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ABSTRACT

FeyAlg (at%) intermetallic alloy composition was obtained by conventional casting methods and subsequently subjected to
high-energy mechanical milling under different conditions of humidity. All samples were characterized by X-ray diffraction
patterns (XRD) and transmission electron microcopy (TEM) images. Both techniques confirm the formation of bayerite
phase and the presence of nano-crystals of FeAl. The presence of bayerite phase is attributed to the hydrogen embrittlement
reaction which occurs in the intermetallic material in where hydrogen is released. It is observed that as the milling time
increased the bayerite phase is increased and consequently hydrogen is increased too. As observed by TEM results
hydrogen contributes in the reduction of crystal size due to the cleavage fracture mechanism. In this way the particles which
are surrounded by the bayerite phase reaches nanometric sizes.
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EVALUACION DE LA FRAGILIZACION POR HI,DR(')GENO EN FeAl ASISTIDA POR MOLIENDA
MECANICA

RESUMEN

La composicion de la aleacion intermetalica FeyAlgy (% at.) se obtuvo por métodos convencionales de colada y
posteriormente se sometio a molienda mecanica de alta energia a diferentes condiciones de humedad. Todas las muestras se
caracterizaron por medio de patrones de difracciéon de rayos X e imagenes de microscopia electronica de transmision.
Ambas técnicas confirman la formacién de la fase bayerita y la presencia de nanocristales de FeAl. La presencia de la fase
bayerita se atribuye a la reaccion de fragilizacion por hidrogeno que se produce en el material intermetalico en donde el
hidrégeno se libera. Se observa que a medida que el tiempo de molienda aument6 la fase bayerita se incrementa y por
consiguiente el hidrogeno también aumenta. Como se observo de los resultados de microscopia, el hidrégeno contribuye a la
reduccion del tamaifio del cristal debido al mecanismo de fractura por clivaje. De este modo, las particulas que se encuentran
rodeadas por la fase bayerita alcanzan tamafios nanométricos.

Palabras claves: FeAl, Intermetalico, Fragilizacion por Hidrogeno, Molienda Mecanica, Nanoparticulas.

INTRODUCTION

Transition-metal aluminides as Ni, Ti, and Fe, have been
extensively investigated due to their excellent structural
properties at high temperatures such: low density, good
corrosion and oxidation resistance [1-3]. In the particular

case of iron aluminide (FeAl), has been a special interest

due to their attractive physical and mechanical properties
as well as low cost [4-7]. However, it is well known that
the FeAl intemetallic compound is susceptible to
hydrogen environmental embrittlement (HEE), which

limits its applications [3, 7]. The following chemical
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reaction is assumed to take place in the HEE process

[8.9]:

2A1+ 3H,0 —» ALO; + 6H' + 6 ¢ 1)

Where, Al atoms in the intermetallic alloy (FeAl) react
with water vapour in the air to produce Al,O3; and H.,.
Hydrogen reduces the cohesive force between the atoms
and thus promotes brittle fracture by bond rupture [8].
This behavior is increased as the aluminum content in the
alloy is increased [8,10]. In some cases, after this
phenomenon intermetallic alloy ingots can be converted
spontaneously into fine powders [10]. The reduction in
the particle size could be of interest in case of particles
reaches the nanometer scale. A single research has
previously reported about nanoparticles formation

through HEE process [11].

On the other hand, in the past it has been demonstrates
that the aluminum and its alloys can produce hydrogen
from water splitting through the following mechanisms

[12-14]:

2A1 + 6H,0 —»2A1 (OH); + 3H, Q)
2A1 + 4H,0 —>2A10 (OH) + 3H, A3)
2A1+3H,0— ALO; +3H, @)

The products of these reactions are: bayerite, AI(OH);
boehmite, AIO(OH), alumina Al,O; and H,, the last one
is produced in all reactions. Presumably, when the
aluminum in the intermetallic alloy reacts with water to
liberate hydrogen, a reduction in crystal size should be
occur due to the HEE phenomena. Moreover, the
mechanical milling process of a brittle material
(intermetallic) should further contribute to the reduction
in crystal size. Thus in this study, we present the results
obtained of HEE in FeAl intermetallic assisted by
mechanical milling to evaluate the reduction in the
particle and crystal size, as well as the phases involved

after wet-milling process of the pre-alloyed powders.
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MATERIALS AND METHODS

FeAl intermetallic alloy was synthesized using an
induction furnace (INDUCTOTHERM) of 10 Kg
capacity and silicon carbide crucibles. Ingots with a
nominal composition of FegyAlg, (at %) were prepared.
This alloy composition was chosen because it contains a
greater amount of aluminum as compared to the
stoichiometric ratio (1:1). High aluminum content easily
induces embrittlement reaction in FeAl alloy [10]. Has
been previously reported that cleavage fracture (HEE) is
accentuated when the aluminum in the intermetallic alloy
is increased [8,10]. This intermetallic alloy was
subsequently subjected to mechanical milling (MM)
using a vibratory mill (SPEX 8000). For the experiments,
the humidity during ball-milling was 6 ml of deionized
H,O per-gram of alloyed powder used. The milling times
were; 1, 2, 4, 6, 8 and 10 h. The ball-to-powder weight
ratio used was 10:1. The structural characterization was
carried out using a transmission electron microscope
(Philips Tecnai F20) and a X-ray diffractometer (XRD
Siemens D5000). The average crystal size was estimated
from the X-ray broadening of the (110) reflection using

Debye-Scherrer equation:

t=10.94/B cos O, Q)
Where:
t crystal size
. Ka radiation of Cu (1.5406 A)
£ measured width at half maximum
intensity (FWHM)
Oy angle of diffraction peak

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns obtained from the
FeyAlgy as-cast alloy and also from the ingot
mechanically milled for different times. The as-cast alloy
illustrate in Figure la shows the typical cubic B2
structure with lattice parameter; a = 2.89 A

corresponding to FeAl intermetallic compound. On the
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other hand, the milled samples (Figures 1b-g) show new
reflections corresponding to the ceramic compound o-
Al(OH); with hexagonal structure and lattice parameters;
a = 5.047 A and b= 4.73 A. This phase is known
mineralogically as bayerite (a). It is observed from XRD
patterns that as the milling time increased, the relative
intensities of the intermetallic phase gradually decreased,

while at the same time the intensities of bayerite phase

increased.
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Fig. 1. X-ray diffraction patterns of the samples milled at
different times.
Moreover, there is an increase in the width of XRD peaks
related to the B-phase, which indicates that the crystal
size decreased as the milling time increased. This results
indicate that the HEE reaction between the aluminum and
water take place in the milling container to the bayerite
formation. It is reasonable that, due to the relation
between bayerite phase and hydrogen through chemical
reaction #2, the hydrogen is also increases as the milling
time increased. This also suggests that the mechanism of
cleavage fracture of hydrogen should be contributed in
the reduction of the crystal size. It is observed that after

10 hours of milling the peaks of the bayerite phase also
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are reduced in intensity. This could be due to after 6 hrs
of milling, a phase begins to receive mechanical energy
from the milling process; this effect is noted by the
decrease of the intensity and peak broadening, indicating

a decrease in crystal size.

In order to evaluate the crystal size for the FeAl samples
milled at different times, the experimental FWHM (full
width at half maximum) was measurement from the (110)
diffraction peak. These values were used in the Debye-
Scherrer equation. Table 1 presents the calculated data of
crystal size at different times. The crystal size data are
also plotted in Figure 2, which was obtained by ordinary
least squares method. This figure describes the evolution
of crystal size, which has an exponential decay behavior
and its tendency is similar to that reported previously by
Suryanarayana [15], but for the samples milled under dry

conditions.

Table 1. Crystal size values of FeAl phase as a function
of milling time.

Milling time FWHM Crystal size of FeAl

(h) (rad) phase (nm)

1 0.7794 10

2 0.8660 9

4 0.9266 8

6 1.529 5

8 1.52 5

10 1.518 5

The HAADF-STEM technique gives us an idea of the
chemical composition of the material, because the total
scattering intensity is proportional to the square of the
atomic number, Z°. Figure 3 a) and 3 b) correspond to
low and higher magnifications of Z-contrast TEM images
taken from the sample milled by 6 h and 6ml of humidity.
In these images, bright regions correspond to regions
(small particles) with higher atomic number, while less
bright regions correspond to a phase with low atomic
number (bayerite).
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The morphology for both types of phases is also different
allowing easy phase identification. Furthermore, Figure 3
c) corresponds to the EDS chemical analysis of the
sample, where the presence of elements related to both
phases is shown; o (Al, O) and B (Fe, Al). Thus, the
powders under these experimental conditions consist of
nanometer-sized crystals (AlFe) embedded in the ceramic
phase, Al(OH);. These results are consistent with those
obtained from XRD. The small metallic aggregates in
both figures have nanometric size ranges between 2—4
nm, which confirm the radically reduction in particle size
after the hydrogen embrittlement reaction assisted by ball
milling. Due to differences in density, the intermetallic
nanocrystals represent a smaller volumetric fraction in
comparison to the ceramic phase.

The embrittlement reaction between aluminum in the
alloy and water takes place at the interface of solid
particles. Therefore, as the reaction proceeds the metal
particles are progressively coating with the ceramic
material, this indicates that a process of phase separation

could be required.
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Fig. 2. Evolution of crystal size as a function of the
milling time.
Figure 4 shows a dark-field TEM image with its
corresponding electron diffraction pattern from the
sample milled for 6 h with 6 ml H,O. The TEM image
shows bright spots which are associated with the

presence of very small crystallites (<10 nm). The electron
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polycrystalline pattern shows the indexed planes: (101),
(100) and (001) which corresponds to a phase. Whereas,
the rings indexed by (100), (110) planes corresponds to
the B phase. These results also confirm that the HEE
reaction take place in where the small metallic particles

are formed.
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Fig. 3. Typical low (a) and high (b) magnification
HAADF-STEM images of the sample milled by 6 h
showing small metallic particles (B) inside bayerite phase
(o) and ¢) EDS analysis of the sample showing Al, Fe
and O.
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Fig. 4. a) A typical dark-field image of the sample milled
for 6 h, showing nanocrystals (b) electron diffraction
pattern illustrating the index planes: (101), (100) and

(001) corresponding to the o phase as well as planes for B

phase: (100), (110).

Figure 5 shows a dark-field TEM image for the sample
milled by 1 h, in which small crystallites inside the
particles are also observed. The corresponding electron
diffraction pattern confirms that these nanocrystals are
composed of FeAl intermetallic phase, which is in
agreement with X-ray diffraction results. In this sample,
reflections belonging to the bayerite phase were not

observed.

Fig. 5. a) dark-field TEM image of the sample milled for
6 h, b) and c) electron and X-ray diffraction patterns
showing the ordered structure of hcc-FeAl.

HRTEM studies have been carried out to complement the
structural analysis. Figure 6a) exhibits two types of

particles which correspond to the coexistence of a-
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ceramic and PB-metallic phases. HRTEM image (Figure
6b) and its corresponding FFT pattern (Figure 6¢) shows
d-spacings of 2.9 A which corresponds to the (100)
planes of FeAl phase. Meanwhile, HRTEM image in
Figure 6d) and its corresponding FFT pattern (Figure 6¢)
shows d-spacings of 3.2, 4.3 and 4.7 A which correspond
respectively to (101), (100) and (001) planes of the

bayerite structure.

Fig. 6. HRTEM images: a) a-Al(OH); bayerite and -
FeAl intermetallic particles coexisting, b) and c) showing
planar spacings which corresponds to the (100) planes of

the intermetallic phase (B) respectively, d) and e)
showing reflections belonging to the intermetallic phase.

The intermetallic composition FesyAlgy, has aluminum in
bce unit cells which reacts more spontaneously with
water to reduce the particle size than pure aluminum with

fce structure. On the other hand, as the reaction proceeds,
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a higher quantity of the ceramic phase is formed. Finally,
the volumetric relationship of the ceramic phase is
evidently larger than the intermetallic phase, so the
ceramic phase surrounds the intermetallic phase
preventing the diffusion of the humidity toward the

metallic particles slowing the rate of HEE.

CONCLUSIONS

In this investigation, the wet-ball milling was
successfully used to increase the rate of the HEE of FeAl
intermetallic; which reduces the particle size to a
nanometer range. Aluminum of the intermetallic alloy
reacts with water inside the vial and produces bayerite
and hydrogen. The latter being an element that promotes
cleavage fracture. As the milling time increased the
ceramic phase formed is increased too. The intermetallic
phase appears surrounded by the ceramic phase, which is

volumetrically greater.
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