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The mechanical treatment of a-Allo,5 mixture of pure elemental powders in a high-energy mixer

mill induces partial solid state reactivity and solid solution formation. This is suggested by a
quantitative phase evaluation and by the changes of Al lattice parameter carried out with Rietveld
analysis of diffraction patterns collected after extended time of proce&$ir® 16, 32, 57, and 78

h). The small angle neutron scattering experiments showed that diffusion processes are the
rate-controlling step for these solid state reactions. The formation of metastable phases is confirmed
by in situ neutron diffraction annealing experiments on selected as-milled powders. In the specimen
mechanically alloyed for 4 h, AdMo phase is formed at 590 °(helow the aluminum melting
point). Soon after this temperature, the remaining Al is consumed to form tMoAlphase. In the

alloy mechanically treated for 32 h, the /Mo phase appears after annealing at 430 °C, while the
AlgMos phase is found at 493 °C. After the disappearance piMd phaseg500 °O), the solid state
reaction proceeds to form a new tetragonalMad phase, not reported in the equilibrium phase
diagram. In the specimen mechanically treated for 57 h, the total formationgbfoAlis recorded

at 430 °C. Conversely, in the powder ball milled for 78 h, thgMd; phase appears at 390 °C and
coexists with tetragonal AMo. © 2000 American Institute of Physid$0021-89780)06406-9

I. INTRODUCTION cally versus the lattice damage brought about by the me-
chanical treatmerl Only one group has so far reported an
In the last decade, the synthesis of aluminum-basethvestigation of the Al-Mo syster?"'° It was pointed out
nanocrystalline materials has been carried out especially byhe possibility of creating very fine composite powders and
mechanical alloyingMA) or, alternatively, by mechanical that the amount of molybdenum entrapped in supersaturated
milling!? because of the relatively high productivity of the solution increased with the molybdenum content in the pow-
method. As a matter of fact, such a treatment of materials hagers. However, the formation of solid solution and the ap-
been found to improve to an appreciable level the physicalpearance of amorphous phase remained an open qué&stion.
mechanical, structural, and electrocatalysis propettids. We present our results in the expectation to bring more de-
large number of studies so far reported in the literature havéails to the mechanisms of solid state reactivity of Al-based
dealt with AI-Ni, Al-Ti, and Al—Fe alloy$7® The Al-rich  alloys. Therefore, the structural behavior ofdlo,s alloys,
side compositions of binary alloys deserve importance due tproduced by MA of pure elemental powders was studied as a
the low density accompanied with good corrosion resistancgunction of treatment time by means of x-ray diffraction and
Previous diffraction studies on Al-Fe alldy&® have as a function of annealing temperature by means of the con-
pointed out difficulties for a full microstructure characteriza- stant wavelength neutron diffraction instrument D20 of
tion during the course of the processing. This is essentiallfsrenoble(France, equipped with a furnace facility foin
due to the lattice parameter mismatch between fcc Al angitu heating.
bcec Fe, such as to make all the bcc peaks coincident to the
fcc peaks with indices all evefe.g., 200, 220, 222, eict  Il. EXPERIMENTAL PROCEDURE
To.avo.id this drawback, we turneq to-th(.a_AI—Mo system, Samples in the atomic composition4V10,5 were pro-
which is supposed not only to avoid significant peak over-ceq after mixing aluminum and molybdenum powders of
lapping of two parental phases, but also to behave isotropigg g9 wt. % purity. The milling was performed for 4, 8, 16,
32,57, and 78 h in a hardened steel vial using a Spex mixer/
dElectronic mail: frattini@unive.it mill model 8000, under an inert atmosphere of argon. Etha-
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nol as a lubricant agent was added in concentration of 0.05 T M
ml/g of powder to avoid aluminum sticking to the milling IOOE
media and to slow down the process for complete evaluation
of fine details.

Differential scanning calorimetryDSC) experiments
were carried out with a Perkin—Elmer DSC7 instrument with
a graphite crucible, under argon flow at heating rate of 20
K/m.

X-ray diffraction (XRD) patterns were collected with a 001 ¢
Bragg—Brentano powder diffractometer using KCa radia- e
tion (\=1.54178 A) and a graphite monochromator in the 0.01 0.1
diffracted beam. log (Q)

Neutron diffraction measurements were performed at the
instrument D20 of ILL Laboratory in Grenob{&rance. The  FIG. 1. Neutron small angle curves for AMo,s. The feature D0 h MA
wavelength employed was 1.2045 A as determined afer calpou et ttics Ber s S Lote e 1,
bration. The heatm_g ramp velocity varied from 50_ to h MA (full line), and 57 h MA(dotted ling shgws a similar behavior, the
100 °C/h and an entire pattern was collected each 5 min apstope values are-2.7.
proximately.

Diffraction data were analyzed with the Rietveld
method.® using the FULLPROF and the RIETQUAN  However, the low instrumental resolution and the presence
codes:® While the first program is used according to the of iron peaks due to furnace misalignment, made it difficult
methodology reported in our previous publicatidhhe lat-  for the precise evaluation of lattice parameters for 0 and 32 h
ter, in a fully automated version, is particularly suited for apmA specimens respectively, so these data are associated to a
quantitative evaluation of phases present in x-ray diffractionarger bar error and should be taken with more caution. In the
patterns. Contrary to previous works on this systéritthe  sequence of the patterns, it can be seen that a large peak
parameters of physical meaning such as lattice constanbroadening of both fcc and bcc phases is induced by the
phase abundance, average crystallite size, and microstrailechanical treatment already after 4 h. Analysis of the peak
are worked out from the full pattern analysis and not byshape parameters achieved with the Rietveld strategy of best
comparative investigation of the peak broadening aftefitting (full lines) suggests that the broadening can be as-

analysis for each peak. cribed to simultaneous lattice disorder and crystallite size
The neutron small angle scatterii§AS experiments

were conducted on the lo®@-(LOQ) instrument at the ISIS
neutron source, Rutherford Appleton LaboratafigAL),
Chilton (UK). The samples were contained in Hellma cells
and the SAS data were analyzed using the COLETTE pack-
age on the L@ instrument.

log(D)

0.1k

Ill. RESULTS AND DISCUSSION
A. As-milled specimens

Figure 1 shows the neutron small angle curves for milled
alloys. The departure from the4 slope value of parents is
typical of dissipative processes in reactive systems and can
be evaluated quantitatively with an index of “fractal” di-
mension. As it can be seen for all the processed alloys, the
slope value—2.7 gives a characteristic fractal dimension of
3.3, similar to our previous work in other binary metal
systems 220

Figure 2 shows the XRD diffraction patterns of speci-
mens MA for the times quoted. For a comprehensive view of
structural features, we have reported the intensity data in a . . .
logarithmic scale to evaluate also highkl peaks at high®@ 20 60 80 100 120 140
scattering vector, which otherwise would had not appreciated
using a linear scale. In the powder pattern of parents, the
Kaqi— a, splitting is well evident in the higld peaks butis  FIG. 2. XRD patterngdata points and Rietveld fit(full lines) of Al,sMo,s
evaluated also after a close inspection of data of low-ordepowders mechanically treated for the times indicated. AsignificanF decrease
peaks at low@, confirming the setup for high resolution of ©°f the fcc spectrum can be observed afteh of MA. Smallchanges in the

. eak positions suggest that the lattice parameter variations subsequent to
our instruments. The correspondent neutron measuremeniyjing are very small. The considerable line broadening is ascribable to
reported in Ref. 21, show, as expected, a similar behaviosimultaneous lattice strain and crystallite size reduction.

X-ray intensity (log scale)

Scattering angle 2 6
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FIG. 3. Molar ratio of bcc/fcc phases as a function of processing time.

These figures were obtained by assuming the electron density in the lattice
determined by just one atomic species, which is true only for the parent
specimen.

effects. This can also be thoroughly evaluated by the fact
that, for the bcc phase in Fig. 2, the peak broadening ratio

B(4 h)110/ B(0 h)y19 is certainly much smaller than
B(4 h)31/B(0 h)z,q. Thus, assuming that the broadening of
the 0 h specimen represents the instrument function, this ob-
servation means that the peak broadeninigkisor Q depen-
dent, which in turn implies the presence of lattice strain. In

Average microstrain

I

20

40 60 80

MA time (h)

Fig. 2, we can also observe decrease of the fcc phase, so it
FIG. 5. (a) Average crystallite size an@) mean squared lattice strain as a

function of milling time. Full squares refers to the fcc phase, diamonds to

bcc phase.
<L 3.1460 I @ « nourondata |
hed T ¢ Xraydata
2 1 1 can be suspected that intermixing of the two constituents
g 31455 L J T 1] occurs, even though the Al-Mo stability phase diagram does
§ ' T 1 not report important mutual solubility at room temperature.
3 Tl I l I : Quantitative phase evaluation according to the Rietveld fit,
% 31450 L | i reported in Fig. 3, shows a sudden increase of the initial
- i J J 4 bee/fce molar ratio 1:3 to saturation of1.45, immediately
Q i 1 after 4 h. Of course, this evaluation is biased by having as-
o 31445 S S S ST T R sumed only one metal species for each lattice.
-0 0 10 20 30 40 50 60 70 %0 The lattice parameter of the bcc phase does not show
MA time (h) significant changes beyond the experimental uncertainty
. . N , ' . e [Fig. 4(@)]. while that of fcc Al changes linearly as a function
40501 ®) «  neutron data of MA time until 57 h of MA and then _drops .dowEFig.
< ¢ Xeraydata 4(b)]. Note that for the fcc case, the relative lattice parameter
5 4.045- - variation Aa/a before and after prolonged times of milling
© amounts to 5.8 10 3. The relative uncertainty of lattice pa-
g 4.040+ 7 rameters is correlated to peak broadening and, then, increases
= as a function of MA time. Varicet al?> have determined
8 40351 ’ lattice parameters of the supersaturated solid solutidn
§ 2030 | rich side retained by exceedingly rapid quenching. They
8 ’ measured a lattice parameter changga of ~8x 10 * for
B 40254, ‘ ' I ' : 1 at % of Mo solute, consequently, it can be supposed that at
0 10 20 30 40 50 6 70 8 90 least 6% atomic of Mo is present in the Al matrix after 78 h

of MA.
The trends of average crystallite size and mean squared
FIG. 4. Lattice parameter behavior @ bce and(b) fec phases during the  |attice strain are reported in Fig. 5 as a function of milling

MA process. Full squares refers to data obta_lned from neutron dlffractlon[ime; it can be noted that a MA treatment is effective to
measurements, full circles refers to data obtained from x-ray patterns. Note

that the bce phase does not show significant changes within the experiment%@_duce _the average _Size doma_in to nanOGrySta”ine range of
uncertainty.(b), the points are connected by a spline curve. dimension in a relative short time. The difference between

MA time (h)
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T r < FIG. 7. Neutron diffraction patterns of specimen mechanically treated for 4
emperature ( C) h and annealed at the temperatures quoted. The patterns show the presence
of bce iron peaks because of a misalignment of the support frame inside the

FIG 6. DSC features of the specimens mechanically alloyed for _the tIm%L*rnace Nevertheless, it was possible to envisage a phase transformation
indicated. The trace of the parental powder present an endothermic peak ai Aduced by the thermal treatment below 600 °C.

660 °C for the aluminum melting. Conversely, the feature of MA samples
show complex exothermic peaks.

B. As-milled powders versus annealing

our size dimensions and those reported by Zdafial1*° Neutron diffraction experiments witin situ annealing
can be attributed to our methodology of pattern analysis aantil 700 °C was performed just on four as-milled specimens,
opposed to simple application of the Scherrer equation.  namely, those treated for 4, 32, 57, and 78 h. An appreciable

Partial or total disappearance of one phase during balbackground base line was present in the as-milled powders
milling was reported in binary immiscible systems such asprobably due to some inelastic scattering of hydrogen from
Cu—Fe, Cu—Co, Pd-Si, Ti-Si, Al-K#-?" In some cases, ethanol, used as a lubricant agent. In all experiments, this
lattice parameter variations were not observed in the singlbackground was eliminated from the closed vanadium can at
phase remaining at the end of the process. On the other hand400 °C. Unfortunately, a misalignment of the furnace made
our previous experience on the ;4fe,; system(a binary the neutron beam to irradiate the stainless steel support of the
mixture of fcc and bcc phasedas demonstrated that the sample holder, which gave also strong iron peaks in the pat-
mechanical treatment is able to make the fcc phase of Aferns, as it can be seen in the following figures. This is af-
completely dissolved in a bcc Al-rich solid solution with fecting to some degree the quality of numerical analysis of
iron.?® In that case, there was evidence of lattice parametecrystallographic phases.
changes in the bcc dominant phase, accompanied by strong Annealing of the specimen after MA fat h shows a
peak asymmetry. The disappearance of Si phase induced Iphase reaction developing betwee®90-600 °C(see Fig.
MA in the Pd—Si system was attributed by Magatial®®to 7). Initially the Al;,Mo appearsspace grop | m 33 a=b
the very fine crystallite size that affects drastically its x-ray=c=7.574 A), followed at 600 °C by the complete disap-
absorption correction. If this would be true in the presentpearance of fcc Al to give the AVlo; phase(space group m
case, then it should not be necessary to hypothesize occu® 223! a=9.27A, b=3.66 A, c=10.17A, 3=101.5. Af-
rence of metastable solid solutions. However, nanocrystatter 600 °C, the AlLMo phase disappear and hexagonal
line aluminum and iron milled separately and mixed togethe’Al:Mo phasé® (space groupR—3c or hp36, a=b
showed well visible diffraction peaks of fcc Alallowingto  =5.02A, c=26.834) is formed, likely at expenses of
conclude that the absorption of x rays is governed by theAl;,Mo and unreacted bcc Mo. As expected, the lattice pa-
amount of the substance and not by its submicron averagameters values are larger than those reported in the litera-
crystallite size. Further, the DSC experiments on MA pow-ture, since the latter refer to room-temperature measure-
ders(Fig. 6) show exothermic peaks. This is opposed to thements.
endothermic peak observed at 660 °C for the aluminum melt-  According to the stability phase diagram of the Al-Mo
ing in the parental powders\H =0.388 kJ/g). system, revised recently by Schuster and 15%ek ;Mo

We have been prompted by these considerations to deshould melt at 712 °C. This intermetallic, isostructural with
vise anin situ annealing experiment for some as-milled pow- Al,W, is the first-order approximant for describing the re-
ders and to verify possible occurrence of nonequilibriumlationship between icosahedral quasicrystals and their related
solid solutions in contrast to simple highly fragmented me-crystalline structure®?® This point has been discussed
chanical mixtures of metallic compounds. separately in another pap¥r.

Downloaded 18 Nov 2008 to 192.167.65.40. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 87, No. 6, 15 March 2000 Enzo et al. 2757

].020 T T L} T T ¥ T T T T T Al T T
Fafter furnace removal, at room temperature E
« Mo .
1.0151 .« Al A ™ M F ‘ i
. [ il
- - \ 1 it K/w 4
s Fe = 1) JN\MJ il W
1.010 // | S e Ny VLN LYW ILANLTOW;
B - . oh
§ / //‘/ 2 F M o 700°C 3
A F 1
1 . ] F A [ W TR
1.005 / ] Z L \f”%w oy WLJWJWMJLM
! s w g IR
10004 = : h= I P b
7 L i i f it 4
S ; et . g :M!UU Lt MU L AL
0 100 200 300 400 500 600 = ]
8 U nm ) I;\Ilf ;v{lllhllll
Temperature (°C) Z. 3 | 0% wocc 3
F “ | by IL ] A
FIG. 8. Lattice parameter variatiaha/a as a function of temperature for Al _ﬁ_J ¥ UU\J M U\_/\N_\
(circles, Mo (squarel and Fe(triangles cubic phases, respectively. MdFE
All 'I L 1 L i . 1 ! ll ] II
2 3 4 5 6 7 8 9

Figure 8 shows the lattice parameter variatioe/a as a Q( A~l)
function of temperature for Al, Mo, and Fe cubic phases,
respectively. The variations appear linear until 500 °C oVelFIG. 10. Neutron diffraction patterns of specimen mechanically alloyed for
an extended temperature range. In proximity of phase rea® h and annealed up to 750 °C. There is a phase reaction at 430 °C when
tion the Mo curve shows a sudden increase. the fcc and bcc phases are transformed completely in thEl&y phase,

. . . . which is reported stable up to 1550 °C in the phase diagram. At the top of
A dn‘fergnt reaction path was observed du”ng ann(':'al'mélhe figure we have also reported the pattern obtained after cooling the cell
of the specimen treated for 32 h of MAig. 9). At ~435°C,  and removal of the furnace. Very small extra peaks not accounted for by the
the Al;,Mo phase appears and increases its presence unfletveld fit are likely to belong to a FeVj®hase of the vanadium can, since
~490°C. of course, at expenses of Al. At 500°C. a Suddeﬁhe same impurity peaks were not seen in the correspondent XRD pattern of

i, ' . ) . ' tr}e powder after its removal from the container.

change in the structure occurs with the total disappearance o
the bcc Mo-based phase, formation ogMbs and of a new
Al ;Mo tetragonal phase not reported in the equilibrium phase _
diagranf® [space group | 4 m m or DQ, a=b the Fe atom can be placed irtb2 or 4(b)], has been ex-
=3.8075A,c=8.4369 A; Mo position in &) (000, Al in  cluded, since any significant presence of this element was
positions 2b) (0 0 0.9; Al in positions 4d) (0 0.5 0.25].  detected by fluorescence analysis. _
The occurrence of an analogoussMb,Fe tetragonal phase Annealing of the specimen after 57 h of Méig. 10

reported by Pearsa?}[again space group 1 4/m m m, where shows jUSt one phase transition-a##30 °C and, again, iron
peaks from the cell frame. Apart from iron, the remaining

peaks are well described with the structure factor of the

aﬁeﬁfmw removal, at room temperature ?' 8lt\/I03tpha§e, itncfic?ting: a total ttraniforrf?at:jon pftthe r(tea}?-
E o, i ants at moderately low temperature to afford a intermetallic
LMJMMWW compound melting congruently at 1550 °C. It was only after
= f \ | g ﬁ 700°C cooling of the specimen that the stainless steel sample holder
6 ;,J‘MMW\””W\ )wwuw;ﬂi was removed from the neutron beam. The pattern after an-
::D by IAI’II\II‘O LRI R I(llliliié;lgé neallng at 750 °C.and Copled dOWn- to rpom temperature was
A MA J}\ 3 ﬁ J& d” accounted for satisfactorily by the fit using parameters of the
P 0 LIVON VW, Ao AlgMos phase with unit cell volume 0.6% smaller than that
é TTe— measured at high temperature.
s_é | ﬁMBM03 ; 435°C Because of the removal of iron from the neutron beam, a
= F [ T 4 better analysis of diffraction data was performediorsitu
S_ ;JNUUJJ\/\JMMWU\M annealing of the specimen after 78 h of MAig. 11). At
B Mo e 390°C, the majority of the specimen is constituted by the
Z JULJUJWM\JJU\AM AlgMo5; and A_gMo phases, while t_he original fcc and bcc
Fre . LT phases are still present but only in weak traces. These re-
EMo 1 L sidual elemental phases disappear completely at 395 °C and
2'”“‘ : . — é' o ; : subsequently the phase constitution does not appear to

change until 700 °C.
Q (A“) In Fig. 12, we have plotted the temperature of appear-
ance of the AMo; phase versus mechanical energy. The
FIG. 9. Most representative neutron diffraction patterns of specimen meinteresting linear behavior suggests that the formation of
chanically treated ft_)r 32 h and annealed for the temperatures quoted.‘W|tm aMo; is assisted by the mixing induced by prolonged me-
respect to the specimen treated for 4 h, the occurrence of phase reactions |}s1 . . . B .
here anticipated and more complex. Moreover, at 500 °C, the sample ishanical treatment. Since from Fig. 2 the intermixing of el-

made of AjMo; and a new AJ]Mo tetragonal phase. ements seems at a saturation level in the two phases already
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T ' i T ; F formers. In any case, the above data support the hypothesis

ii that the as-milled powders are composed of extended solid
- ii* _ JV j 4 700 °C solutions, in spite of their lattice parameters have not
W@Uﬁfw ‘J\L,M M/\www changed considerably during MA.

Colgan, Nastasi, and May&rhave studied the Al—Ni
thin films fabricated by sequential evaporation and coevapo-

mulation rate in the main lattice.

! N&J\ Uj\j\/\j\ A IW It is interesting to note that Zduijiet al1* observed, for a
- i 1 it I 1 | 1 i §

—_—
i

8 i o

@ F }\n iiiii ki \JM 395°C ration and further annealed under vacuum. They suggested
%‘0 " 'AJU\JV MM‘J MM that the kinetics rather than the thermodynamics is respon-
! i sible for the phase growth, because of the high mobility of

f L i 390 °C Al atoms. Forrester and Schaeffestudying the mechanism

» k W i {\WW N A A _ of self-sustaining high-temperature combustion syntheses
5 "-“'”/ s W] ' - concluded that diffusion is the rate controlling step and me-

S WA T RS LA 38 N1 SR OO0 0 Y D M N - . . .

= Al Mo, chanically induced solid state reactions can occur when

e E oo S o mn short-circuit diffusive paths are generated. Of course, the dif-

g & Al Mo 25 °C fusive short-circuit paths strongly depend on the strain accu-
=

L

Z

composition close to that of our specimens, the occurrence of

[ Mo ! AlgMo phase at higher temperatuE00 °Q, which can be
[ Al ¢ R AL also ascribed to different ball milling apparatuses. However,
2 4 8 8 a complementary analysis on the same powders aftePHSC
a1 seems to suggest that the external pressure applied to the
Q (A ) samples may change considerably the kinetics of intermetal-

_ I _ lic formation, due to different competing growth phenomena.
FIG. 11. Most important neutron diffraction patterns of specimen mechani-

cally treated for 78 h. A transformation of the as-milled powder is observed
at 390 °C, leading to monoclinic AVlo; and tetragonal AMo phases.

after 4 h, we can advance the hypothesis that initially thdV. CONCLUSIONS

formed solid solutions are heterogeneous in concentration

(long-range fluctuations of compositipand later they be- High-energy ball milling of AjsMo,5 elemental powders
come more homogeneowith short-range fluctuationsas  produces fcc AMo) and bcc M@AI) nanocrystalline solid

it can be argued also from the lattice parameter variation o$olutions, as determined from the Rietveld analysis of dif-
Al reported in Fig. 3. Thus, the occurrence of different pathsfraction patterns and neutron small angle data. Exothermic
of reaction for phase formation can be explained by unpreevents recorded in the DSC traces up to 700 °C suggest that
dictable local heterogeneity of the solid solution. A furtherthese solutions are metastable. For the specimens mechani-
problem arises if we want to answer why the;¥b phase cally treated for 32 and 78 h, annealing experiments under
forms in specimens milled for 32 and 78 h but not in thathigh vacuum at a neutron diffraction instrument revealed a
treated for 57 h. This might be due to the fact that the lattenew Al;Mo tetragonal phase, isostructural with;Mi or with
specimen was heated with a ramp velocity higher than thélsMo,Fe, coexisting in some cases with theMb; phase.

The tetragonal phase was not found in the specimen treated
for 57 h. This effect can be attributed to different heating rate
and work is in progress to investigate the phase formation as

§ 6001 a function of increasing temperature rate.
g 550 In addition to this, the cubic AlMo phase was ob-
é" served, which is classified as first-order crystalline approxi-
*“E’ 500 mant of a quasicrystalline structure. In fact, the Mo atoms are
2 arranged according to a bcc lattice and surrounded icosahe-
g 450 drally by 12 Al atoms. In turn, these icosahedra are related
R one to each other by octahedra.
g 400 The temperature of the appearance ogMd; in an-
2, 150 nealed alloys decreases almost linearly as a function of the
< T 20 30 40 s e 70 s mechanical treatment time.

MA time Further crystallographic work with the Rietveld method

on alloys annealed at normal pressure in a DSC instrument
FIG. 12. Temperature of appearance of thgMd; phase as a function of  has revealed a different phase selection of end-prodficts.
mechanical treatment time. The observed linear behavior as a function Of'here might be further merit to investigate the Opportunity of
treatment time suggests that the solid solutions are becoming more and more "~ .
homogeneous in concentration, i.e., very similar in their short-range ordeff€ating new metastable phases as a function of external

properties. pressure applied during annealing of powders.
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