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Abstract

Nanostructured Pb/Fe alloys have been produced by means of mechanosynthesis and co-deposition methods in powder and film forms,
respectively, in both sides of the composition range. Low temperature Mdssbauer results obtained from the films have indicated the presence
of interstitial Fe in fcc-Pb lattice, with maximum Fe solubility of 3 at.%. This Fe configuration has an atomic diffusion effect with increasing
temperature, resulting in formation of small Fe clusters. On the other hand, milling Fe and Pb powders mixture up to 700 h only produced
iron-rich Pb/Fe phases with high degree of chemical disorder established due to different atomic radii of Pb and Fe, as shown by a broad
Mossbauer subspectra. The milling procedure extended the Pb solubility limitin Fe matrix to 6 at.%. Therefore, our results of films and milled
powders indicated that one has extended the known solubility limit for this system.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Pb and Fe are known to be completely immiscible in the
solid state and a small solubility at the composition range
Recent development in materials research has paid speedges occurs in the liquid state. In the equilibrium state, the
cial emphasis in metastable materials obtained from systemssolubility of Fe in liquid Pb at 873 K is about 27 10~* at.%
with positive heat of mixing 4H). Since the 80s, vapor [7], while for Pb in liquid Fe is about 5.& 10~2at.% in
guenching (VQ), based on sputtering and thermal evapora-the range of 1823-1873K8]. This is one of the binary
tion techniques, has been used to obtain metastable alloysmmiscible Fe-based systems for which studies have been
from immiscible elements. As widely reported, the VQ seldom reported9,10]. The Pb—Fe system is, therefore, a
method increases the solubility range among the alloy com- natural candidate for tentative preparation of alloys using
ponents and metastable phases are mostly formed outsidéechniques that can yield non-equilibrium phases.

the equilibrium rang€l,2]. In the 90s, mechanical alloying In the present work, vapor quenching and high energy
(MA) process has also been largely employed to produce milling (mechanosynthesis) techniques have been combined
metastable phases from systems wkH > 0 [3-5]. Alloy to study the solubility limit of metastable Pb/Fe alloys in

formation by MA is mainly related to diffusion process at the Fe and Pb sides of the composition range. X-ray diffrac-
layers interface of the mixed component powders, induced tometry (XRD), differential scanning calorimetry (DSC) and
by mechanical energy. Scanning electron microscfijy Mdéssbauer spectroscopy techniques were used to investi-
has shown that the repeated fracture and cold welding of gate the features of the alloy formation and its thermal
powder particles during milling generate a multilayer struc- stability.
ture. Subsequently, interdiffusion effect, which takes place
at the interface layers, leads to the alloy formation.

2. Experimental
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Pb/Fe thin films were prepared using thermal evapora- closed in an aluminum pan covered with an aluminum lid
tion technique; while for high Fe content=90 at.%) (an empty pan with lid was used as reference). The sig-
mechanosynthesis method was appli€dFe atoms in nal was recorded in a heating ramp, with a heating-rate
guenched-Pb films were produced in a He-cryostat by ther-of 20 K/min under an Ar flux of 30 ml/min. The raw DSC
mal co-evaporation of iron (90% enriched3fFe) and high data were baseline corrected through the subtraction of the
purity Pb (99.99%) metals from two independent resistively signal obtained with two identical empty pans placed on
heated Ta crucibles. The deposition was performed ontothe reference and sample positions of the calorimeter. The
kapton substrates kept, during the evaporation, at a temper-obtained curve was then manually corrected in order to give
ature close to 20 K. Before the depositions, the vacuum in a flat baseline on both sides of the melting transition of the
the cryostat was % 10~° mbar and about % 108 mbar Pb-rich phases.
during sample preparation. Crystal oscillators were used The films were analyzed by in situ Mdssbauer spec-
to control the deposition rates and the films composition. troscopy performed in the transmission geometry, in the
The films thickness were smaller than or equal to 2000 A, temperature range between 7 and 300K, using a 50 mCi
depending on the total’Fe concentration. The details of °’Co in Rh matrix radioactive source moving in sinusoidal
the evaporation set-up have been given elsewfidre mode. Source and absorber were kept at the same temper-
Nanostructured Plre;—, (x < 0.10) alloys were prepared  ature during the measurements. The Mdssbauer spectra of
by mechanosynthesis from the mixture of high purity chem- films with low Fe content were fitted using two crystalline
ical elemental powders of Fe and Pb (99.999%). The initial subspectra.
powder mixtures were sealed in a hard steel vial under high The spectra of the milled powders were also recorded
purity Ar atmosphere (5N5) and clamped in a commercial in the conventional transmission geometry at 300K and at
vibrating frame machine. A massive cylinder made of the 12K, using a 25 mC?’Co in Rh matrix radioactive source,
same material as the vial was used as milling tool, occupying moving in triangular mode. The Mdssbauer measurements at
63% of total internal volume space. In order to prevent con- 12 K have been performed in an APD closed cycle refriger-
tamination from the milling tools, small amounts of Fe and ator. During such measurements the Mdssbauer radioactive
Pb powders mixture with defined composition were milled source was kept at 300 K, while the absorber was at 12 K.
in a first run, since these powders will partially cover the The 12 and 300K spectra have similar aspect and they were
milling tool and vial walls. After that, the excess of pow- fitted with two magnetic subspectra. The final analysis ac-
der is removed from the vial and new portions of Fe and counted for the expected increase in the magnetic hyperfine
Pb powders, at desired compositions, are added to the vialfield (Bns) values and the second order Doppler effect con-
keeping the mass ratio of tool to sample at about 20:1. Thetribution to the isomer shift (I1S). The relative absorption ar-
milling process extended for periods up to 700 h. More de- eas of the two magnetic phases observed in the Mdssbauer
tails of the milling tools and experimental procedures have spectra are nearly temperature independent, indicating that
already been reported by Larica et fl2]. The alloying these phases have similar Debye Waller factors (f). The IS
process has been investigated from the milled powders col-values of our data are given relatively deFe at 300 K.
lected at pre-defined times. Powder manipulation is always
done inside a glove box under high purity argon atmosphere
to avoid oxidation. Portions of the final milled F¥e;_, al- 3. Results and discussion
loys were heat-treated in a high vacuum furnace to temper-
atures up to 700 K, with a residence time of 1 h at the final ~As already mentioned in the experimental section, the
temperatures. Pbigo-xFe, alloys with x < 40 were prepared using the
No XRD analysis was possible to be performed in the vapor quenching process on substrate kept at 20 K. For high
case of the films, since they oxidized easily even at the de-Fe contentX > 80), the films could not be produced due to
position place when the cryostat pressure increased above technical restriction. Also milling method was tentatively
10~* mbar. XRD patterns were obtained at room tempera- used to prepare low Fe content alloys< 10), but the Pb
ture for all samples prepared by MA, using Cu Kadiation powder particles welded together just after the milling has
with a Rigaku diffractometer. started, avoiding reaction among the components to take
Scanning electron microscopy (SEM) and energy disper- place even for a very long milling time3h> 500 h).
sive X-ray spectroscopy (EDS) analysis have been used to A set of Mdssbauer spectra, recorded in the temperature
check the compositions of some final alloys (milled up to range from 7 to 190K and cycling back to 7 K, is displayed
700 h). Within the sensibility of EDS analysis, besides the in Fig. 1for a typical film (Ply7Fe3). The spectrum recorded
presence of Fe and Pb, no other elements were detectect 300K is also shown for comparison.
in the final milled samples and the compositions remained The 7K Méssbauer spectrum of the 3at.% Fe film,
close to the nominal values. recorded with a high velocity scale (not shown), has not
Differential scanning calorimetry analyses were per- displayed the presence of any magnetic components, indi-
formed in a Shimadzu DSC-50 equipment, between 300 cating that: (i) Fe atoms are completely dissolved into the
and 723 K. About 10 mg of the milled materials were en- Pb matrix, forming a Pb/Fe alloy; (ii) the Fe-containing
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Fig. 2. Room temperature X-ray diffraction patterns of theggh.Fe,
0.98 = alloys milled for different timesTm): (a) x = 90 andTm = 700 h; (b)x
T T T =93 andTm = 700h; (c)x =95 andTm = 600h; (d)x = 98 andTm
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= 224 h and; (e) non-millect = 95.

magnetic subspectrum with hyperfine parameters close to

Fig. 1. Temperature dependence of the Méssbauer spectra of §hieelb
film in one thermal cycle, starting from the top spectrum to the bottom
of the figure.

those of thea-Fe phase. Also, the Méssbauer results of
the x = 40 film indicate the presence of small magnetic Fe
particles[9]. Based on these results one may assure that

the Pb and Fe solubility limit, in the Pb-rich side, has been
phases present in this sample are not magnetically orderecextended in the solid state, compared to that reported for the
at 7K. This film measured under the same conditions, but equilibrium phase diagram.

with low velocity scale Fig. 1top spectrum), shows a broad

Fig. 2shows the XRD patterns of the Rjg_,Fe, (x= 98,

asymmetric paramagnetic spectrum. The spectrum has bee®s, 93 and 90) alloys milled for different time$r(). Also,
analyzed with two paramagnetic subspectra, one singlet ancdthe XRD pattern of a non-milled sampbe£ 95) was added

one doublet, having volumetric fractions of 85 and 15%,
respectively. The temperature dependence of the spectra
displayed in theFig. 1 shows that the relative absorption
area of the doublet increases at the expense of the singlet.
At 190K, only the doublet is observed in the spectrum.

A new Mdssbauer spectrum recorded at 7 K, after cooling
from 190K, still displays the two subspectra, but their rel-
ative intensity values have almost reversed. The presence =
of the residual singlet at 7K and its absence at 190K may =
indicate that the Debye temperature of the Fe atoms in the @
cubic configuration is lower than that of Fe atoms related to
the doublet. The Debye temperature of Fe in Pb has already
been reported to be lower than 150K for Sielem§h3.

At 300K, the spectrum shows only the doublet. Based on
the diffusion process and the similarity of our results with
those reported by Sielemaiib3], one might associate the
singlet to Fe atoms located at interstitial Pb sites. On the
other hand, the observed doublet (D1) is attributed to small
Fe clusters (dimmers, trimmers, etc.) originated as conse-
quence of atomic diffusion process or/and due to Fe atoms
located at the Pb grain boundaries.
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Fig. 3. DSC curves of the Rfy_,Fe, alloys milled for different times

Films with 5 to 20 at.% Fe content have MGssbauer spectra t): (a) x = 90 andTm = 700h; (b)x — 93 andTm = 700h; (c)x
composed by the two components above discussed plus a- 95 andTm = 600h and; (d) non-milleck = 95.
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for comparison. The XRD pattern of the non-milled sam- covers the melting point of the Pb phase. DSC curve
ple displays the Bragg reflection lines of the fcc Pb and the of a reference sample (non-milled) is also presented in
bcc-Fe phases. PbO oxide was only detected in the XRD Fig. 3(d).
pattern of the sample with 90 at.% of Be=t 90) and milled For the non-milled sample, the DSC curve displays an en-
for 700 h Fig. 2a). The main milling effect observed in these dothermic peak starting at 605 K associated with the melting
XRD patterns is the broadening of the fcc and bcc Bragg of metallic Pb. For samples with Fe conten®5 at.% and
peaks and also a shift to lower angles of éhEe peaks. The  milled for times above 500 h, no trace of Pb melting has been
line broadening observed in both structure peaks can be asobserved, indicating the absence of free metallic Pb in these
sociated with grain refinement as well as to an increase of samples (see, for an example, the flat DSC line shown in
lattice strain created by the milling process. Grain size val- Fig. 3b. On the other hand, one sees the contribution of free
ues were estimated from the inverse linewidth of the main Pb phase for samples with concentration lower than 95 at.%
bce Bragg peak, using the Scherrer formula. The obtainedof Fe, even at very long milling times, such as 700 h. The
grain size values were not corrected for lattice defects andDSC curves recorded for these samgtées. 3¢ and 3y ex-
instrumental broadening, which means that they may be un-hibit a severely broadened and distorted melting transition,
derestimated. It is worth to say that there is a considerablewhich is associated with the size reduction and structural
reduction of the bcc grain sizes with increase of milling disorder introduced in the Pb structure by the milling pro-
time, reaching values as low as 10 nm. On the other hand,cess. The two endothermic peak§gtandTs,, as indicated
the shift effect observed in the Fe peaks may be attributedby the arrows inFig. 3(c), have been previously discussed
to a partial substitution of Fe by Pb atoms, into the Fe ma- by Nunes et al[10] and Sheng et aJ14]. They were associ-
trix, leading to an increase in the bcc lattice parameter. From ated with bulk-Pb Ti,) and with surface or small Pb-grains
the bcc Bragg peaks, one estimates the lattice parameter tqTs,) melting points. Therefore, the absence of free metallic
be about 0.292 nm, for the alloy with Pb content of 5at.%, Pb phase in the samples with Pb contefitat.% may be
nearly 2% increase. attributed to the formation of a Pb/Fe phase. This attribu-
Fig. 3 shows DSC curves of the milled Ra_.Fe, (x tion will be better discussed in connection with the results
=95, 93 and 90) samples in the temperature range thatof Méssbauer spectroscopy presented below.
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Fig. 4. Room temperature/Fe Méssbauer spectra of the 18§ Fe, alloys milled for different timesTm): (a) x = 90 andTm = 700 h; (b)x = 93 and
Tm= 700h; (c)x = 95 andTm = 600 h; (d)x =96 andTm = 700 h and; (ex = 98 andTm = 400 h. The hf distribution curves are shown on the right.
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Mdssbauer spectra of the milled f8b-.Fe, (x = 98, 96,
95, 93 and 90) alloys are presentedFig. 4. All spectra
have six lines due to the magnetic nuclear Zeeman effect. In
general, they were analyzed using two magnetic components
one of them having the hyperfine parameters close to those
of a-Fe (S1), but with increased linewidths (15%) as com-
pared to the corresponding subspectrum of the non-milled %
sample. The broadening phenomenon observed in the S1% |5,
component can be attributed to the increase of lattice defects 8

- - I
originated by the milling process and/or to the presence of ‘Endo
Pb atoms in thex-Fe matrix. The second magnetic compo- v
nent (S2) is fitted with a magnetic field distribution, which
has its most probable magnetic hyperfine fielgs}Bralue
significantly smaller than that of bulk-Fe. The obtained \/ﬁ (©)

1% run @

hyperfine parameter values for the S2 subspectrum are 0.06
(2) mm/s and 31 (1) T of the most probable isomer shift and ' : ! : ' : !
magnetic field values, respectively. It should be stressed that 400 500 600 700
no Fe oxides have been detected in the milled samples. An- Temperature (K)

other important point that should be remarked here is that

the relative fraction of the S2 subspectrum does not scaleFig. 5. DSC curves of the Rbeys sample milled for 700h and heated
with Pb composition, indicating that there is a defined sol- UP 0 700K twice: (a) first run; (b) second run and; (c) the same sample

e . . . without milling.
ubility limit in the low Pb case, likewise as observed in the
high Pb content one.

The presence af-Fe in the milled samples (S1 subspec- the sextet withu-Fe hyperfine parameter values, indicating
trum) requires that the formed Pb/Fe phase has a higher Pkthat the Pb/Fe phase components have been dissociated at
content than the initial non-milled composition. Consider- the DSC temperature range, in agreement with the result
ing the relative absorption areas of S1 and S2 subspectradisplayed inFig. 5b). The absence of Pb endothermic peak
and assuming that the broadening of the S1 subspectrum idn the second DSC run may be due to the formation of Pb
mostly due to lattice defects and, therefore, that all Pb atomssmall particles or oxides. The latter has not been observed
were consumed to form a Pb/Fe phase, then it may be esti-in the XRD pattern.

mated that the formed phase composition kas 94 + 1, In order to better understand the atomic diffusion pro-
for samples withx > 95 (or Pb content smaller than or equal cess observed in Pb/Fe milled alloy, thermal treatments in a
to 5 at.%). Mdossbauer vacuum furnace were performed. The Mdssbauer

In a previous work on the milling of Fe and Pb powders spectra of the Pii-eg3 alloy, as milled Tm = 700 h) and
with composition FgsPbs using a different milling machine,  heat-treated at different temperatures, are displayEw)ir6.
the formation of a Pb/Fe phase with 29 at.% Pb has beenThe spectrum of the as-milled sample, as briefly discussed
suggested by Nunes et §f10]. However, the presence of Fe above, was analyzed with two magnetic subspectra plus a
oxides in that sample brings some doubt about the exactnessmall paramagnetic subspectrum associated with Pb/Fe par-
of that result, as the oxidation of Pb is also likely to have ticles in a paramagnetic state. This doublet, present only in
occurred in that case. On the other hand, the present samplethis sample, has hyperfine parameters similar to those ob-
exhibit no evidence of Fe oxidation (see Mdssbauer spectraserved in the film case (D1), where it has been associated
in Fig. 4) and therefore the estimation given here for the with Fe clusters at Pb grain boundaries.
composition of the Pb/Fe phase (around 6 at.% of Pb) seems With increasing annealing temperature one may note sig-
to be much more reliable. nificant changes in the shape of the S2 subspectrum con-

Thermal stability of milled Pb/Fe alloys has also been in- comitantly with reduction of its relative fraction. For the
vestigated using DSC measuremdriy. 5shows the DSC  first annealing temperatur@{,n, = 523 K), the Mdssbauer
curve of non-milled alloy Fig. 5¢c) and two curvesKig. 5a spectrum shows the presence of a new paramagnetic com-
(first run) and 5b (second run)) for the Mgy alloy milled ponent (D2) with hyperfine parameters characteristic of Fe
for 700 h. For the non-milled sample, the endothermic peak oxide. Nevertheless, the fraction of Fe oxide subspectrum
related to bulk Pb melting is observed. For the milled alloy, (D2) does not increase with increasing temperature, indicat-
the DSC curve shows an irreversible exothermic sharp peaking that the oxidation process has taken place only in the first
at about 666 K[fig. 5a) and no endothermic peak associated stage of the heat treatment. The presence of Fe oxide may
with free metallic Pb, as already discussed above. No sig- be understood as due to the oxidation of the existing fraction
nificant endo- or exothermic effect are noted in the second of very small Fe particles, which are sensitive to the residual
DSC scanltig. ). Mdssbauer spectrum obtained from the pressure in the vacuum furnace (as an oxygen getter). The
sample after DSC measurements (not shown) only displaysabsence of the doublet D2 in the spectrum for the sample
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diagram. Films with high Fe content & 80) could not be
produced due to a technical restriction in our experimental
set-up. Also milling process did not produce alloys with low
Fe contentX < 10) because Pb powder particles get welded
just after the milling has started avoiding reaction among the
components. XRD, DSC and Méssbauer spectroscopy were
used to study the formation of the Pb/Fe phase and its trans-
formation during the annealing process. The main results
indicate that low Fe concentration Fe/Pb films show forma-
tion of a solid solution of 3at.% of Fe in Pb matrix when
the substrate is kept at low temperatures. This configuration
under thermal treatments, up to 300K, leads to the forma-
tion of small Fe clusters located at the Pb grain boundaries.
The similar doublet (D1) observed for the high Fe contents
annealed samples produced by mechanosynthesis gives an
additional support to the latter conclusion. For the samples
as-milled with high Fe composition prepared by milling, the present
700h results indicate the formation of a solid solution with Pb
content as high as 6 at.% dissolved in th&e matrix.
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