightforward interpretation of the present stage 1 data is thus that Fe
self-interstitials are trapped at V atoms but with a smali binding energy, so that they are
easily released and their recovery is merely shifted towards high temperatures by ~10 K.
Asthe vanadium concentration goesup to 0.1 and 1 at. %, the migrating self-interstitials
get trapped closer to their vacancies, so that the initial correlation between interstitials
and vacancies can be, at least partially, preserved and gives rise to the structure observed
between 120 and 140 K. This structure is observable only because the binding energy is
small compared to the migration energy. As the vanadium concentration goes up, the
correlated recovery of the trapped interstitials is shifted towards low temperatures
{because of increased correlation between vacancies and trapped interstitials) while
their uncorrelated recovery is shifted towards high temperatures (because of the lower
concentration of interstitials which escape the correlated recovery and lower interstitial
effective diffusion coefficient).

7.2. Stage Il recovery

As said before, the fractional extra resistivity retained at the end of stage Il is the same
in the most dilute alloys (50 and 100 ppm V) as in the metal. It starts increasing in the
1000 ppm alloy. At the same time a new peak appears in the stage Il range, centred
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Figure 9. Same as figure 8(a}. but over a wider temperature range.

around 190 K (figure 9). This peak. which is suppressed in the 3% alloy (whilst already
significant in the 1000 ppm alloy), more likely comes from the evaporation of small poly-
interstitials nucleated on V atoms than from multiple trapping. If we compare the FeMo
and FeV alloys, we see that the incidence of multiple trapping is much reduced in the
FeV alloys as compared to the FeMo alloys. Multiple trapping appears to play an
importantrole onlyinthe Fe + 3% V alloy, where it flattens the stage Irecovery between
120 and 140 K and enhances the stage [I recovery between 150 and 180 K. This difference
can be related to the high solubility of V in Fe; strong repulsive interactions between
first- and second-nearest-neighbouring vanadium atoms have been reported (Mirebeau
et al 1982), which prevents the V atoms from getting close neighbours, while on the
contrary in FeMo, the phase Fe;Mo, tends to precipitate as soon as the Mo concentration
reaches a few per cent.

Let us note finally that, like in FeMo, and here up to the most concentrated alloy
(Fe + 3% V), the fractional resistivity retained at 292 K is the same in the alloy and in
the metal. This shows that the vanadium efficiency for interstitial trapping is lost at room
temperature, even in the most concentrated alloys (a few per cent of vanadium).

The present interpretation where the self-interstitials are solely slowed down by the
presence of V is quite consistent with the magnetic relaxation measurements of Blythe
et al (1982). The 110 K relaxation peak attributed to Fe self-interstitials is reduced in
Fe + 0.5% V as compared to Fe. At the same time a new peak appears centred around
120 K, which is annealed out at 150 K. The onset of the 83 K relaxation peak related to
residual impurities (mixed interstitials Fe-Si for example) is slightly delayed. Finally
the 125 K relaxation peak, attributed to poly-interstitials, stable up to stage III, is
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Table 5.
Solute v Mo Au Ti
Ty (K) 140 155 160 180
Volume size factor

of the solute in Fe (%) +10 +27.5 +44 +14.5
Volume size factor

of Fe in the solute (%) -19 =20 —54
Pauling metallic radius (A) 1.34 1.39 1.44 1.47
Goldschmidt atomic radius (A) 1.36 1.40 1.44 1.47
Vegard’s law factor (%) -6.3 -3.6 +0.1 -23.7

suppressed, which can be understood as resulting from the formation of small aggregates
nucleated onthe V atoms rather than larger clusters nucleated on the residual impurities.

8. Conclusions

The present set of experiments shows that:

8.1. Iron self-interstitials created by electron irradiation and migrating on subsequent
annealing throughoutstage I do get trapped at all the oversized solute atomsinvestigated
up to now: Te (Swanson et al 1980), Au (Swanson et al 1980, Maury et al 1985), Mo
(Kiejek and Palmer 1987, present work), Ti and V (present work).

8.2. For all these solutes, the measurements show no sign of the existence of a mixed
interstitial. If we look at the magnetic properties of Mo (or V) in Fe (solute moment and
host moment perturbation), we note that they are comparable to those of Cr (Stearns
1976). The different trapping properties of these solutes are then to be related to their
differentsizes: the volume size factor of Crin Fe issmall (+4% ) and makes the formation
of a mixed interstitial Fe—Cr possible, while the large size of Mo atoms enables the
trapping of Fe-Fe self-interstitials to occur on neighbouring sites.

8.3. The trapped interstitials are released in stage II at a temperature 7}; depending
on the solute and given in table 5, together with the volume size factor (King 1966) and
the atomic radius of the solute. (The Pauling and Goldschmidt radii of Fe equal 1.26 and
1.28 A respectively.)

If we now look at the strengths of the trapping as a function of the size effect of the
solute in Fe (table 5), we see that Ti behaves differently from V, Mo or Au. This is not
so if we consider the other parameters like the size effect of Fe in the solute or the
solute atomic radius. The strong binding between the Fe self-interstitials and the Ti
substitutional atoms can be related to the strong modification of the electronic environ-
ment of the Ti atoms when in solid solution in iron, indicated by the large Vegard’s law
factor of Tiin Fe. The trapping configuration might be different with a Ti atom than with
aV,MoorAuatom. Forexample, the splitinterstitial could be trapped in first-neighbour
position of a Ti atom, but in second-neighbour position of a V, Mo or Au atom.

8.4. The most straightforward interpretation of the present data (although in the case
of FeTi, only a limited solute concentration range was available) is that, whatever may
be the case (trapped or mixed interstitial), self-interstitials are released in stage Il via a
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dissociation mechanism. Thus none of these solutes should be able to undergo long-
range diffusion in iron through an interstitialcy mechanism. They influence the low-
temperature radiation-induced defect annealing only by providing nucleation centres
for small interstitial clusters and traps for vacancies.
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Appendix 1. Residual resistivity of Frenkel defects in iron-based alloys according to the
two-current model

The two-current model developed by Fert and Campbell (1976) is based on the following
assumptions:

(i) The spin | and spin 1 electrons carry current in parallel.

(ii) At low temperatures and as a first approximation, spin-flip scattering is negli-
gible; there is no spin mixing and the two currents are independent.

(iii) Matthiessen’s rule is obeyed for each current: each solute has a residual res-
istivity p, | for the spin | current and p; for the spin 1 current. Here (and except for
the Frenkel pairs) we define p, as the residual resistivity of the solute instead of its specific
resistivity, to get rid of the concentration multiplying factor and shorten the equations.

Alternative sets of parameters can be used in place of p | and p  ; the most commonly
used are p and «, defined as follows:

a=p,/p;
and
pTl=p7 + p—Tl

where p is the solute residual resistivity in the ideal metal.
We will use in the following the two more practical parameters:

z=(p; —p)/(o, +p)=(a-Dia+1)
and
R=p, +p; =pla+)?/a=4p/(1-2%).

Matthiessen’s rule is obeyed for each current: R is then an additive parameter. In an
alloy containing » different residual impurities, solutes or defects

R=2 R,

The z parameter is a monotonic function of a which varies from z = —1 (whenp; <
prora—0)toz=+1(whenp; > p, or o — x).

One can show easily that the z parameter of an alloy containing n different residual
impurities, solutes or defects is a mean value between the z parameters of each solute
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or defect. Let us consider a ternary alloy containing only two solutes 1 and 2; its residual
resistivity for the | and 1 currents is

pPy=py, TPy, and pPr =P, TPy,
Then

R=p, +p;y =R, +R,
and

z=(p, —p)/(py +p:) =Rz +Ryz;)/(R, +Ry).

The z (or &) value of this alloy is a mean value between z, and z, (or a; and «,). If the
alloy contains # solutes, its z parameter is

Z=Z(»=2Rill‘/2Ri»

an average of all z,. If this alloy is now irradiated up to a Frenkel pair concentration ¢,
its z (or &) parameter will gradually move as the irradiation proceeds from z, («y)
towards zg (aF), where zp is the Frenkel pair z parameter. Its residual resistivity will be
given by

p=(1-z)R/M4=[1 - (Ryzqg + Rezr)*/(Ry + R¢)*](Ry + Rg)/4
the measured radiation-induced resistivity by

Ap=p —po={1+[Ry/(Ry + Re)l[(z0 — z¢)?/(1 — 2§ )}Re(L — 27)/4
and the apparent Frenkel pair specific resistivity by
pi/pr =1+ [Ry/(Ry + Rp)I[(zy — z§)* /(1 — 23)]
=1+ (zy = z¢)?/[1 = 28 + (1 = z5)prcr/p0]- (AL1)

Pt is always larger than pg. In concentrated alloys where the residual impurities are
negligible as compared to the solute (z, = z,), and provided the model is valid (no spin
mixing), the initial apparent Frenkel pair specific resistivity, (pf ). is given by

(pF)o = pell + (zg = zp)* /(1 = z§)].

The quantity {[(p)o/pe] — 1}'/? measured for different solutes should then be found
proportional to |z, — zg|.

Appendix 2. Residual resistivity of solute and defects in FeV alloys, taking into account
the spin-mixing collisions

According to the hypotheses of appendix 1 (two independent currents, Matthiessen’s
rule obeyed for each current), the specific resistivity of a solute in a binary alloy where
the residual impurities are negligible as compared to the solute should not depend on
the solute concentration, i.e. the alloy residual resistivity p, should be proportional to
the solute concentration. This is not the case of our FeV alloys, for example, where
psk(Fe + 3% V)/[3p4x(Fe + 1% V)] = 0.7.
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Figure 10. Calculated spin-mixing resistivity o,

in the alloy Fe + 1% V, as a function of py (res-

istivity of 1% V in pure Fe) for various values
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Moreover, according to equation (Al.1), p§ should not depend on cr nor on pg
provided prcr < py, which is always the case with our most concentrated alloys. This
int also i

second point also is not obeyed. For example, pf (Fe + 3% V)/pi(Fe +1% V)= 1.4

Let us show that both effects can be explained by taking into account spin-mixing
scatterings. not negligible in these a-iron-based alloys even at 4 K

If p, ; is the resistivity arising from these scatterings, the alloy resistivity is given
quite generally, according to Fert and Campbell (1976), by

p=lpipr+pi+(p, +p DVlp, o1 +4p,4]

Values of the parameters p . p and p | ; can be determined to fit the measured values:
pPsx(Fe + 1% V)= 1.4uQ cm and p4K(Fe + 3% V) =3.0uQ cm.
Let us define the following parameters:

pv =p(1% V) =

p1 (1% V) (1% V)/[p (1% V) +p; (1% V)]
zv=(p, —p)py +p+)
P =

p.1(1%V)
and

y=p,13%V)/pn.

p(Fe+1% V) =

The above equation can then be written for the two alloys
= (pv +pn)/1

—z3)pm/Py] = 1.4 uQ cm
and

(A2.1)
p(Fe+3% V) =

Bpy +yea)/ 1+ =23)ypm/3pv] = 3.0 uQ cm

. (A2.2)
The full curves of figure 10 show p,, as a function of py, deduced from equation
(A2.1), for various values of z3, between O and 1. The broken lines show p,, as a function
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Table 6. Radiation-induced resistivity Ap, {n€2 cm).

Alloy Measured values Calculated values
Fe +1%V 230-255 240-315
Fe+3%V 350-360 320-380

of py, deduced from equations (A2.1) and (A2.2), for various values of y between 1 and
3. One sees that assuming z3, < 0.75, which corresponds to ay = 0.07 and seems reason-
able since the values of a, in the literature lie between (.10 and 0.13, leads to

y=<1 ie. P B%V)<p, (1% V).

Let us suppose that the spin-mixing scatterings are the same in the two alloys. With
ay =0.071t00.10 (z%, = 0.67 t0 0.76), one gets

pyv =0.6t00.7uQ cm and Pm =13102.0uQ cm.

This spin-mixing resistivity is not negligible at all. According to Fert and Campbell (see
theirreview article, Campbell and Fert (1982)), spin mixing is imputable to the electron--
magnon collisions; it can indeed be very small when there is no impurity or phonon
scattering, and become important when impurity scattering makes the spin | and
spin T mean free paths different. which is the case of the two alloys Fe + 1% V and
Fe +3% V.

The value deduced for p,,, can be compared to that estimated by Jaoul and Campbell
(1975) in nickel: =0.3 uQ cm. Since the internal induction is much larger in Fe than in
Ni, this value does not look unreasonable.

The deduced vanadium specific resistivity when spin mixing is negligible (thatis atlow
temperature, for low concentrations of vanadium in pure iron) is p, = 60to 70 u€2 cm. It
is close to the value, 62 uQ c¢m, extrapolated by Pierron et al (1982) from ternary FeSbV
alloys.

An alternative interpretation of our resistivity measurements, as pointed out by
Jaoul and Campbell (1975), could be the existence in the alloys of a more or less constant
concentration of ‘unwanted’ impurities with a z parameter z, = 0. For example, if one
assumes 0.07 < ay=< 0.13 and &, = 1, the residual resistivity of the two alloys can be
well reproduced with py = 0.8 uQ cm and p, = 0.35 10 0.40 u€2 cm. These values of p,
are larger than the residual resistivity of the Fe + 1000 ppm V ailoy (275 to 300 nQ cm)
and are hardly understandable, even if one assumes that some hydrogen or oxygen
pollution may be facilitated by the presence of vanadium.

Finally, let us turn to the radiation-induced resistivity; it can be calculated with the
values of ppcp (45 nQ cm) and ar (10) used to correct the dilute alloy spectra. The
calculated Ap, are found to agree quite well with the experimental ones as shown by
table 6.
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