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Abstract. Samples of FeCu, FeCuMn, FeCuNi, and FeCuCr alloys containing 1.5 wt% of
each solute have been electron irradiated around 290°C or thermally aged at 500°C for various
times. It is known that such treatments induce Cu precipitation; the Cu depletion of the matrix
is measured by the resistivity decrease of the samples. The crystallographic environment of
the solute atoms in the irradiated or aged samples has been studied by xAs (x-ray absorption
Spectrascopy).

The data show that Cr, Mn, and Ni atoms mainly remain in BCC solid solution during the
Cu precipitation, The first Cu precipitates are found to be of BcC structure, ie. coherent with
the matrix, At the longest ageing times, they have become of Foc structure. In the electron-
irradiated samples, the data show that, up to a Auence of 5 C cm™2, most of the Cu precipitates
(> 80%) are still of BCC structere,

The fraction of BCC precipitates has been estimated from both the x-ray-absorption near-edge
structure (XANES) and extended x-ray-absorption fine-structure (EXAFS) data. It appears that, for
both FeCu and FeCuMn samples, similarly aged, the rcc fraction is larger in cold-rolled samples
than in pre-annealed and quenched ones.

The results obtained are consistent, in the FeCu case, with a simple linear correspondence
between fluence and time, 1 C em™? at 300°C being equivalent to ~ 10 h at 500 °C. The Cu
precipitation is found to be accelerated, at least in its first stages, by the presence of Mn in the
alloy.

1. Introduction

The present work takes place in an extensive study of the embrittlement processes occurring
in nuclear-reactor pressure-vessel steels under their usual operating conditions (Soulat and
Meyzaud 1990). This embrittlement is known to depend strongly on the residual impurity
content of the steel, the Cu playing a major role (Little 1983), It has been shown (Frisius
and Biinemann 1979, Beaven et al 1986) that the Cu atoms, initially in metastable solid
solution in the BCC Fe matrix (the solubility of Cu in Fe is less than 0.1% below 550°C),
precipitate under nentron irradiation at temperatures around 300 °C as during thermal ageing
at temperatures = 500°C. This precipitation hardens the material and therefore contributes
to its embrittlement. Hardness is found to increase, both for thermally aged samples
and irradiated ones (Phythian er ! 1990); for thermally aged samples, it goes through
a maximum as ageing proceeds (Hornbogen and Glenn 1960, Worrall er a/ 1987). Other
solutes such as Ni, Mn, and Cr have been suspected to play a role in the Cu precipitation,
either by co-precipitating with the Cu atoms or by hindering the Cu precipitation. The XAs
technique enables us to follow the solute precipitation since it provides some information
on the nearest neighbours of the solute atoms.
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The present study was limited to model alloys containing 1.5% of solute, a concentration
higher than that effectively encountered in the vessel steels (typically 0.1%, eventually up
to 0.6%). More dilute alloys together with real steels aged in operating reactors have
been studied by other techniques, such as resistivity, micro-hardness, small-angle neutron-
scattering (SANS) measurements (Barbu et @i 1992); a solute concentration of about 1.5%
1s, however, a lower limit for an absorption x-ray study where the contribution of the matrix
to the signal is not zero.

These model alloys were electron irradiated at different temperatures, mostly around
290°C, which 1s the working temperature of the pressurized-water nuclear reactors. The
electronic irradiation has been chosen to yield simple Frenkel defects and to facilitate a first
approach of modellization. Moreover it leads to much more rapid structural changes than
those taking place in the reactors, thus making the experiment possible, The same alloys
were also thermally aged at 500°C for various times in order to provide a comparison
between irradiation and thermal ageing.

A first EXAFS (extended x-ray-absorption fine-structure) study by Pizzini et af (1990)
has shown that in the model alloys Fe~-1.3% Cu and Fe-1.3% Cu-1.4% Ni thermally aged
at 550°C, the Cu precipitates in the peak hardness condition (2 h at 550°C) have a BCC
structure. From a preliminary XANES (x-ray absorption near-edge structure) and EXAFS
study, we reached the same conclusion for thermally aged Fe-1.3% Cu-0.5% Mn (Maury
et al 1991b). The precipitate transformation from the BCC structure to the FCC one has
been shown recently by transmission electron microscopy (Othen et al 1991) to occur,
in thermally aged FeCu and FeCuNi, through an intermediate 9R phase (the 9R phase is
similar to the FCC phase, except that the stacking sequence of close-packed planes is ABC
BCA CAB ... instead of ABC ABC ...). Up to now no XaS data have been available for
irradiated samples.

We present, in sections 3 and 4 respectively, the XANES and EXAFS results at the different
thresholds (Cu, Mn,...). The data are analysed quantitatively in section 5; the analysis yields
an estimate of the fraction of BCC precipitates. Finally the results are compared to other
experimental data and discussed in section 6.

2. Experimental details

2.1, Samples

The FeCu and FeCuMn alloys were elaborated by the LETRAM/SRMA, CE, Saclay.
A chemical analysis yielded the following composition: 1.34 & 0.04 at.% Cu for FeCu;
1.26 £0.02 at.% Cu and 1.37 & 0.03 at.% Mn for FeCuMn. The residual impurity content
of the basis material was 0.20 &= 0.01 at.5% Al, 0.045 +0.01 at.% C and 0.04 & 0.04 at. %
Si.

The FeCuNi (1.5 at.% Cu, 1.5 at.% Ni) and FeCuCr (1.5 at.% Cu, 2.25 at.% Cr) alloys
were fabricated by the CECM, CNRS, Vitry. No analysis is available for these alloys,
but the levitation procedure used provides much purer materials. A typical analysis of
such materials vields a concentration of Si (main residual impurity) ~ 20 at.ppm and a C
concentration < 5 at. ppm.

The starting material was cold rolled down to a thickness of ~ 25 pm, cut to size
{~ 1.2 % 3 cm? for the irradiated samples and 1.5 x 1.5 cm? for the thermally aged samples)
and cleansed in an H2O5 4 5% HF bath. Most of the samples were aged after having been
pre-annealed for 24 h under H; at 820°C (800°C for a couple of FeCubn samples) and
quenched from the annealing temperature. The grain size was ~ 50 um. These samples
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will be labelled AQ in the following. Some samples were aged directly from the cold-rolled
state; they will be Jabelled CRr.

Thermal ageing was performed under H; at a temperature of 500°C and for varjous
ageing times between 2.5 and 312 h.

Finally the C content of the FeCu and FeCuMn samples was determined by a combustion
and conductimetry analysis. It was found to be smaller than the lower detectable himit
(90 at.ppm) in all FeCu samples except for the cold-rolled ones. In this sample, it was, as
expected, 600 at. ppm. The precision of the analysis was somewhat better for the FeCuMn
samples. The C content of the cold-rolled FeCuMn sampie was surprisingly found to be
less than 50 at. ppm. That of all other samples (quenched, thermally aged, irradiated), was
found to lie between less than 50 and about 150 at. ppm, being not quite constant inside a
given sample.

2.2. frradiation

The irradiation runs were performed with the Van de Graaff accelerator of Ecole
Polytechnique, Palaiseau. The electron energy was 2.5 MeV. The sample chamber was
filled with He at a pressure of 1.15 bar and the irradiation temperature maintained around
290°C by controlling the incident electron flux. The XAS samples were mounted into a
sandwich of two thicker samples of the same nature, which allowed the sample temperature
to attain its fixed value for reachable values of the electron flux (~ 5 x 10" e~ cm™2 s71).

Three thin thermocouples (copper/constantan) were soldered onto the irradiated samples,
one in the middle of the jrradiated area {(~ 15 mm long}, the two others at each end of the
sample (3 cm long), outside the irradiated area. The temperature difference between the
centre and the extremities of the sample was ~ 50°C; we ensured by a simple estimation
that the temperature was homogeneous throughout the irradiated area within a few degrees.

The temperature of the central part of the sample (~ 7 mm long) was checked by
recording its electrical resistivity under irradiation (Lé 1992). The two measurements
{resistivity and thermocouple) were found to coincide within about 5°C.

The solute depletion of the matrix was followed by measuring the sample resistivity
as a function of the electron fluence at a reference temperature of 30°C (Lé 1992), As
concerns the resistivity, not much difference was found between the FeCu and FeCuMn
samples, either cold rolled or pre-annealed and quenched. A bigger difference (see figure 1)
was found between cold-rolled samples on one hand and annealed/quenched samples on
the other, either FeCu or FeCoMn. This is an indication that the dislocation content of the
sample may play a more important role than its residual C content.

The resistivity of the FeCu and FeCuMn alloys was found to decrease less rapidly
with the electron fluence than that of the purer FeCuNi and FeCuCr alloys, which can be
attributed to the tnfluence of the residual impurities.

2.3. X-ray absorption measuremenis

The x-ray absorption coefficient 1 of the samples was measured near and above the Cu K
edge (and also pear and above the Mn K edge for FeCuMn samples, the Ni K edge for
FeCuNi samples and the Cr K edge for FeCuCr samples).

The measurements were performed at room temperature at the EXAFS | and III stations
of LURE, Orsay, using the x-ray beam delivered by the DCI storage ring running typically
at 1.85 GeV and 300 mA. The Bragg monochromator was an Si channel-cut device with
a (331) cut for EXAFS I and a two-crystal Si (311) device for EXAFS III. The incident and
transmitted x-ray fluxes, Jo and 7 respectively, were measured by two ionization chambers
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filled with air. The photon energy was swept throughout a 600 keV range by steps of 4 eV
below the threshold, 0.3 eV in the threshold region (the XANES range) and 1 eV above the
threshold (the EXAFS range).

3. XANES results

It has been shown (Miiller et al 1978, 1982) that in the case of 4d and 3d transition metals,
the absorption coefficient 1 in the range of a few tens of eV above the K absorption
threshold is well explained, in a one-electron approximation, by the p partial density of
states which itself depends on the crystallographic structure of the metal. More generally,
this near-edge part of the x-ray spectrom is well known to depend strongly on the symmetry
of the environment of the absorbing atom.

‘We thus should be able to gain some information, at least qualitative, on the structure
of the crystal surrounding the atom that absorbs the incident photon (central atom), from
the shape of the p(E) curve just above the edge (Cu K edge for a Cu atom). However the
shape of the curve can be perturbed by the presence of an oxide layer on the sample as has
been observed in a previous experiment (Maury et af 1991b). For this reason, most of our
irradiated samples were cleansed again after the frradiation run, although the thickness of
the sample is then not so accurately defined.

3.1, Cu threshold

Figure 2 shows the absorption coefficient, w(E) = log(ly/I), as a function of the photon
energy near the Cu K edge, for thermally aged FeCu and FeCuMn samples. A constant
background, extrapolated from below the edge, has been subtracted from the measured p
values and the curves have been normalized to the height of the absorption step at the edge.
For the sake of clarity not all the data are shown on the figure. Figure 3 shows the measured
absorption for various irradiated FeCuMn samples.

One can see from figure 2 that the shape of the p£(£) curves between 8980 and 2010 eV
transforms progressively, as 500°C thermal ageing goes on, from the shape of the curve for
pure Fe (at the Fe K edge) to that for pure Cu: the starting material, either cold-rolled (CR)
or pre-annealed and quenched (AQ), exhibits, like pure Fe, a unique bump around 8994 eV;
this structure vanishes progressively as ageing proceeds and gives rise to two bumps around
8890 and 9000 eV, like those observed in pure Cu. As concerns the irradiated samples
(see figure 3 for the FeCuMn samples), the only apparent modification is the change in the
shape of the first step around the Cu edge (8980 eV).

By comparing the experimental curves with calculated ones for given fractions of Cu
atoms in BCC and FCC environments, one can estimate these fractions in the thermaily aged
or irradiated samples. The results are given in table 1 (AG stands for thermally aged at
500°C). In this simple estimate, the existence of the 9R phase is not considered, i.e. it is
assimilated to the FCC phase.

The data (see table 1 and figure 2) show that the BCC — FCC transformation is, for a
given ageing time, more pronounced in CR than in AQ samples and more pronounced in
FeCulMn than in FeCu.

3.2, Cr, Mn, and Ni thresholds

The accuracy is better at the Cr and Mn threshold than at the Cu threshold since the Cr
and Mn K edges lie below the Fe one. In contrast, it is worst at the Ni threshold, which
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Figure 2. Absorption coefficient measered near the Cu K edge (or Fe K edge for Fe) for various
thermally aged samples. CR stands for cold rolled, AQ for pre-annealed and quenched, aG for
thermally aged at 500°C. The symbols are measured data points; the curve is a mere linear
combination of FeCuMn cr and Cu specira.
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Figure 3. Absorption coefficient measured near the Cu K edge (or Fe K edge for Fe) for
FeCuMn samples irradiated at 300°C (except for the two cases where the irradiating temperature
is displayed with the fluence). Cr stands for cold rolled, aq for pre-annealed and quenched.
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Table 1. Fraction (in%) of Cu atoms in FCC environment estimated from the K Cu xANES data

Alloy FeCu FeCuNi FeCuMn

Irradiated samples

Tyrr S300°C; dose <5C/ cm? 0-20 0-20 0-20
AQ, AGSh 10£10

CR, AGsh 25+10

AQ, AG24h 25410 45+101
CR, AG 24h 45410 65£10
AQ, AG 67h, irr? 50410

AQ, AG 115h 45+10 55101
AQ, AG 115h, Irr3 7010
CR, AG115h 70£16 804:5
AQ, AG 246h 70£10

AQ, AG312h 85:5

! These samples have been pre-znnealed at 800°C.
2 Sample e~ irradiated (0.65 C cm™2 ot 270°C) after thermal ageing.
3 Sample e~ irradiated (0.55 C em=2 at 240°C) after thermal ageing.

lies just above the Fe one. For all studied samples, no change was detected even for the
longest ageing times. Since all solute atoms contribute in the same way to the XAS signal,
the present results only show that solutes other than Cu mainly remain in solid solution and
do not enter significantly into the Cu precipitates.

4, EXAFS results

The EXAFS signal is defined as x(E) = (¢ — po) /o, with I = Iy e7#%, x being the sample
thickness; zip is the atom-like smooth absorption above the edge. (Typical x{E) curves for
thermally aged FeCuMn alloys have been given previously (Maury et al 1991b)). This signal
is divided by the edge step for normalization and Fourier transformed after multiplication
by a Hanning function and by %> where & is the wave number of the photoelectron. Due
to the low solute concentrations in our samples, we are near the accuracy limit of the
method. Not all spectra could be exploited, depending on the sample thickness and thickness
homogeneity. Moreover, even in the best cases, the amplitude of the EXAFS oscillations
becomes rapidly small as compared to the dispersion of the data points; the workable energy
range has to be limited: the Hanning function was chosen to be equal to zero outside an
energy range of 25-530 (or 25-420) eV and equal to unity in an energy range of 40430
(or 40-340) eV,

4.1. Cu threshold

Figures 4 and 5 show the Fourier transform (calculated with the smaller energy window) of
the EXAFS spectra of, respectively, irradiated and thermally aged samples.



ST

Cu precipitation in FeCu, FeCuMn, and FeCuNi

"aauany sl Surmopiol apdues waes 1oy waad starmeiadwsy Sunerpey
ay), "payouanb pue popeauue-axd 107 OV “pI[[OI PloD 0] SPULIS ¥D UANILL (g} INNDRY PuE 19 (1) :soidues perejpen Jof winndads SAvxg 2y JO Wiojsuen I3nng, *p iy

v/

)

wlojsued) 2unod S4vx3a
wJojsuen} Jauned sdvxd

E R : :
L C | : 450
nddoy - i ) D600€ Y090 1 O VIR
—D:062 ;WAL UL O VUATDME L | . 9’0 —0L0€2= ,WI/DES0 1] DV INRDM -
DeD0E ;WHISH0 B UNIDAL o | DETS JU/O5°0 21 D ¥ R
De0S1 = WD) M WD WAL . WL .
wory e (a) worip ., ®)

L0

i i 1 L } | ! L0 Lo 1 1 I L )



F Maury et al

578

-payausnb pue popeauwe-oxd 10] Bv ‘pajjer pod 1oy spuels ¥D “aundy oy uo pake(dsip Jou pue sajdures upwnTag pUe DAY JO
950U} 01 Je[Mtirs arinb a sopdutes (Nnya,L pade AJULagl Jo enaads syL wWns3d (§) pue nasg (P):sajdues pefe Afpenayl Jof wanoeds sava o Jo nuojsuRn Japmed ¢ 3ndld

VEE v/
8 L 9 G 4 € 4 1 0 8 L 9 g ¥ > c 1 0
] i | | 1 0
._umﬁ—cU, T T _ H 4] .m
i L | . LI S T
i Ho 104
_MS1i Oy AD uWnag 1 _ H n | yz1E oY OV 03 % _ um e
. -0 c0
bz OV YD UWRD Upz OV HD N3
€0 X €0 3
Usy OV O v uWndadg > YS1I DY O ¥ ndad o
4 m_u i .n%
KR W ¥O =.
Juszov OV uwnd - a | 48OV W 1D =
- .
& Ts5o m S'0 W..
w =
U0 U0 /\/\r: & 467 OV DV 124 ] B
Ao \
. v 90
90 ; H
| uoy| ..?.\:\(\Jl %W‘:U.um/\/\ﬂ i E _ <
A Lo i < \ |/ 420
i i i i _ |
- g - if a0
80
A ) 1 : ; _ ;@ . (2)
I ] | I I T i




Cu precipitation in FeCu, FeCuMn, and FeCuNi 579

The spectra of the cold-rolled or quenched and annealed alloys show, as that of pure
Fe (figures 4{a) and 5(&)), two large peaks centred around 2.2 and 4.4 A. The first one,
labelled peak I, stems from the first and second neighbours of the BCC lattice. Although
the distances are different, it happens, due to different phase shifts, to stand at exactly the
same position as the peak of nearest neighbours in pure Cu (see figure 4(b) or 5(b)). The
second large peak, labelled Ilg,, originates from the fourth and fifth neighbours of the BCC
lattice. Between these two peaks, the smaller peak corresponding to the third neighbours
of the BCC lattice is correctly resolved only if the energy window is wide enough (40430
and not 40-340 eV).

Figure 4 shows that in all irradiated samples, peak I is slightly shifted towards the low
distances (by ~ 0.05 A) while its amplitude is decreased as compared to that of the starting
material; peak Ilg, decreases more rapidly and has entirely disappeared after a dose of 4.7 C
cm™ at 290°C,

In the thermally aged samples (figure 5) the same evolution is observed up to ageing
times of ~ 8 h. For longer ageing times, a reverse evolution is observed so that peak I
finally comes close to that of pure Cu, Peak IIg, evolves differently from peak I. It does
not grow again but instead completely disappears and for the longest ageing times (FeCu
AG 312 h and to a lesser extent FeCuMn CrR AG 115 h), the whole spectrum is close to that
of pure Cu.

It is to be noted that, as long as only first and second neighbours are concerned, the 9R
structure is identical to the FCC structure since any sequence of three nearest close-packed
planes is the same in the two structures: as a consequence, peak I cannot evidence any
difference between the 9R and the FCC phases. In contrast, some difference can be expected
at higher distances since one sixth of the third neighbours and one third of the fourth and
fifth neighbours must be different in the two structures; the shape of the spectra above 3.5 A
may be used to locate the transformation to the FCC phase. this transformation is almost
achieved in FeCu aged for 312 h at 500°C,

Table 2 gives the heights of peak 1 and peak Ilg. for the various samples (all determined
with the smaller energy window: 40-340 eV).

Like the XANES data, the EXAFS data show that the Cu environment changes, as thermal
ageing goes on, more rapidly in cold-rolled samples than in pre-annealed and quenched ones
and that the change is more rapid in FeCuNi and FeCuMn than in FeCu. Due to the lack
of data, such a comparison is difficult to make for irradiated samples. Not much difference
is observed between FeCu and FeCuMn irradiated to a fluence of 4.7 C cm™2 at 290°C.

4.2, Cr, Mn, and Ni thresholds

No change was observed at the Cr threshold in irradiated FeCuCr nor in thermally aged
or irradiated FeCuNi at the Ni threshold. The Fourier transforms of the EXAFS spectra
measured at the Mn threshold for FeCuMn samples are given in figure 6. The accuracy is
much better than at the Ni threshold and a very slight change of peak Ilg, is observed at the
Mn K edge for the longest ageing times (see table 2}. No change beyond the experimental
uncertainties was detected in any irradiated FeCuMn samples, including an Fe-0.3% Cu-
1.5% Mn, irradiated with 0.5 C em™2 at 290°C,

5. Data analysis

3.1, Quantitative analysis of peak I

When it was possible, i.e. when the quality of the EXAFS spectrum at the Cu edge was
good enough, we analysed peak I using the standard procedure: filtering, Fourier back
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Table 2. Maximum height of the major peaks in the Fourier transform of the EXAFS spectra
measured at the Cu (or Mn*) K edge.

Peak 1 Peak Ore
Fe : .25 Fe: .16
Pure metals Cu: 20
Alloys FeCu FeCuNi | FeCuMn FeCu FeCuNi | FeCuMn
sStarting material
CR 23 22 (20% 15 .15 (15%)
AQ 20 16 (.20 15 A4 (14%
*Thermally aged
AQ AG 25h ,22-18-.17 | .16-.16 16-17 11-.13-10 | .08-.08 .07-.07
AQ AG 45h .18 15 14 08 09 .07
CR AG 8h 16 07
AQ AG 24h A7 .05
AQ AG1i5h .15 n o.
CR AG 24h 17 19 (,19%) n. 0. n.o. (13%)
AQ AG1ISh 19 (20 n.o. {.13%)
CR AG115h 18 19 (20%) n. o. n.o. (.12%)
AQ AG246h 22 n. o.
AQ AG312Zh 20 . .
eIrradiated
CR Tir = 150°C
05 C/em? 17 09
AQ Tip=240°C
0.5-06C/cm? 20 16 .18 09 08 .06
CR  Tig = 230°C
0.5 C/em? 17 09
A Q Tip = 300°C
0.6 Clem? 15 .06
CR Tip = 300°C 154,16 .04 -.06
0.6 - 0.65 C/em? 16 {.20%) 06 (.14%}
AQ Tip=290°C .15 n. 0.
47 C/em? 16 (.20%-20%) n o. (135"-,135"

n.0. stands for no longer observed. Several figures given together correspond to measurements on different samples
of the same kind (i.e. same alloy, same ageing).

transformation and fitting, Peak I has been fitted assuming for the central atom one or two
kinds of neighbour, We restricted to two the number of possibly different neighbours in
order to maintain a reasonable number of fitting parameters. These near neighbours were
assumed to be either (i) Fe atoms on a BCC lattice for Cu atoms in sold solution in Fe, or
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or the Cr K edge for one FeCuCr sample. cr stands for cald rolled, a0 for pre-annealed and
quenched, Irr for irradiated at ~ 300°C, and AG for thermally aged at 500°C.
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(ii) Cu atoms on a BCC lattice for Cu atoms in BCC clusters of Cu, or (iii) Cu atoms on an
Fce lattice for Cu atoms in FCC clusters of Cu.

We thus had three sets of phase shifts (corresponding to these three possible
environments of the Cu atoms) to determine. We deduced the back-scattered amplitudes
and phase shifts of Fe and Cu first neighbours from Fe and Cu pure-metal spectra measured
in the same conditions and analysed in the same way as the alloys.

As we have seen in section 4.1, peak 1 stems, for BCC structure, from the eight first
neighbours and from the six second neighbours; since it is not possible to separate the
contributions of these two shells, we determined an effective back-scattered amplitude for
Fe atoms and an effective phase shift for Fe~Fe pairs by assuming one kind of ‘average’
neighbour, i.e. 14 first neighbours at a mean distance from the central atom of 2.65 A
instead of 2.48 and 2.87 A. The effective phase shift of the Cu—Fe pair was obtained from
that of the Fe-Fe pair by adding the difference between the two calculaied central atom
phase shifts (Teo and Lee 1979). The validity of the procedure is confirmed by the fact
that a good fit is obtained for the CR and AQ starting material with 14 Fe first neighbours,
as expected for Cu atoms in solid solution in the BCC Fe matrix.

To be able to calculate the first steps of the precipitation, we constructed an EXAFS
spectrum for BCC Cu (with eight first neighbours at r = 2.48 A and six second neighbours
at r = 2.87 A); this spectrum was calculated using the back-scattered amplitude and phase
shift determined from the measured spectrum of FCC Cu metal (and assumed not to depend
on the distance r in the range 2.48-2.87 A). We then analysed this calculated spectrum in
the same way as the experimental Fe metal spectrum (assuming 14 *average’ Cu neighbours
at r = 2.65 A) and deduced an effective back-scattered amplitude and an effective phase
shift for gcc Cu.

The effective back-scattering phase shift calculated for BCC Cu is very close to that
deduced for BCC Fe. If we compare it to that determined for FCC Cu, we observe (figure 7)
that it decreases more rapidly with k&, compensating for the higher neighbour distance in
BcC Cu (2.66 instead of 2.55 A), so that peak I is found at about the same position for the
three kinds of environment: BCC Fe, BCC Cu, or FCC Cu. If we now compare the effective
amplitude back scattered by BCC Cu o that back scattered by BCC Fe (figure 7), we find it
is 20-40% less between 100 and 300 eV (5-9 A~"). This explains the shrinkage of peak I
in the first steps of precipitation (Cu precipitates coherent with the BCC matrix).

With the back-scattered amplitude and phase shift determined as mentioned above,
we thus calculated the EXAFS signal given by one or two kinds of near neighbour, these
neighbours being either BCC Fe, BCC Cu, or FCC Cu. The parameters of the calculation
are the number #; of atoms of the i® kind contributing to the near-neighbour peak, their
distance, #;, to the Cu central atom, and the root-mean-square deviation o; from this distance;
we assumed these deviations to be zero in the pure metals. The parameters were adjusted
to best fit the filtered experimental spectrum, in the energy range 40-340 eV for FeCu
and FeCuNi samples and 40430 eV for FeCuMn samples. The obtained values are given
in table 3, The label ‘BCC’ means that 14 ‘average’ neighbours stand for the eight first
neighbours and the six second neighbours of the BCC structure at a2 mean distance given
in the next column. The total number of neighbours, # = r; + #;, was first maintained
constant (equal to 14 for BCC neighbours, 12 for FCC neighbours), and then allowed to vary
within 10% of the expected value (to take into account the fact that the magnitude of the
EXAFS signal is not determined with an accuracy much better than 10%). In most cases,
the variation of n was small and did not result in any significant change of the best fit
parameters.

For each sample, several different possibilities were tried. The values of the fit
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Table 3. Analysis of peak I of the Fourier transform.

fit for
First shell Second shell quality  (or 9R)
My /A ay /A n, /A 0a/A {%) fraction
EeCu
CR 129Felee 265 0 - . . 035 0%
AQ 0.6C/em? 300°C MOF ke 246 o7 - - - 3.38F
111 Febee 246 05 - - - (2.56)
8.1 Febec 1255 .01 59 Cubce 265 15 2,74
99 Febee 2066 05 1.8 Cu 255 4 {2.57)
80 Cu 250 .01 6.3 Cu 2.88 15 0.7§ 0%
AQ AG25h 140Febee 267 04 - - - 1.76F
11.9 Febee 267 s - - - (0.55)
50 Feboe 245 i) 90Cubce 265 01 07 0%
92 Cu 250 00 5.0 Cu 2.90 00 1.62
CR AGSh 85Cu 249 01 55 Cu 250 14 0.18 10 %
AQ AG1ISh 88Cs 252 ot 30¢Cu 288 13 0.01 5%
CR AG2th 103Cu 252 0z 32Cu 289 135 0.04 50 %
AQ AG312h 114 Cu 255 00 04 Cu 2.89 06 215 95 %
EeCuNi
AQ 140 Febec 245 .08 - - - 1.08 0%
AQ 055C/am? 23°C s0Cu 248 00 60Cu 289 a1 217 0%
AQ AG25h a1 81Cu 51 00 63 Cu 289 135 0.97 0%
AQ AG25h n72 80Cu 254 00 60Cu 289 .16 0.88 0%
AQ AG45h 7.6 Cu 249 .01 63 Cu 250 15 154 0%
AQ AG24h s0Cu 25 01 40Cu 289 15 3.8 0%
CR AG1I6h 11.0Cu 255 02 15Cu 295 09 0.14 75 %
AQ AG24sh 11.5Cu 253 o 05 Febeg 248 0% 049 90 %
EeCuMn
CR 14OFebee 267 03 - - . 100 0%
AQ 141 Feber 266 06 - - - 0.76 0%
CR 05 C/em? = 150°C 8.0Cu 248 00 6.0 Cu 291 08 152 0%
CR 065C/cm? 300°C el 82Cu 250 01 5.8 Cu 289 .16 1.18 5%
CR 0.65 C/em? 300°C 12 §0Cu 249 01 60 Cu 2.88 15 0.38 0%
AQ AG25h nl 86Cu 251 o1 56Cu 287 15 0.10 10 %
AQ AG25h n*2 B7Cu 250 02 53Cu 2.85 a1 0,78 10 %
AQ AG45h 83Cu 251 03 57 Cu 258 32 0.30 5%
CR AC2Hh 11.8Cu 253 02 1.2Ce 290 04 0.07 85 %
AQ ACGT115h 10.4 Cu 255 00 26 Cu 2.87 L 053 60 %
AQ AG115h I 10.5 Cu 254 .00 24Cu 2.87 0 0.7 65 %
CR AG115h 10.9 Cu 255 .00 1.8 Cu 2.87 L9 132 70 %

* this sample has received an electron dose of 0.55 C em™2 at = 240°C after thermal ageing.
F This means that the total number of neighbours was fixed; otherwise it did not maintain an acceptable value,

The fit quality index is given in brackets when the total number of atoms is not acceptable, given an experimental
uncertainty of = 10%,

The parameter values given in italics correspond to fits which are not the best ones, but are given as examples of
what is obtained with different hypotheses.

parameters obtained in each case are given in table 3 for FeCu AQ irradiated with 0.6 C cm ™2
at 300°C and aged 2.5 h at 500°C. (For all other samples, only the best fit is given in
table 3). The fit quality depends on the spectrum quality (it is worse for FeCuNi than for
FeCu spectra); it also depends on the homogeneity of the precipitate population and is never
found to be very good for small ageings when the Cu atom environment is multiple and
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when the surface of the precipitates is not negligible as compared to their volume,

In FeCu irradiated up to 0.6 C cm™~2, as in all samples irradiated up to a fluence of
0.6 C cm™2, the best fit is obtained with 100% of the Cu atoms in BCC Cu precipitates; the
lattice parameter of these precipitates is 2.89 & 0.02 A.

In most of the aged samples, the best fit yields two shells of Cu atoms around the central
atom (and a negligible number of Cu atoms still in solid solution); the nearest-neighbour
distance lies between the nearest-neighbour distance in the coherent BCC precipitates
(2.49 £ 0.01 A) and that in FCC Cu (2.55 A). The second-shell radius is the second-
neighbour distance of the BCC precipitates. We can thus conclude that, in these samples,
BCC and FCC precipitates coexist and deduce from the values of ny and rs the fraction,
f = (B3n; — 4n2)/(3n; + 2n,), of Cu atoms in an FCC (and/or 9R) Cu environment, since
eight BCC first neighbours are to be there for every six BCC second neighbours. This fraction
(last column of table 3), which is not determined with an accuracy better than +10%, is
comparable to that deduced from the XANES results (see table 1).

5.2. EXAFS structure above peak I

Between the first stage of Cu precipitation where peak g, is still visible and its last stage
where the spectrum clearly resembles that of Cu (as in FeCu AQ AG 312 h), the spectrum
structure is intricate and cannot be considered as a simple combination of Fe and Cu spectra
since such a combination yields 2 maximnum between 4.2 and 4.4 A. No maximum but rather
a plateau is observed in FeCu AQ AG 115 h and FeCu CR AG 24 h (see figure 5). Now
the radius of the precipitates, deduced from SANS experiments, is large enough (> 50 A for
FeCu AQ AG 115 h) that the fraction of Cu atoms on the precipitate surface (< 20%) cannot
account for the lack of any defined structure around 4.3 A. This lack can be interpreted
as indicating the existence of another phase, intermediate between the BCC and FCC ones,
possibly the 9R phase evidenced by transmission electron microscopy (Othen er af 1991).
Table 4 gives the number of neighbours situated at a distance d from a given atom for the
three structures BCC, 9R, and FCC. If one compares the 9R to the FCC structure, one sees
a shift of the third and fourth neighbours towards small distances and a shift of the fifth
neighbours towards large distances. This can explain the above-mentionad absence of a
maximum around 4.3 A, not taking into account the possible modifications of the phase
shifts,

6. Discussion

In this section, we will summarize the results of the present XAS experiments and compare
them with other results, mainly SANS results obtained with samples prepared and aged
under the same conditions (Maury et al 1991a, Mathon er af 19932). The only difference
between XAS and San$ samples is their thickness (200800 pm for SANS samples instead
of 20-30 pm for XAS samples).

6.1. Precipitated atomic fraction and precipitate structure

The XANES and EXAFS data clearly show that, in FeCu, FeCuNi, and FeCuMn dilute alloys
either thermally aged at 500°C or electron irradiated around 290°C, the Cu atoms are
swrrounded at the beginning of the precipitation by Cu atoms on a BCC lattice.

In one case only the present results indicated that the Cu precipitation was not complete:
that of AQ FeCu aged for 2.5 h at 500°C where only 70+ 10% of the Cu atoms are found to
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Table 4. Successive neighbours of a given atom ir a BCC, 9R and Fee crystal. d is the distance
between the pair and aqp is the distance between nearest neighbours. The braces mean that
the corresponding neighbours do not give rise to separate peaks in the Fe and Cu spectra, the
brackets that they do not give rise to a distinguishable peak {given our energy window). The
frame selects the atoms which are observed between 3.5 and 5.5A in the copper spectrum.

dfao bee 9R fec
1 8 12 12
115 [}

1.4t 6 6
1.63 12 4/3 .
1.73 20 24
1.91 24 ; 8

2 3 8 12
224 16 24
231 (8)

238 8

245 5 (8}
252 24 &

258 24 8

enter Cu BCC precipitates, the remaining 30% being still in solid solution in the Fe matrix.
This precipitated fraction is to be compared with that deduced from SANS data, ~ 75%,
and with the fractional resistivity loss for the same ageing time, 65%. The agreement is
reasonable, taking into account the uncertainties in the EXAFS and SANS determinations. The
mean radius of the precipitates, deduced from SANS, is ~ (0.9 nm.

In FeCu electron irradiated with a fluence of 0.6 C cm™? at 300°C, all the Cu atoms
{£10%) are found in BCC Cu precipitates. Their mean radius, determined by SANS, is then
2.3 nm. The lattice parameter of these BCC precipitates, deduced from a guantitative analysis
of the first-neighbour peak, is 2.89+0.02 A, a value very near to that of the matrix (2.87 A)
and slightly less than the value (2.96 A) deduced from molecular-dynamics simulation by
Phythian et af (1990).

After a thermal ageing of ~ 150 h at 500°C, which corresponds to a precipitate mean
radius of 6=£1 nm, about 50% of the precipitates are of BCC structure. Although the structure
of the remaining 50% appears to be FCC as concerns the first neighbours, the shape of the
EXAFS spectrum above the first-neighbour peak does not show the features expected for a
sirnple combination of BCC and FCC structures. The complicated shape of the spectrum may
reflect the existence of the 9R phase observed by Othen ez al (1991).

After 312 h of thermal ageing at 500 °C, no more than 10% of the Cu precipitates are still
of BCC structure (less than 10% if one takes into account the atoms at the interface with the
matrix and, eventually, the residual solubility of Cu in Fe at 500°C). A large fraction (2 %)
of the Cu precipitates have transformed to an FCC structure, as shown by the EXAFS spectrum
structure above peak I. The mean radius of the precipitates is 7.95 & 0.1 nm (Mathon et al
1993a), a value quite comparabie to that deduced from high-resolution microscopy, which
sees the intermediate 9R phase remaining stable up to 15 nm diameter (Phythian et al 1992).

6.2. Ageing of cold-rolled samples

We have seen (sections 3.1 and 4.1) that the fraction of FCC precipitates is found to be larger
in a cold-rolled sample than in a pre-annealed and quenched one. The SANS data show that
in irradiated FeCu (0.5 C em~2 at 300°C) the volumic fraction of precipitated Cu is smaller
(by ~ 30%) in the cold-rofled sample than in the annealed/quenched one. The resistivity



Cu precipitation in FeCu, FeCuMn, and FeCuNi 587 -

decrease is also much smaller in CR samples (see figure 1). Besides, the mean radius of
the precipitates is found to be about equal in the CR sample and in the AQ one. The Cu
precipitation thus appears to be rather hindered than promoted in the cold-rolled sample.
However, a possible clue for explaining the larger fraction of FCC precipitates in this sample
is the SANS indication that the precipitates may contain a few percent of vacancies or voids
{which are not seen in the AQ sample): the Cu precipitates may have built preferentially
on the dislocations, which could loosen the inferaction with the matrix and facilitate the
BCC — FCC transformation. Similar observations are made in FeCuMn AG 24 h: smaller
volumic fraction and mean radius of the precipitates in the CR than in the AQ sample.

6.3, Effective of Mn

If we now compare FeCu and FeCoMn, the mean radius is found to be larger in FeCuMn
than in FeCu (Maury ef al 1991a, Mathon et @l 19932). The larger fraction of FCC
precipitates in thermally aged FeCuMn as compared to FeCu observed in the present XAS
experiments can thus be related to the larger size of the precipitates in FeCuMn.

The SANS data also show that in thermally aged FeCuMn samples and FeCuMn irradiated
to a fluence of 0.5 C cm™2 at 300°C, the precipitates contain 6 + 1.5% Mn (or less if one
assumes that they may also contain vacancies). The Mn content is found to be slightly
larger (10-£2%) in FeCuMn irradiated to a fluence of 5 C cm™2 at 290°C. These results are
consistent with the present data, which show that at the Mn K edge, ageing or irradiation
brings in only very slight modifications in the Fourier transform of the EXAFS spectrum (see
figure 7 and table 2).

6.4. Comparison of radiation-induced and thermally induced precipitation

It has been observed from SANS data that FeCu irradiated samples behave, as concerns
the mean radius of the precipitates, like thermally aged ones, I C cm™2 at 300°C being
equivalent to ~ 10 h at 500°C (Mathon et af 1993b). This refation holds also for micro-
hardness and it seems applicable to the present data (see table 2b). Yet it is to be noted that
such a simple equation may not hold for FeCuMn: the effect of Mn on the mean radius of
the precipitates appears to be greater in the first stage of ageing.

A model has been developed for FeCu alloys by Smetniansky and Barbu (1993) based on
the assumption that the main effect of the irradiation is to enbance the thermal precipitation
by creating a vacancy concentration high enough to ensure the Ce migration.
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