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Influence of high energy milling on the microstructure
and magnetic properties of the Al-Cu-Fe phases: the
case of the i-Alg,Cu,sFe 3 quasicrystalline and the w-
Al,,Cu,,Fe,, crystalline phases

Mirtha Pillaca Quispe,** Carlos V. Landauro, Milida Z. Pinto Vergara,® Justini-
ano Quispe-Marcatoma,” Chachi Rojas-Ayala,* Victor A. Pefia-Rodriguez,* and Elisa
Baggio-Saitovitch”

The effect of mechanical milling in i-Alg,Cu,sFe 5 quasicrystalline and w-Al,,CuyyFey, crys-
talline phases is systematically investigated in the present work. The Al-Cu-Fe samples were
obtained by arc furnace technique and then nanostructured by means of mechanical milling. The
results indicate that the solid samples present a weak ferromagnetic behavior at 300 K, showing
a saturation magnetization of 0.124 emu/g for the icosahedral phase (i-phase) and 0.449 emu/g
for the tetragonal phase (w-phase). These small values could be an indication that only a few
percentage of Fe atoms carry magnetic moment. The magnetic response in the nanostructured
w-phase increases up to 3.5 times higher than its corresponding solid counterpart. Whereas for
the i-phase this increment is about 16 times higher. Moreover, the speed of the variation of the
studied physical parameters after reducing the average grain size has been obtained from the
exponent (a) of a power law fit of the experimental data. The values of «, corresponding to the
magnetic response, are slightly different in each phase, which should be related to the different
chemical composition and/or the type of long range order. Additionally, we also search for a critical
grain size. However, this critical value has not been observed in the studied samples.

origin of these different magnetic behaviors in quasicrystals.

Over the past few decades, major research works have been made
in both: understanding and application of quasicrystals (QCs) 13,
which are aperiodic crystals with long range order but without
translational symmetry4. However, many questions about their
physical properties remain without conclusive and satisfactory
answer. In particular, the magnetic properties of these new ma-
terials are controversial since they reveal different magnetic re-
sponses (diamagnetism®~’, paramagnetism®, ferromagnetism?,
and even spin-glass state!®%-11) that are usually associated to
many factors such as preparation techniques, impurities, size of
particle powder, among others!2. Many theoretical and experi-
mental works have been performed with the goal of elucidate the

@ Faculty of Physical Sciences, National University of San Marcos, P.O. Box 14-0149,
Lima 14, Peru. E-mail: mpillacag@unmsm.edu.pe

b Centro Brasileiro de Pesquisas Fisicas (CBPF), Rua Dr. Xavier Sigaud 150, Urca, Rio
de Janeiro, 22290-180, Bragzil

¥ Present address: Crystallography Section, Department of Earth and Environmen-
tal Sciences, Ludwig-Maximilians-Universitdt Miinchen, Theresienstrafe 41, 80333
Miinchen, Germany. E-mail: mirtha.pillaca@campus.lmu.de

This journal is © The Royal Society of Chemistry [year]

The first studies of magnetism in the stable icosahedral Al-
Cu-Fel3 phase have shown that local atomic environments (i.e.,
the nearest-neighbors coordination shell of the Fe atoms in i-
Al-Cu-Fe) play an important role in the magnetic nature of
these alloys®!2. Thus, these works have indicated the non-
magnetic character of the Al-Cu-Fe quasicrystal. Furthermore,
a recent work1# reported that single-quasicrystalline icosahedral
Alg,Cu,ysFe; 5 samples, considered to be in the ideal icosahedral
composition, are diamagnetic in the whole temperature range (2
- 300 K) with a Curie-Weiss temperature near to 8 = —2.3K. Tak-
ing into account that the studied sample was a mono-quasicrystal
of high structural quality, they considered this behavior as an in-
trinsic property of the i-Al-Cu-Fe quasicrystal. Accordingly, one
important conclusion is that the presence of defects, strain, grain
size, and grain boundaries may influence the physical properties
of the i-Al-Cu-Fe QC in such a way that they can overlap the true
intrinsic properties of quasicrystals14.

In particular, the grain boundary volume is a relevant param-
eter in nanostructured materials (NM). This is because the grain
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boundary volume fraction increases after reducing the grain size
due to the nanostructuration process. Consequently, grain bound-
aries growth leads to significant changes in the physical proper-
ties of the system under study. However, these effects have been
poorly studied. Despite the fact that there are several methods
to synthesize NM, among them, mechanical milling (MM) tech-
nique has been extensively used for the nanostructuration of ma-
terials 1516, This is not only due to the low production costs at
the industrial level but also for producing NM with a high density
of interstitial regions. Thus, MM techniques are a good tool if our
purpose is to study the influence of the nanostructuration process
on the physical properties of the system. Moreover, it would be
interesting to manipulate these properties, in a controlled way,
for specific technological applications. In this regard, in a recent
work 7 it has been shown that a power law type fit of the simula-
tions can be successfully used to describe the physical properties
in function of the size of the system. Another important point
to be considered in this adjustment is that these nanostructura-
tion processes also depend on specific characteristics of the sys-
tem such as: (i) periodicity or aperiodicity, and (ii) chemical com-
position. In this sense, the study of both the i-Alg,Cu,;Fe;; qua-
sicrystal and its crystalline counterpart @-Al,,CuyqFe; 18 phases
are a suitable option to perform such researches.

In the context described above, the present work reports a
systematic comparative study of the influence of mechanical
milling on the microstructure and magnetic properties of the
i-Alg,CuysFe; 5 quasicrystal and the w-Al,,Cu,,Feq crystalline
phases. The synthesis and the milling process were performed
at least twice to verify the reproducibility of the results. Addition-
ally, the dependence of the physical parameters in function of the
average grain is analyzed. The paper is organized as follows. The
experimental details are described in the next section. Section 3
is devoted to the results and section 4 to the discussions. Finally,
the conclusions are given in section 5.

2 Experimental details

Samples of Al-Cu-Fe alloys, quasicrystalline i-Alg,Cu,3Fe;; and
crystalline ®-Al,,Cu,,Fe;, phases, have been prepared follow-
ing previous works 18-20 First, to obtain the solid sample high-
purity elements of Al (99.999%), Fe (99.5%) and Cu (99.9%)
were melted in an arc furnace (the ingots were re-melted sev-
eral times to ensure homogeneity). Subsequently, the solid sam-
ples (previously settled in a quartz tube under argon atmosphere)
were annealed at 700°C and 600°C to obtain the quasicrystalline
and crystalline phase, respectively. Second, in order to obtain
nanostructured samples, a mechanical milling process was carried
out employing a high energy ball milling equipment (SPEX 8000)
with a 7:1 ball-to-powder weight ratio. Solid Al-Cu-Fe samples
(~1.5 g for each milling step) were loaded into a spheric hard-
ened steel vial and mechanically milled for different periods of
time up to 5 h using small steel balls of 5 mm diameter. In order
to reduce the adherence of the powder to the vial walls and grind-
ing balls we added ethanol during MM. Moreover, the sample ma-
nipulation and the containers sealing procedures were performed
in a steel box under Ar gas flow in order to prevent powder oxida-
tion. Additionally, the samples preparation procedures (synthesis
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and nanostructuration) have been repeated twice in order to ver-
ify the reproducibility of the experimental results. Hereafter, we
will refer to each set of samples as series A and series B.

The obtained products were characterized by different meth-
ods and techniques. The phases and the grain size of the samples
were analyzed by means of X-ray diffraction (XRD) technique em-
ploying a Bruker-D8 Focus diffractometer at 40 kV and 40 mA
with Cu-Ka radiation (1=1.5406 A). The local structure around
the Fe sites was analyzed by a transmission Mossbauer spectrome-
ter (TMS) with a 25 mCi °’Co/Rh radioactive source. Mdssbauer
spectra were fitted using the NORMOS program?!. The isomer
shift values are given relative to the a-Fe. Finally, the magnetic
properties were measured with a vibrating sample magnetometer
(VSM) using a Quantum Design equipment with a magnetic field,
H, in the range of +£20 kOe. All measurements were recorded at
room temperature (RT).

3 Results

3.1 Al-Cu-Fe solid samples

Fig. 1 shows XRD patterns corresponding to heat-treated Al-Cu-
Fe samples obtained from the series A. In Fig. 1(a) all diffraction
peaks can be indexed as an icosahedral structure identified as i-
Alg,CuysFe; 5 phase (i-phase). The indexation of each XRD peak
of the quasicrystalline phase was made by using the N/M indices
proposed by Cahn et al. 22, which is a short-hand notation of the
full 6D indices (hkIW'k'l')2%23. The narrow shapes and intensi-
ties of the diffraction peaks are representative of an icosahedral
material of high structural perfection. Also, there is no presence
of other crystalline phases such as £-Al,Cu, and A-Al;;Fe, found
in the as cast sample (see inset of Fig. 1(a)). Similar results
have also been observed in the literature 124, In similar way,
Fig. 1(b) shows the X-ray diffraction pattern for the heat treated
Al,4Cu,gFe;, alloy. The XRD pattern for the corresponding as
cast sample (see inset of Fig. 1(b)) shows a mixture of crystalline
phases (68-Al,Cu, A-Al;;Fe,, n-AlCu and fcc-Al). The weight per-
cent (Wt.%) of each phase found in the as cast Al,,Cu,yFe;
alloy have already been indicated in a previous work!8. After
heat-treatment, these phases disappear and, consequently, the
Al,(Cu,ygFe,, phase (w-phase) with a small amount of remain-
ing Aluminum fcc-phase (~3.8%Wt.) are formed. This result is
according with the Al-Cu-Fe phase diagram where both phases
are present. The w-phase is an ordered tetragonal structure
(with space group P4/mnc and lattice parameters: a=6.336(1)
f\, ¢=14.870(2)A). Based in this information, the corresponding
XRD peaks (more than 25 diffraction peaks) has been indexed by
Miller indices (hkl), in similar way as reported in the literature 25

3.2 Nanostructured Al-Cu-Fe samples
3.2.1 Structural characterization

X-ray diffraction patterns and Mossbauer spectra of Al-Cu-Fe sam-
ples for different milling time intervals, from O to 5 h, are shown
in Fig. 2. The label 0 h (zero hours milling time) corresponds to
the un-milled Al-Cu-Fe (solid) samples, described in more detail
in section 3.1. From the XRD patterns of i-Al¢,Cu,sFe, 5, see Fig.
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Fig. 1 X-ray diffraction pattern of the Al-Cu-Fe samples obtained after
heat treatment at 700°C. (a) Alg,CupsFe,5 icosahedral quasicrystalline
phase, the corresponding N/M (reduced) indices2® are also indicated.
(b) Al,oCuygFeq tetragonal crystalline phase including the Miller indices
(hkl), similar as reported in the literature 25. The insets show their
corresponding as cast samples where some metastable crystalline
phases (e-Al,Cus, A-Al 3Fe,, 8-Al,Cu, n-AlCu and fcc-Al) co-exist.

2(a), it is evident the structural stability of the samples under
these milling conditions: there is no formation of other phases
during the milling process. In similar way, the XRD patterns of
the Fig. 2(c), corresponding to the w-Al,,Cu,,Fe;, sample, show
the same behavior for different milling times. Also, the aluminum
remaining phase disappears after 1.5 h milling, without produc-
ing new XRD peaks (incorporation of Al in the existing phase26).
Another relevant feature of Figs. 2(a) and 2(c) is a systematic
decrease in the intensities and an increment of the corresponding
broadenings in the full width at half maximum (FWHM) of the
XRD peaks during milling, meaning that the average grain size
of the samples become smaller. The estimation of the average
grain size of the heat-treated un-milled (solid) and milled (nanos-
tructured) samples were determined from the line broadening of
the diffraction peak in the XRD patterns using the Scherrer for-

mula?7,
kA

(D) = Bcos’
where (D) is the average grain size, k the shape factor whose
value is approximately 0.9, A is the wavelength of the X-ray ra-
diation (1.5406 A), B is the pure broadening of the measured
diffraction peak (FWHM parameter), and 6 the peak position
(26 = 42.9° for i-phase and 26 = 40.2° for w-phase). The con-

€3]
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tribution of the instrumental width in the diffraction lines was
also considered to determine (D). The calculated values for the
average grain size of Al-Cu-Fe samples as a function of milling
time are presented in Fig. 3. As expected, the (D) values ob-
tained for both series, A (circles) and B (squares), have the same
trend. These results verify the reproducibility of the milling pro-
cess. Thus, as shown in Fig. 3(a), the grain size evolution during
milling for the i-phase is as follow: at the beginning we observe
that the MM process leads to a rapid decrease of (D) from ~111
nm (0 h) to ~27 nm after 1 h. Then, (D) decreases slowly up
to ~9 nm after five hours of milling. Analogously, in Fig. 3(b)
can be seen a similar behavior for the w-phase, where the largest
changes in the average grain size ocurred during the first hours
of milling (from ~82 nm to 21 nm after one hour milling).

It is worth mentioning that although the Scherrer method is
not the best way to calculate (D), it can be considered as a good
approximation to carry out a systematic study of the effect of the
nanostructuration process on the physical properties of the stud-
ied samples. Moreover, according to the Rietveld refinement, due
to the small value of the lattice strain (~0.19) produced in the
Al,4Cu,,Fe; phase after five hours milling 18 it is possible to ne-
glect this effect in the present analysis for both kind of samples:
the i-phase and the w-phase.

In order to compare the variation of the average grain size dur-
ing the MM of both phases we determine the slope of the log-
log plot (base 10) of (D) versus ¢ (see inset of Fig. 3). Thus,
the slope value for the i-phase is -0.59 which is very close to the
theoretical value of —2/3 (see Ref. 28 as was also observed in
other phases28. However, the corresponding slope value for the
-phase is -0.19, which is very different to the expected theo-
retical value. This is an indication that the dependence of the
mechanical properties on the grain size for both phases are very
different.

3.2.2 Microstructural characterization

Fig. 2(b) presents the typical Mossbauer spectra for the quasicrys-
tal (zero hours milling time) and the milled samples, which were
fitted considering a quadrupole distribution component and set-
ting the full width at half maximum ['=0.248 mm/s for all sites 1°.
This criterion was also employed in other works 192 because the
quasicrystalline samples already present intrinsic disorder. The
corresponding distributions of the quadrupole splitting, P(A), are
also shown in the right panels of Fig. 2. Additionally, in order
to compare the hyperfine parameters of the @-phase with the i-
phase we used the same criterion to fit the Mossbauer spectra of
the w-phase. The relevant Mdssbauer or hyperfine parameters
(isomer shift, (), and quadrupole splitting, (A)) obtained from
the fit of both Al-Cu-Fe phases are summarized in Table 1. The
average isomer shift (6) and quadrupole splitting (A) values fit-
ted for 0 h samples are in good agreement with those reported in
the literature 829, Comparing Figs. 2(b) and 2(d) for Oh milling,
we can note the differences in the spectra for the i-phase and
o-phase. These results indicate that even at short range the -
Al,oCu,ygFe;, phase has different local atomic environment than
the i-Alg,CuysFe 5. The discussion of these results will be pre-
sented in the next section.
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Fig. 2 X-ray diffraction patterns and Mdssbauer spectra of Al-Cu-Fe samples for different milling times, as indicated in the figure. (a), (b) correspond
to the i-Alg,Cu,3Fe 5 quasicrystalline phase, and (c), (d) to the w-Al,,CuyyFey, crystalline phase. The XRD patterns evidence the high structural
stability during the milling process. The typical Méssbauer spectra for both i-Alg,Cu,3Fe 53 and w-Al,CuyyFe;, can be seen in (b) and (d),
respectively. The right panels correspond to the quadrupole distributions P(A) for each case of the left.
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Table 1 Hyperfine (isomer shift, (§), quadrupole splitting, (A)) and magnetic (saturation magnetization, M,, and coercivity H.) parameters for the
Al-Cu-Fe samples at different milling times. The corresponding average grain size for each phase is also shown. The (§) values are given relative to
the value for a-Fe at room temperature. The values presented here correspond to samples belonging to the series A

Milling i-Alg,CuysFe; 5 -Al,,Cuy,Feq
time (D) () () M, H, D) (o) () M, H,
() (nm) (mm/s)  (mm/s) (emu/g) (Oe) (nm)  (mm/s)  (mm/s)  (emu/g) (0e)
0.0 110.88(2) 0.241(1) 0.390(1) 0.124(4) 17.41(1)) 76(3) 0.170(3) 0.198(2) 0.449(6) 20.12(9)
0.5 41.30(2) 0.244(1) 0.410(1) 0.784(4) (27.72(6) 28(6) 0.179(6) 0.229(2) 0.854(6) 30.11(5)
1.0 25.92(2) 0.244(1) 0.434(2) 0.727(5) 80.32(7) 21(5) 0.184(7) 0.277(2) 1.063(4) 57.08(9)
1.5 16.76(2)  0.248(0) 0.437(1) 0.969(5) 80.68(4) — — — — —
2.0 13.88(2) 0.250(0) 0.440(2) 1.166(4) 94.46(1) 19(2) 0.197(7) 0.317(2) 1.176(6) 78.33(7)
2.5 12.55(2) 0.252(0) 0.454(1) 1.108(4) 111.13(9) 18(3) 0.191(8) 0.317(3) 1.389(4) 49.12(8)
3.0 11.14(2) 0.254(1) 0.464(1) 1.045(4) 127.45(6) 21(5) 0.188(8) 0.294(2) 1.368(5) 74.98(7)
4.0 10.68(2) 0.249(1) 0.457(2) 1.465(4) 81.85(8) 18(1) 0.200(7) 0.324(2) — —
5.0 8.40(2) 0.258(1) 0.460(2) 1.994(5) 117.22(9) 17(4) 0.208(8) 0.370(2) 1.602(5) 94.78(2)
R the figure it is clear that the M(H) curves change for all milling
120 1 (@) 10 times in both phases. It can also be seen that the magnetiza-
— [} - [ a tion curves can not reach a saturation state yet at 20 kOe. For
§ g 1 ‘l'u" this reason, following Ref.30, the saturation magnetization was
A 0. A 1073 obtained by plotting M vs. 1/H and extrapolating the data to in-
b ~ finite field (considering 1/H—0). Moreover, we observe in this
= o . figure that the curves for both compositions (i-Alg,Cu,;Fe;5 and
«§ 40, o 10" 10° 10" -Al,,Cu,,Fe, ) present hysteresis (see insets for a more detailed
O u t (h) view), suggesting a ferromagnetic behavior in the initial samples,
8 ] 5 i.e., zero hours milling. The measured coercive field value after
83 3 8 increasing the applied field (|H|) is slightly different to the de-
07 ’ R ’ ’ ’ ’ creasing one (|H;|). It is worth noting that this difference could
120 (b) 10 probably be related to an exchange bias effect (see for instance
. - -1 __m Ref.31). However, in order to quantify the effect of the nanos-
g é | e .a' tructuration on the coercive field, we just consider the mean value
/Q\ %0 [ ] /D\]O Hc:(|HL+‘+|H;‘)/2
E § e The magnetic parameters (saturation magnetization, M, and
‘A 10° . coercive field, H.) are given in Table 1. It can be seen that M
'g 10 107 10° 10" in the nanostructured w-Al,,Cu,,Fe;, phase increases up to 3.5
o g [ 8 it(h) times higher than its corresponding solid counterpart. Surprins-
® : e @ i : i ingly, for the case of the i-Alg,Cu,;Fe;; phase this increment is
about 16 times. The origin of this behavior will be discussed be-
R low:
Milling time (h)

Fig. 3 Evolution of the average grain size (D) as function of the milling
time for both (a) the i-phase and (b) the w-phase. (O series A, O series
B). Inset: log-log plot of (D) versus 7 (r > 0). The slopes corresponding to
the i-phase and w-phase (-0.59 and -0.19, respectively) were obtained
from a linear fit of the experimental data. The error bars are smaller than
or equal to the symbol sizes and correspond to the accuracy
determining the line-width of the difraction peaks employed in egn. (1).

3.2.3 Magnetization measurements

Fig. 4 shows the RT magnetization curves as a function of the

T 1 tic field M(H) for the emndj
?F\Iispjg&?nari‘sg@g ?ﬁeiﬁoyaﬁ' Society of Cherr:istryp[yzal;]dled samples. From

4 Discussion

According to the XRD patterns shown in the previous section, we
observe that the absence of new phases during the milling process
is due to the stability of the samples. In fact, recently we reported
that even up to 60 hours there is no evidence of the formation
of any other phase32, which is in disagreement with the work
of Mukhopadhyay et al.33 and Patifio et al.3* who have shown
the structural transformation of the quasicrystalline phase to the
crystalline B-phase (CsCl type) after 20 h (planetary ball mill)
or 30 h (vibrational ball mill). Generally, these differences are

Journal Name, [year], [vol.], 1-10 |5
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Fig. 4 Magnetization measurements at 300 K as a function of an
applied field for the Al-Cu-Fe samples: (a) i-Alg,CuysFe 3 and (b)
w-Al;,CuyFey, alloys after different milling times. The insets show the
part of the curves near to the origin for 0 and 5 hours milled samples.

attributed to the initial milling conditions3>.

The variations of the Mossbauer and magnetic parameters for
un-milled and milled Al-Cu-Fe samples suggest that the chemi-
cal order, type of long range order, and the average grain size
play an important role in the physical properties of Al-Cu-Fe sys-
tems. Thus, despite of having very close chemical compositions,
the i-phase (with lattice parameter a=6.308(2) A) and -phase
(a=6.336(1) A and c=14.870(2) A) present a quite different long
range order, as can be seen in Fig. 2 for the corresponding un-
milled samples. Hence, we expect that their behavior during the
mechanical milling process should be different. In fact, in Ta-
ble 1 can be seen that the values of the hyperfine parameters for
the un-milled samples (i-Alg,Cu,sFe;5 and w-Al,,Cu,qFe;,) are
completely different. In their corresponding Mossbauer spectra
can be observed that the Fe site in the @-phase have a more sym-
metric environment than in the quasicrystalline phase, which is
expressed in their corresponding quadrupole splittings. In this re-
gard, we can mention some important points considering a struc-
tural model for the 1/1 approximant of the Al-Cu-Fe phase (Cock-
ayne model) employed to describe the icosahedral phase36. We
note two Fe sites (Fel sites surrounded exclusively by aluminum

6| Journal Name, [year], [vol.],1—10

atoms and Fe2 sites surrounded by Cu and predominantly by Al
atoms), while in the w-phase there is just one Fe site surrounded
only by Al atoms. Therefore, it can be seen that these slight differ-
ences in the atomic local environment will play an important role
in the nanostructuration process by mechanical milling, which is
characterized by generating disordered sites in the interstitial re-
gion. Thus, it is expected that this might influence considerably
in the physical properties of the studied samples. Also, the differ-
ences in the isomer shift values could be related to the amount
of Fe atoms associated to each phase. According to this, the qua-
sicrystalline phase with 13 at.% and the ®-phase with 10 at.%
have (6)=0.241 mm/s and 0.170 mm/s, respectively. These re-
sults are in agreement with Refs.3” and38. However, the nanos-
tructuration process does not affect significantly the isomer shift
of the milled samples, as happened for M (see Table 1). This
is expected because (0) is related to both the atomic radius and
the electronic charge distribution in the nucleus, which remain
almost constant during the MM process.

Furthermore, it is worth noting that the Mossbauer spec-
tra during the nanostructuration process broadens. For the i-
Alg,CuysFe 5 samples, the Mossbauer spectra become wider,
without changing their shape, after reducing the average grain
size which is evidenced in the slight increment of the quadrupole
splitting values (see Table 1). However, for the w-Al,,Cu,yFe;q
phase these variations are more pronounced. This remarkable
difference could be explained considering the structural stabil-
ity of the phases. It is known that the Bergman cluster is con-
sidered the building block of the icosahedral Al-Cu-Fe alloys (i-
phase). This kind of atomic arrangement, consisting mainly of
two atomic shells with icosahedral symmetry, is more stable than
other kind of local order such as the tetragonal order observed
in the w-phase3?. Additionally, according to the indicated above,
the changes in the shape of the Méssbauer spectra (mainly in the
-phase) means that the environment of some Fe sites are par-
tially distorted. In fact, when the average grain size decreases,
the shape of the quadrupole distribution, centered on (A)=0.415
mm/s, becomes slightly broader which is associated to the slight
distortion of atomic environment in the icosahedral structure, as
can be seen in the right panel of Fig. 2. The same behavior
is observed in the w-phase, but this distribution changes from
a narrow peak (centered at (A)=0.152 mm/s) to a distribution
with two peaks (centered at 0.168 mm/s and 0.587 mm/s). The
second peak could be associated to small disorder in the grain
boundary due to the employed technique for the nanostructura-
tion process. In this sense, the same criterion is applied to the
i-phase where such small quadrupole distribution peak would be
overlapped by the full distribution curve (whose width is approx-
imately the sum of the two peak widths in the w-phase).

The M; obtained for the 0 h quasicrystal (0.124 emu/g) is
smaller than that reported by M. Roy (M;=6.4 emu/g)?. This
difference could be attributed to the presence of a remnant of the
bec-Fe phase in the samples synthesized in Ref.? because those
samples were obtained by mechanical alloying of elemental pow-
ders of Al, Cu, Fe in the composition Alg;Cu,,Fe;s. In our case
the QC sample is obtained by arc furnace and then mechanically
milled to obtain the nanostructured QCs. Furthermore, the me-

This journal is © The Royal Society of Chemistry [year]

Page 6 of 10



Page 7 of 10

chanical milling process contributes to a systematic increment of
the magnetic parameters (M; and H,) for both compositions, as
indicated before (see Table 1). This increment can be associated
to the reduction of the average grain size or, in other words, to
the growth of a magnetic interstitial region.

On the other hand, an important observation in these experi-
ments is the absence of new phases during the nanostructuring
process. Therefore, this ensures that the changes in the physical
properties, in particular the magnetic ones, of the Al-Cu-Fe sys-
tem should be related to the reduction of the average grain size
of the system.

Hence, following Ref.4? we estimate the magnetic fraction in
the Al-Cu-Fe samples (i-Alg,Cu,3Fe;5 and @-Al,,CuygFe,q). For
this purpose, we assume that the full magnetic moment of each
iron atom is 2.2 pg. Then, if all the Fe ions were magnetic,
the saturation magnetization should be M, =13x2.2up/f.u.=28.6
up/fu. for i-phase and M,,=10x2.2up/fu.= 22 pp/fu. for w-
phase (f.u. standing for the “formula unit”). Now, knowing that
for the un-milled i-phase the experimental value is My’ =0.124
emu/g=0.087 up/fu. (see Table 1) we determine that only
~0.30% of all the Fe atoms in this sample carry a magnetic mo-
ment. Analogously, for the un-milled w-phase we obtain that
~1.36% of the Fe atoms carry a magnetic moment. In similar
way, we obtain the percentage of magnetic Fe atoms for the milled
samples (nanostructured samples) and observe that these per-
centages increase after reducing the average grain size of the sam-
ples, as can be seen in Figs. 6(c) and 6(f). Thus, after five hours
milling %Fe atoms with magnetic moments reaches ~4.89%, and
~4.85% for the i-phase and w-phase, respectively. It is worth
mentioning that a similar amount of magnetic atoms, for solid
samples, have been reported in the Al-Cr-Fe approximant phase
(0.8% of Fe atoms“?) and the Al-Pd-Mn quasicrystal (1.0% of Mn
atoms3041),

However, according to Mossbauer spectroscopy measurements,
no magnetic behavior is observed. In the other hand, the magneti-
zation curves show a weak ferromagnetic behavior. This apparent
disagreement between the VSM measurements, showing a mag-
netic behavior of the samples, and the Mossbauer spectra that
do not show a magnetic signal (sextet lines) can be understood
considering the following: (i) from XRD measurements there are
no evidences of secondary phases, this implies that the observed
magnetic signal cannot be due to the formation of spurious phases
during the MM process; (ii) it is known that VSM is much more
sensitive to detect a magnetic signal than TMS; consequently, can
be argued that the percentage of magnetic Fe sites is below the
detection limit of TMS, as was observed in several systems*243,
To test this idea, we mixed bcc-Fe with the QC so that the amount
of the Fe sites in the bcc-Fe phase represents ~1.9% of the total
amount of Fe (bcc-Fe and QC together). As suggested, the result-
ing spectrum did not show any magnetic signal with TMS (sextet
lines). We also carried out a chemical analysis by energy disper-
sive X-ray spectroscopy (EDX) of the samples. The results indicate
a low presence of chromium for the five hours milled samples (of
the order of 0.25 Wt.% and 0.16 Wt.% for the i-phase and the -
phase, respectively), which is due to contamination by the milling
tools (hardened steel vial and balls). Thus, one could argues that

This journal is © The Royal Society of Chemistry [year]
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the magnetic signal is due to Cr. However, Cr is not found in
the samples milled by 0.5 hours. Contrary, their corresponding
M, values increase from 0.124 emu/g to 0.784 emu/g (6 times
higher) in the i-phase and from 0.449 emu/g to 0.854 emu/g (2
times higher) in the w-phase. Thus, the variation of M, cannot be
attributed to Cr. In general, Cr is present during the full milling
process but its variation is not in the same proportion as the varia-
tions of M;, as indicated above (see Table 1). Analogously, oxygen
is also present during the milling process. However, for 0.5 hours
milling the increment of O is of ~1.9 while M, increases 6 times
(i-phase). Hence, the presence of oxygen could be associated to
a very thin aluminum oxide layer#* without magnetic signal. In
summary, we do not neglect the possibility that impurities, orig-
inated from the milling tool debris (formation of iron oxides or
external elements like Cr), could contribute to the observed mag-
netism. However, the noticeable difference in the variation of
the magnetic response for both milled samples (16 and 3.5 times
higher than its corresponding solid counterpart for i-phase and ®-
phase, respectively) is a clear indication that the magnetic signal
is not only due to the employed experimental procedure, which
is of the same type and order in both samples, but mainly due to
a physical origin. In this regard, Jagli¢i¢ et al. presented a study
of the Mn magnetism in the i-Al-Pd-Mn quasicrystal subjected to
different thermal annealing sequences. They reported that the
degree of the disorder induced in the i-Al-Pd-Mn quasicrystalline
structure, during the heat treatments or cooling modes, was de-
cisive to generate the magnetic moment formation in this sam-
ple?. In similar way, we consider that in the case of the milled
Al-Cu-Fe samples, the impact of the balls produces lattice defects
and grain boundaries in the system. For longer milling times the
grain border becomes an interstitial disordered region that grows
after increasing the milling of the samples. This disorder could be
correlated with the observed magnetic response. However, since
the i-Alg,Cu,;Fe; 5 phase is generally not perfect in the structure
(which can contain twin domains or nucleation of approximants
locally) the origin of the magnetic properties may be more com-
plex than only disorder. Further measurements on atomic scale
are required to understanding and clarify this magnetic behavior,
which is beyond the scope of this study.

4.1 Dependence of the physical properties with the grain
size

The systematic variation of the structural and magnetic param-
eters during the nanostructuration process makes us wonder if
these physical properties scale with system size. In this sense, to
study the dependence of these parameters as function of the av-
erage grain size we use the scaling theory*®, which in its simplest
form means that we can express this dependence as a power law
function of the form F =F, +b(D)*. The parameter F is related
to the physical quantities ((8), (A), M; and H, in our case), and
« is called the scaling parameter. F, and b are constants such
that F, represents the value of F in the bulk case. Thus, in the
macroscopic limit the last expression should satisfy F — F, when
(D) — oo; hence, oo < 0. However, according to the average grain
size values obtained for the 0 h milling Al-Cu-Fe alloys (of the
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order of 100 nm, see Fig. 3), our samples are far away from the
ideal solid sample. Then, the expression above can be reduced to
the form

F = b(D)%, 2

so that eq. (2) will only be applied in the range of the experimen-
tal values of (D) (nanometer order). Furthermore, according to
the scaling theory the highlight of this equation is the value of o
for each system. For this reason, we present a log-log plot (base
10) of F. The experimental data (obtained from Table 1) show
the expected linear increase of F after reducing the average grain
size, as shown in Figs. 5 and 6. It is evident that there is not a
transition in the studied region. This might indicate that under
the milling conditions employed, the samples have not reached
a critical grain size, where considerable changes of the physical
properties are expected; i.e., a change of the value of « in the fit.
The o values obtained from the slope of the curves are summa-
rized in Table 2. The meaning of o from Table 2 could be inter-
preted as the speed of the variation of the physical quantities with
the average grain size. For instance, the o values of (§) and (A)
for the i-Alg,Cu,3Fe, 5 are low compared to the w-phase, which
is in agreement to the high structural stability of the icosahedral
system. The same occur for H.. However, M, changes faster in
the i-phase than in the w-phase.
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Fig. 5 Variation of hyperfine parameters, (§) and (A), versus the
average grain size (D) plotted on a log-log scale (O series A, O series
B). The dashed lines indicate a fit according to equation (2). From the
slope of the fit we obtain the exponent o. The error bars are smaller
than or equal to the symbol sizes.
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Fig. 6 Log-log plot of the variation of the saturation magnetization (M),
coercivity (H.) and %Fe atoms carry magnetic moment with the average
grain size (D) for (a)-(c) quasicrystalline i-Alg,CuysFe 53 and (d)-(f)
crystalline w-Al,,Cu,qFe;y samples (O series A, O series B). The
dashed lines indicate a fit according to equation (2). From the slope of
the fit we obtain the exponent .. The error bars are smaller than symbol
size.

The difference in these changes is associated to the larger con-
tent of Fe atoms and the smaller average grain size (13 at.%Fe,
~9 nm) in the i-phase, as compared to the w-phase (10 at.%Fe,
~19 nm). Furthermore, the slight difference of the exponent o,
corresponding to M; (see Table 2), should be related to the type
of long range order.

Table 2 The o values for the hyperfine and magnetic parameters of both
compositions: i-Alg,CuysFe 5 quasicrystalline and w-Al;,CuyyFeqq
crystalline phases

o
F i-phase -phase
(8) -0.018 -0.096
(A) -0.063 -0.402
M, -1.059 -0.757
H, -0.540 -0.926

This journal is © The Royal Society of Chemistry [year]
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5 Conclusions 2 A.P. Tsai, Chem. Soc. Rev., 2013, 42, 5352-5365.
. . . 3 J. M. Dubois, Mater. Sci. Eng. A, 2000, 294-296, 4-9.

In conclusion, we observe an increment of the ferromagnetic be- ’
havior during the mechanical milling of both Al-Cu-Fe samples. 4 D. Shechtman, . Blech, D. Gratias and J. W. Cahn, Phys. Rev.
The initial saturation magnetization of the i-Alg,Cu,;Fe;5 and Lett., 1984, 53, 195.}_1953' . .
the @-Al,,CuygFe,, is 0.124 emu/g and 0.449 emu/g, respec- 5 M. Bolvjna.ri P. Jeglic, M. Klan.J,sek, Z. Jaglici¢, M. Wencka,
tively. These small values indicate that only 0.30% for the i-phase P. Popcevi¢, J. Ivkoy, D. Stani¢, A. Smontara, P. Gille and
and 1.36% for the w-phase of the Fe atoms carry magnetic mo- J. Dolinsek, Phys. Rev. B, 2012, 85, 024205.
ment. As a result of the mechanical milling process, the magnetic 6 J. Dolinsek, P. Jegli¢, P. J. McGuiness, Z. Jagli¢i¢, A. Bilusic,
response of the w-phase increases up to 3.5 times higher than its Z. Bihar, A. Smontara, C. V. Landauro, M. Feuerbacher,
corresponding solid counterpart. Surprisingly, for the case of the B. Grushko and K. Urban, Phys. Rev. B, 2005, 72, 064208.

7 A. A. Rempel, S. Z. Nazarova and A. 1. Gusey, J. Exp. Theor.

i-phase this increment is around 16 times. From XRD analysis we
found that the nanostructured i-phase have an average grain size
of 9 nm while the w-phase, 19 nm.

Considering that the interstitial region depends inversely of the
volume (~(D)f3) of the nano-grains, we can express (according
to the scaling theory) the dependence of the magnetic response
with the average grain size as a power law function where the ex-
ponent « is the relevant quantity. In this way, we can determine
the speed of the variation of the studied physical parameters af-
ter reducing the average grain size during the nanostructuration
process. Thus, the values of a, corresponding to the magnetic
response, are slightly different in each phase, which could be re-
lated to the different chemical composition and/or the type of
long range order. Additionally, we also search for a critical grain
size. However, this critical value has not been observed in the
studied samples.

It is worth mentioning that a similar behavior in terms of grain
size reduction has also been found in other alloys. Hence, the
study of the parameter « is required to explore its possible univer-
sal behavior as well as to find a critical grain size in the nanostruc-
tured samples. In particular, Al-rich based alloys offers interest-
ing perspectives due to their similarities to the Al-Cu-Fe system.
Furthermore, similar studies in other quasicrystals with greater
magnetism (such as Al-Pd-Mn or Al-Cu-Co) could be interesting
to find if its magnetic response increases in the same proportion
as in the case of the i-Alg,CuysFe;5. Finally, it is necessary to
have a clear understanding of the magnetic behavior of both Al-
Cu-Fe phases during the mechanical milling process. Thus, fur-
ther HRTEM or STEM images at atomic resolutions are required.
Additional studies to quantify and/or discard completely the pos-
sible contamination of the milling tool debris are being planned.
Hence, a study of the nanostructuration of the samples employing
other type of containers (e.g. agate and/or zirconia tools), which
do not contain magnetic elements, is also required.
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