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Pure iron and aluminum powders were mixed in the equiatomic ratio and mechanically alloyed in
a high-energy ball mill for different times. Structure refinement of x-ray powder diffraction data was
performed to study the structural transformations induced by mechanical and subsequent thermal
annealing treatments. The mechanical alloyihtA) process induces a progressive dissolution of
aluminum phase into the bcc iron phase. After 32 h of MA a single-pha#d Recc extended solid
solution, with lattice parametex,=2.891 A, average coherent domain s{B)~50 A, and lattice

strain 0.5%, was observed. The annealing of the specimens after MA @ ht favored the
aluminum dissolution irx-iron and the precipitation of the Afe, phase, whereas a nanostructured

B2 FeAl intermetallic compound was observed in the annealed samples which were previously
milled for 8, 16, and 32 h. In the same specimens a minority cubic phasAlGsg
anti-isomorphous with perovskite, derived from contamination of ethanol and introduced in the steel
vial as a lubricant agent, was also observed. Anelasticity measurements have shown the occurrence
of two main transient effects during the first thermal run. The first one occurring at 500 K in all
mechanically alloyed specimens was attributed to thermally activated structural transformations,
whereas the second at about 700 K was attributed to a magnetic order—disorder transition. During
the second run of anelasticity measurements a relaxation Pe&k the nanostructured B2 FeAl
intermetallic compound, attributed to grain-boundary sliding mechanisms and with an activation
energy of 1.80.2 eV was observed. In specimens milled for 8-+h3a second small pedk, at the
low-temperature tail of theP, peak was observed and tentatively attributed to a Zener-type
relaxation. © 1996 American Institute of Physids$S0021-897¢6)01010-9

I. INTRODUCTION iron aluminides, covering the general areas of procedsing
cluding MA), were recently reportetiThe MA technique is
The mechanical properties of metals and compounds deeceiving particular attention, as it appears suitable for the
pend to a large extent on the grain size and on the nature angtoduction of nanophase materials on industrial scale. Re-
structure of the interfacésin many pure metals and alloys searches on the effects of the influence of strong mechanical
the reduction of grain size in the nanometer range is associvorking on Fe—Al alloys can be traced back to a early work
ated with an overall strength incregsEurther, the reported by Taylor and Jone$However, only recently Shinget al®
strong enhancement of diffusivity observed in nanophaseeported the formation of nanocrystalline Fe—Al extended
materials}® attributed to grain-boundary mechanisms, solid solutions by MA. Other studies deal with the Fe—Al
should have relevant consequences on the ductility at relaystem processed by MA or mechanical milliGgiM) at
tively low temperatures. different concentrations and particularly those corresponding
In the intermetallic aluminides, particularly in the to the stoichiometric Compositions :W and FeA|_10_16
FesoAlsp compound, one of the main drawbacks concerningunrt et all” synthesized the EgAls, composition in differ-
their possible technological applications is the low ductility ent MA conditions and established that moderate milling
at room temperature and the poor strength at highreatments are required to obtain a microstructural refinement
temperatures. and disordering. In previous articles we studied the micro-
Two main approaches were generally followed to im-mechanisms of the solid-state reaction induced by the MA of
prove the ductility: The first consists in a careful control of ;¢ FeAl,s alloy as a function of milling conditio&-2*
grain-boundary cohesion by microalloying and the second iy jt was shown that a control of the milling procedures,
the improvement of the suitable grain refinement processing,,mpined with thermal aging after the cold consolidation of
such as inoculation, rapid solidification, and mechanical alyne milled powders, allows one to synthesize iron aluminides
loying (MA) techniques. Some interdisciplinary studies on \yitn grain size in the nanometer range. In the present work
we have studied as a function of MA treatment the structural
dElectronic mail: bonetti@gpxbof.df.unibo.it behavior and the thermal and mechanical stability of iron and
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aluminum powders mixed in the equiatomic composition. In = T ' T T T
particular, we have focused our attention on the mechanisms
of formation of a solid solution obtained after long time of
MA, to the diffusivity of Al in the Fe€Al) solid solution, and

to the interface mobility in the FeAl intermetallic. The ex-
perimental techniques employed for the characterization are
x-ray diffraction (XRD), differential scanning calorimetry
(DSO), and measurements of the elastic energy dissipation
Q! and of the dynamic elasticity modulid (mechanical
spectroscopy

Il. EXPERIMENT

X~-ray Intensity / log. scale

A. Synthesis of the Fe 5yAl5, alloy

Pure Fe and Al powder&4 u, ALFA products, 99.9%
purity) were milled in the equiatomic composition in a hard-
ened tool steel vial of a SPEX mixer/mill model 8000 for 2,
4, 8, 16, and 32 h at room temperature. The weight of the -
mixed powders was about 10 g each time and the ball-to- a/A

powder weight ratio was 3:1. To minimize oxygen contami- _ ,

. h ilina treatments were performed under arao FIG. 1. XRD intensity(log scale¢ vs wave-vectorg plot for the FgyAlsq
nation the milling _p o 90 iemental powders milled at the times quoted. The aluminum peaks decrease
atmosphergéoxygen<5 ppm. To avoid the sticking of alu-  slowly and disappear at 32 h of milling time. Dots are experimental data
minum to the walls of the vial during the process ethanol agoints and the solid line is the best-fitting curve of the Rietveld procedure.
a lubricant agent was added in the concentration of 0.05 ml/g
of powder.

The consolidation procedure consisted in cold pressingeduction plus lattice disorder. The refined structural param-
0.2 g of milled powder in a constructed die with a rectangu-eters were essentially the unit cell constaigtand the o
lar section 1%5 mnt by means of a piston under an axial term. From the peak shape parameters, calculated with ad-
pressure of about 1.5-2 GPa. In this way thin bar specimerigstable pseudo-Voigt functiorfdwe have calculated the in-

with a thickness of 0.8 mm have been obtained. tegral peak breadtf. If By is plotted versus the wave
vectorqy, the slope of the trend is proportional to the aver-

age root-mean-squared stra{g®*? and the intercept to
Jooo=0 is inversely related to the average crystallite size
XRD measurements were performed with a Bragg—D).>* DSC analyses were carried out with a DSC7 Perkin—
Brentano goniometer, using Gl radiation(A=1.5418 A Elmer calorimeter. The powders were crimped in aluminum
and a monochromator in the diffracted beam. The data werpans and heated at a constant rate of 20 K/min under flow of
analyzed with the Rietveld codeuLLPROF, available from purified argon. Measurements of the Young's modulus and
Rodriguez-Carvajal at the ILL Laboratory of Grenoble elastic energy dissipation coefficieihternal friction) were
(France. This program is a structural refinement based orperformed on cold consolidated reed specimens in the range
the calculation of the structure factor of the phases in th®.1-30 Hz by an inverted torsion pendulum at a strain am-
specimen. For each phase the intensity contribution is giveplitude of about 10* All measurements in isochronal con-

B. Characterization techniques

by ditions were performed at a constant heating rate of 2.5
— 0292 K/min.
Ihia(9)=CmL, ex 5
) lll. RESULTS AND DISCUSSION
X 2 0; fi(an)exd 2mi(hx+ky;+1z))]| , A. Transient effects and structural evolution
] during MA
@) Figure 1 shows the XRD patterns of thegffd 5o pow-

wherehkl are the Miller indices defining the atomic planes, ders(dotted lineg milled for the times quoted. The pattern of
C is a scaling factorm is the multiplicity factor,L, is the  parent powdetbottom displays narrow peak profiles due to
Lorentz polarization factor, exp ¢°q%2) is a Debye— bcca-Fe and to fcc Al. It must be noted that the peaks of bcc
Waller-like temperature factog; is the site occupancy, is iron are overlapped by the peaks of Al with the indi¢dd

the scattering factor of thejth atomic species, all even, so that only the Al peaks with indices all odd are
Oni=(47/N)sin 6, is the wave vector§,,, is the Bragg free from overlapping. To describe the structural evolution,
angle, and; , y;, andz; are fractional atomic coordinates in we have carried out a whole-powder-pattern fitting analysis
the unit cell. Each,, value was convoluted with pseudo- with the Rietveld method. The results are shown in Fig. 1 as
Voigt functions in order to account for the Bragg peaksolid lines. During the MA process the intensity of the non-
broadening due to instrumental factors and crystallite sizeverlapping peaks of Al decreases slowly with respect to that
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TABLE I. Phase analyse@nolar percentageperformed with the Rietveld method for the as-milled powders
and for the products after internal friction measurements.

o After MA After thermal aging
Milling time

(h % bcc Fe % Al % Fe % Al % AfFe, % FeAl % FgAIC,
0 48 52 50 50
2 76 24 70 12 18
4 85 15 67 3 22 8
8 92 8 60 20 18 2
16 96 4 97 3

32 100 0 95 5

of the others, vanishing in the pattern of the alloy milled 32were obtained in the work reported by Oleszak and Shingu at
h, where just the broad peaks of a bcc ph@s#id solutiorn) short times of milling for a similar composition produced by
are evaluated. A quantitative analysis of the phases was caa-conventional horizontal low-energy ball nifl.
ried out based on the best-fit values of the scaling factof The MA treatment initially reduces the average crystal-
each crystallographic phase and the results are reported lite size and increases the atomic strain level, with a limited
Table 1, left-hand side. The scaling fact&@sare highly cor-  dissolution of Al into the bcc lattice at-Fe, as is testified by
related to the Debye—Waller factoss, so the data in Table the presence of the F&l) solid solution only for long mill-
| have an uncertainty of 15%. The data in Table Il indicateing times. This process seems complete in the specimen
an expansion of the lattice parameter of the bcc solid solumilled 32 h. This behavior is very similar to that observed
tion phase froma,=2.866 A (value for a-Fe) to a,=2.891  for the FesAl,s composition'® but in the present case the
A. The modification of the lattice parameter is very small atprocess of dissolution is taking longer times of MA. This is
short milling times whereas a significant change occurs beattributed to the presence of ethanol used as lubricant to pre-
tween 16 and 32 firable Il). This result is in agreement with vent the sticking of aluminum on the wall of the vial, as
the data reported by Hume-Rothery, Smallman, andeported in Ref. 20.
Haworttf* for Fe—Al alloys with Al concentration in the The DSC traces of the mechanically alloyed samples are
range 30-50 at. % prepared by slow-quenching methodseported in Fig. 2 and show complex exothermic events in
The work by Taylor and Jong®n Fe—Al bulk alloys pro- the temperature range 550—-850 K, which consists of two
duced by cold working gave similar results. Perez Alcazadifferent peaks for the specimens milled up to 16 h. In addi-
and Galva da Silv&® reported larger values of the lattice tion, the specimens milled 4 and 16 h were annealed at in-
parameter for the nearly equiatomic Fe—Al bcc phase pretermediate temperatures of 718 and 663 K, respectively, and
pared by quenching in ic€>2.92 A). In addition, larger
values of the lattice parameter were also reported by Sumy-
iama, Hirose, and Nakamifain the case of Fe—Al equi-
atomic alloys obtained by vapor quenching. ' T ' ' '
The patterns of Fig. 1 show an increase of the peak 1/er
broadening as a function of MA time, related to a reduction L 32h -
of the average crystallite size and/or to an increased level of -23
strain. The values of the average crystallite gi2¢ and the 16h

average root-mean-squared str&f)'?, calculated accord- W _161

ing to the integral breadth method of Wagner and Adua
8h —-248
h
B 4271
2h

the bcc phase and are reported in Table Il, together with the
values of(D) calculated from Al111) peaks. Similar results

TABLE II. The refined structural parameteag of the bcc solid solution
phase, the average crystalline sig@), and (D) 113, the average root-
mean-squared straife®)*’, and the variation of internal friction background
AQ ™! for FeyAlg, samples as a function of milling time.

Heat released / arb. un.

with an uncertainty of 10%, can be reasonably ascribed to
4
[

Milling time (h) 2 4 8 16 32 —-101

1 1 ). 1 I

(8p+0.000 A 2.866  2.868  2.868  2.871  2.891 400 500 600 700 800

(D) &) 360 320 220 160 50

(&M2x 1073 0.57 0.87 1.4 25 6.2 Temperature / K

(D) arazny A 240 190 160 105

(AQ™1+0.02x1073 FIG. 2. DSC traces of the Eg\lso samples at the scanning rate of 20 K/min
400 K 6.31 5.21 211 1.19 0.0 for samples milled for the times indicated. Numbers on the right-hand side
500 K 4.80 3.15 1.28 1.01 0.0 refer to the total heat released per grématween room temperature and 900
K) for each sample.
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4 (%)
0 /»w
101 thermal run(Fig. 7) can be attributed to an anelastic relax-
0 —— —— 1 ation produced by stress-induced ordering of interstitial im-
300 400 500 600 700 800 900 purities such as C in the bcc @) solid solution?®
T(K) As shown in Table INQ ! reduces strongly for milling

times in excess of 4 h. This strong reduction of internal fric-
FIG. 3. Internal friction vs temperature of cold consolidated powders as ation background proceeds in parallel with the grain refine-
function of milling time. Frequency at 300 K2—3 Hz. ment (Table 1l). It is worth recalling that the average crys-
tallite size corrected for disorder from the x-ray data of Table
Il contains also the contribution due to dislocations. Accord-
ing to early observations on several pure metals and alloys
Bbtained by mechanical attrition and M&3! in the early
milling stages a strong increase of the density of dislocations
arranged in thick arrays inside grains occurs. Correspond-
i,ngly an enhancement of the background damping may be

examined with XRD to assess the structural transformation
involved in the heat evolution. As reported in Ref. 28, it was
found that the peak at 718 K of the alloy mild h isrelated
to the appearance of the #8e, phase, while for the sample
g}:”gg Aﬁ? Scihsoﬂzizﬁui?;(hf r:izti(\j/otlczr:irc])en ?S‘Cf[:#érg:;gs(:expected. At higher milling times grain fragmentation and
in the alloy milled 4 h(—27.1 319, while it is negligible in r(_efmement occur up to an ultimate value, the dislocation den-
. . ! sity strongly decreases and thereafter also the background
the specimen milled 32 -23 J/g. damping. This feature of the damping spectra was recently
The internal friction versus temperature trends during !

the first run on imens mechanically alloved at differ ntobs;erved also on nanostructured metals.
€ firstrun on specimens mechanically afloyed a ere The second damping maximum at 700 K was attributed

times are reported in Fig. 3. A comparison with the curves : der—disord s h curi
obtained during the second rufiig. 7 suggests that tran- 0 a magnetic order—disorder transition, whose Curie tem-
' perature was found to decrease as a function of the Al

_S|ent effects, due to the structural trans_formauon_s thermal! ontent® We have shown in Fig. 4 the average crystalline
induced on the metastable phases achieved at different mil Size (D) versus temperature of the sample milled 32 h ob-
ing stages, mask the intrinsically anelastic relaxation eﬁea?ained by XRD measurements. As can be seen, a significant
occurring in a thermally stabilized condition. Main features ' '

in the damping spectra reported in Fig. 3 are the two dampgram growth starts above 700 K.

ing maxima occurring at about 500 and 700 K. The first one

is connected to a thermally activated structural relaxation, a% - Stable phases and anelastic relaxation peaks

evidenced by its disappearance after the first thermalgea The dynamic Young’'s modulus curves of all specimens
Fig. 7). A similar behavior was previously observed also onduring the first thermal run display an increasing trérid
the FesAl 5 compound®1° the range 500-800 K, where the internal friction maxima

An indication of the amount of structural relaxation may were observedFig. 3). On the contrary, after a first thermal
be provided by the variation of the internal frictichQ 2, run of anelasticity measurements up to 900 K, a monotonic
measured in the temperature range of the maximum, i.e., idecreasing trend has been obserieig. 5 with no signifi-
the 400-550 K range, of specimens milled for increasingcant differences with the successive thermal runs, suggesting
times, with respect to that of the specimen milled 32 hthat a relatively stable structural state is reached.
where the lowest values for the background damping are We have verified that the thermal stabilization brought
experienced. The small peak occurring in some sampleabout by the anelasticity measuremefttgo thermal runs up
milled for 32 h at 450 K and not observed during the secondo 900 K) precipitated different phases depending on the pre-
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FIG. 5. Dynamic Young's moduluéM/M,) vs temperature for cold con- FIG. 7. Internal friction(Q %) vs temperature for the samples as in Fig. 3
solidated powders as a function of milling time during the second measureduring the second run. Frequency at 308 %5 Hz.

ment run. Frequency at 300 k3-5 Hz.M, is the room-temperature dy-

namic modulus value.

vious MA treatment, as shown by the XRD patterns of Fig. 6for 2 h precipitates first the AFe, intermetallic compound.

: - = =~ _After 4 h also the FeAl intermetallic starts to appear, fol-
(data points The solid lines are the best-fit results ObtameQIowed, in the alloy milled 8 h, by the FAIC, carbide. Note

with the Rietveld method. The phase analysis reported i Iso in Table | that the specimens which were milled for 16

Table 1, right-hand side, indicates that the specimen mﬂleaan 32 h decompose. After the internal friction run, only the

FeAl (partially) ordered and the RAIC, compounds are
present. The molar percentages of these phases, calculated

A PeqhlCy according to the method of Rietveld, are also given in Table
I. The presence of the carbide phase can be related again to
=} a2n 3 the use of ethanol in the vial. This observation was firstly

established by Naset al®® after a Mmsbauer study of
Ag—Fe alloys produced by MA.

Figure 7 shows the internal friction versus temperature
trends of the milled specimens during the second run. All
curves display a background dampifg® increasing with
temperature, that can be fitted according to the equition

Qg'=A;+A, exp —B/kgT), 2

whereA, is a constant factokg is the Boltzmann’s constant,
A,=w ", wis the vibration frequencyB=nH, andH is an

average activation energy. The valuesmfdetermined by
Q! measurements at different frequencigsand calculated
from a logQ™ %) log w plot, are reported in Table I for

X-ray Intensity / arb. un.

E | IlII I|l ner wm III | IIITIIII Illlllllll**l? Al Fe,
| | I I

3 ! Al specimens milled at different hours. The expresg@nwas
i k ‘ \ \ joFe originally proposed to fit the background damping at high
2 3 4 5 6 7 temperatures in pure metals and alloys on the hypothesis of
Q/ At dissipative mechanisms due to dislocations and involving a

not too wide spectrum of activation energiésit can be

FIG. 6. XRD intensity(log scal¢ vs wave vector plot for the FguAls, nOtEd (Table_ 1) that_the b_aCkground aCtivat_ion energly
elemental powders as in Fig. 1 after an internal friction up to 900 K. increases with the milling time above approximately 570 K.
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TABLE lIl. Fitting of the background internal friction for EgAl 5o samples
milled for 4 and 32 h with the expressionsee Ref. 3B 1.0 R ;‘3:1
Qgl=A;+A, exp(—B/kgT), where A, is a constant factorA,=w ", P - lognormal, 525

B=nH, andH is an average activation energy. |——p,: Dety

Milling time (h) T (K) B (eV) n H=*0.2 (eV)
4 600 0.22 0.24 0.9
4 790 0.22 0.18 1.2
32 600 0.34 0.15 2.2
32 790 0.34 0.17 2.0

The results agree with the reported increase of the activation
energy for self-diffusion in Fe—Al alloys on increasing the
aluminum content’ FIG. 9. Normalized internal friction(Q~Y/QnL) Vs In(w7)/2.303 for
In Fig. 7 it is possible to observe with increasing milling samples milled for 16 ficentered boxand 32 h(solid circle. In both cases,
time the growth of an internal friction peaRl of relax- the main pe_aKPl) was fitted With a Iog_—normal distributipn fu_ncFiah(z)
ational nature, whose relaxation strength strongly increas E?S'(fgﬂ’t;']": ":art]:'slzg ‘:neiﬁlé&” o gtrt]zdl"g'thh’ ?ezggzﬁ)f:&c“@c’“d line and
in the specimen milled 32 h. The peak temperature is corre-
spondingly shifted to lower values as a function of the grain
sizes. From the peak temperature shift as a function of the
measuring frequency; an activation energy can be evalu- grain-boundary sliding is significantly lower than in coarse-
ated from the expressich grained material&:*? A correlation between the activation
energy and the formation of the carbide phase should be
Hi=kg I(ws/w) A1), ®) rejec?gd, as the internal friction peak was F(’:\Iso observed in
with A(1/T) " t=(1/T,—1/T,) "%, T, is the peak temperature specimens prepared without ethanol. In addition, a contribu-
corresponding to frequenay; . tion from carbon segregation to the boundary is expected to
Due to the limited frequency range investigated, theenhance the peak energy, which is in contrast with the low
evaluation ofH; is subjected to a rather high error as it canactivation energy found. After background removal from the
be judged from Fig. 8, from the extrapolated straight line ancurve of the specimen milled 32 h, a peak shape analysis was
activation energyH,=1.8+0.2 eV can be obtained. Conse- carried out by fitting the experimental data with a log-normal
quently with this value we obtain from the Arrhenius equa-distribution of relaxation timegFig. 9), according to the ex-
tion 7=, exp(H/kgT) a pre-exponential factor,=10"1*s. pression
Note that the activation energyl, is definitely lower
than that reported for creep in B2 ordered iron aluminides @ (z)=g 17" Y2 exd — (2/B8)?], (4)
(3—4 e\).*° This is not a surprising result as, in the case of

pure metals with average grain size in the range of nanoMghere B is a measure of the width of the distribution,
eters, high values of the diffusion coefficient were reportedz:m(T/T ), and 7. is the mean relaxation time. Conse-
m/ m .

E\ttrlbgteq g,ﬁg Fanh enhanced ldlff_u_SIOH at  the gra'_nquently, the expression of the elastic energy dissipation co-
oundaries: urthermore, anelasticity measurements Netficient Q! for a Debye peak is modified as follov:
nanostructured aluminum, prepared as thin film or in form of

powders, seem to indicate that the activation energy for

Ln(01)/2.303

+ oo

Q’lef ®(In 1) ——_d(In 7) 5)
—EMY 1-|-(wT)2 '

5.0 e FeAl32h, P, peak
H,=(1.8:0.2)eV

1:0=1xlO‘14 S

whereA,, is the relaxation strength.

The fitting procedure gives a value 8£2.5, which may
be probably accounted for a wide distribution of grain sizes.
This hypothesis is supported by the super-Lorentzian shape
of XRD line profiles in the specimens milled for long
times*%4 The XRD patterns have shown that when a well-
resolvedP, peak occurs in the internal friction speci{@2
h), a homogeneous FeAl B2 nanophase, partially ordered, is
formed. In the specimens milled 8, 16, an? B a careful
analysis of the internal friction data reveals a peak asymme-
try in the low-temperature tail that can be related to the pres-
ence of a second small pe&¥ (see Fig. 9. The attribution
of this peak to a specific mechanism and a reliable evaluation

FIG. 8. Arthenius plotin o vs reciprocal temperaturéor FesAlgo samples  Of its activation energy becomes very queStionable-_ It should
milled for 32 h. be noted that a similar peak was recently observed in a nano-

4.5

4.0

In(w)

3.0
2.54

2.0

T T T T T
0.0012 0.0013 0.0014 0.0015

VT(K)
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60 mal treatment up to 900 K, the solid solution transforms in a
& partially ordered, nanostructured FeAl intermetallic com-
o pound. The anelasticity measurements in cold consolidated
. alloys have shown a well-resolved internal friction peak, as-
40 & ® * sociated with anelastic relaxation in the nanostructured B2
— ® % :f FeAl intermetallic compound, whose peak parameters are
%30- g :,W significantly different with respect to those measured in
] o coarse-grained FeAl intermetallic. The further occurrence in
© 20 o < the anelasticity spectra of a small relaxation peak tentatively
] & attributed to a Zener-type mechanism in the(/AF¢ solid

10 o °F *’ solution suggests an incomplete degree of chemical order in
Py the nanophase intermetallic and/or an heterogeneous ex-
2300 400 00 600 700 800 900 1000 tended solid solution with aluminum concentration fluctua-

T(K) tion.
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