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Abstract: To study the influence of Fe addition on the Al-based amorphous alloys, the structure and properties of AlgyNijoLas and
AlgNigFe Lag alloys were investigated through various techniques. The results show that 1% Fe (molar fraction) addition increases
the area of the pre-peak in the structure factor and decreases the thermal expansion coefficient difference between the crystalline and
amorphous states. 1% Fe addition also improves the glass forming ability (GFA), micro-hardness, fracture toughness, electric
resistivity, absolute diamagnetism and corrosion resistance of Al-Ni-La alloys, which is related to the changes of medium-range order

and quench-in free volume caused by 1% Fe addition.
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1 Introduction

Due to the excellent mechanical properties ,
corrosion resistance and wear resistance, Al-based
amorphous alloys were paid much attention to. A lot of
work has been done on understanding the structure[1],
crystallization kinetic[2—3], glass forming ability
(GFA)[4—5] and other properties[6] of the Al-based
amorphous alloys. Earlier studies showed that the AI-TM
(transition metal)-RE (rare earth) alloy, especially the
Al-Ni-La system, has an exceptionally broad glass
forming composition range[7]. In recent years, many
bulk metallic glasses (BMGs) with high GFA were
successfully produced through similar elements
substitution, such as Zr-[8], Fe-[9], Ti-[10] and Nd-[11]
based BMGs. Very recently, YANG et al[12] obtained
Al-rich (86% Al) bulk metallic glass (BMG) through
La—Y substitution. A lot of work about substituting Ni
by its similar elements of Al-Ni-La-based amorphous had
been done, such as Al-Ni-La-X (X=Ag, Cu)[13] and
Al-Ni-La-Co[14]. However, there is little work on the
substitution of Ni by Fe in Al-Ni-La glassy system.

ELLIOTT[15] firstly divided the liquid and

amorphous structures into three categories: short-range
order (SRO), in the size range of 0.2-0.5 nm;
medium-range order (MRO), in the size range of 0.5—2
nm; and long-range order (LRO), in the size beyond 2
nm. A pre-peak was found in the small diffraction vector
part of the structure factor, which is a distinct feature for
some Al-TM-based liquid and amorphous alloys[16—17].
Moreover, it was noticed that the pre-peak in XRD
patterns or structure factors is the characteristic of MRO
in liquid and amorphous alloys[16]. Hence, we can use
the pre-peak to obtain the details of MRO atomic clusters
in liquid and amorphous states. However, to our
knowledge, there is little study on the correlation
between the pre-peak and the physical properties of the
Al-based glasses.

In general, compared with the crystalline state, the
amorphous alloy contains more excess free volume. The
free volume of amorphous alloys is an important factor
on affecting the glass transition, structural relaxation and
mechanical properties[18]. The structural relaxation and
crystallization of an amorphous alloy will lead to the
elimination of excess free volume[19]. It is significant to
clarify the role of free volume on the physical and
chemical properties of Al-based glassy alloys.
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In this work, based on the structure factor and
thermal expansion measurements, we analyze the effect
of similar element substitution, Ni—Fe, on the GFA and
various properties, such as micro-hardness and electric
resistivity, of the Al-Ni-La-based amorphous alloys, and
explore the relationship between the structure and
properties.

2 Experimental

In this study, the ingots of AlgNijcLas (labeled as
S1) and AlgyNigFe Las (labeled as S2) were obtained by
induction melting the mixture of pure raw materials such
as Al (99.9%, mass fraction), Ni (99.9%, mass fraction),
La (99.5%, mass fraction) and Fe (99.7%, mass fraction).
The raw materials were melted and poured into metallic
mold to form the ingots. The ribbons were prepared by a
single roller melt-spinning with the circumferential speed
of 27.5 m/s.

The ribbons were investigated by X-ray
diffractometry (XRD) on a D/Max-rB diffractometer
with Cu K, radiation, and the scanning angle (26) was
from 10° to 110°. The XRD patterns were normalized
after considering the atomic and Compton scattering
factors. Consequently, the structure factor S(Q) of the
amorphous alloys can be obtained through the following
formula[20—21]:

al - <f(Q)>2 - [comp
TR(©)

where the scattering vector (Q=4msind/A, 26 is the
scattering angle; 4 is the wavelength of X-ray; / is the
intensity in XRD patterns; f{Q) is the atomic scattering
factor; Jcomp 15 the Compton scattering factor; and a is the
normalized factor. To identify the area of the pre-peak, a
parabolic-like function f{x)=ax*+bx’, in which b is often
much smaller than a, is used to fit the small-angle part of
S(Q). Separation of the pre-peak is obtained by
subtracting the parabolic-like function from S(Q)[22].

The thermal behaviors of samples were examined
with the differential scanning calorimeter (DSC; Netzsch
DSC404) under an argon atmosphere at a heating rate of
20 K/min, and dilatometric measurements were
performed on a dilatometer (DIL Netzsch DIL402C) in
an argon atmosphere at a heating rate of 10 K/min.

We measured the micro-hardness of the samples 50
times with 0.98 N load and 15 s holding time using
HVS-1000 digital micro-hardness tester and considered
the average value the final result. The thickness of
samples was measured on the optical microscope (Nikon
EPIPHOT 300). The fracture surface of the samples were
obtained by loading the uniform load at both ends of the
ribbons until the ribbons were pulled off, and examined

S(Q) =

&)

by the scanning electron microscope (SEM HITACHI
S—570, Japan).

The electric resistivity measurement of samples was
conducted on a QJ44 DC electric bridge, using the
four-point contact method. Magnetic measurements
including the glass substrate were performed on an
alternate gradient magnetometer (AGM—2900), under the
fields up to 119.367 kA/m. A LK 2005A electrochemical
workstation was used to give the polarization curves of
samples at room temperature in 0.1 mol/L NaOH
solution.

3 Results

The XRD patterns of AlgNijgLag (S1) and
AlgNigFeLag (S2) ribbons are shown in Fig.1.
Obviously, there are two typical broad diffraction peaks,
the pre-peak centers at 26=18°-20° and the main peak
centers at 26=36°-38°. No crystalline peaks can be
found, suggesting that both alloys bear a fully amorphous
phase. The inset shows the structure factors S(Q) of S1
and S2.

CuK
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Fig.1 XRD patterns of AlgyNijgLag (S1) and AlgNigFe,Lag (S2)

ribbons (The inset shows the structure factors S(Q) of S1 and

S2 ribbons)

Fig.2 gives the optical micrographs of the
longitudinal sections of S1 and S2. The insets show the
higher magnification of the ribbons. No appreciable
contrast revealing the precipitation of a crystalline phase
is seen in both longitudinal sections of S1 and S2,
suggesting that the ribbons consist of a glassy phase
which is consistent with the results of XRD.

Parameters like the areas of main peak and pre-peak
(Smp and S,,p), the half height width of pre-peak (AQ,,),
the size of atomic cluster (D) and the ratio of S, t0 Spp
(Spp/Smp) obtained through the structure factor S(Q) are
listed in Table 1. Here, Syp, Spp and AQ,, were obtained
by fitting the peaks by the Gaussian function, and
D=271/AQ,,[23]. Apparently, the S, of S2 is slightly
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Fig.2 Optical micrographs of longitudinal sections of
AlgNijoLag (S1) (a) and AlgsNigFeLag (S2) (b) ribbons (The
insets are enlarged views of local ribbons)

Table 1 Parameters of main peak and pre-peak in structure
factors S(Q) of AlyNijgLas (S1) and AlgNigFe;Lag (S2)
ribbons

Alloy S, Sy AQy/mm Dnm  S,/Sp,
S1 11.84 043 3.79 166  0.04
S2 1294 1.12 4.26 1.47 0.08

higher than that of S1, but the Sy, and Syp/Spp of S2 are
much higher, indicating that the amount of MRO of S2 is
higher than that of S1 according to Elliot’s argument[15].
Meanwhile, the D of S2 is lower than that of S1.

Fig.3 gives the DSC curves of S1 and S2 ribbons at
a heating rate of 20 K/min. The glass transition
temperature (7;), onset temperature of crystallization (7%),
end temperature of melting (7)) and reduced glass
transition temperature (77,) are listed in Table 2. Here,
T.e=Ty/T[24]. Generally, a larger T,, corresponds to a
better GFA of one alloy. Obviously, the GFA of S2 is
larger than that of S1, agreeing with the variation of

Table 2 Thermal parameters of AlgNijoLas (S1) and
AlgNigFe Lag (S2) ribbons from DSC curves at heating rate of
20 K/min

Alloy T/K TJ/K T/K Ty

S1 549 554 1085 0.51
S2 555 559 1 060 0.52

S| N

S2

Heating rate: 20 K/min

400 600 800 1000 1200
Temperature/K

Fig.3 DSC spectra of AlgNijgLag (S1) and AlgNigFe Lag (S2)
ribbons at heating rate of 20 K/min

Spp/Spp- SONG et al[25] found the same phenomenon in
AI-Ni-Ce-based amorphous alloys.

The thermal expansion curves of the S1 and S2
amorphous ribbons in low temperature range with a
heating rate of 10 K/min are shown in Fig.4, together
with the curves of the S1 and S2 crystalline ingots. The
solid lines in Fig.4 are the fitting lines of the raw data.
The thermal expansion coefficients of the crystalline and
amorphous states (Gleryst and dtumor) of S1 and S2 as well as
the difference (Aa) between oy and damor are listed in
Table 3. Obviously, the Aa of S1 is larger than that of S2.
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Fig.4 Thermal expansion curves of AlgNijLas (S1) and

AlgNigFeLag (S2) alloys in crystalline and amorphous states

with heating rate of 10 K/min

Table 3 Thermal expansion coefficients of amorphous and
crystalline states (Gtymor and Gryt), and difference (Ac) between
Geryst ANd Gamor Of AlgsNijgLas (S1) and AlgyNigFe Lag (S2)
ribbons with heating rate of 10 K/min

Alloy /10K G/ 10°K Aa/10°K ™!
S1 1.35 8.38 7.03
S2 3.53 5.92 2.39
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Table 4 lists the micro-hardness (H,) and thickness
(7) of S1 and S2 ribbons. Here, 7 is obtained by averaging
the thickness measured in the optical micrographs (Fig.2)
20 times per sample. It can be seen that the hardness of
S2 is significantly higher than that of S1. Moreover, the
S2 ribbon is thicker than the S1 ribbon, indicating a
higher viscosity of the S2 melts during the melt spinning
process.

Table 4 Micro-hardness (H,) and thickness (7) of Alg4NijoLag
(Sl) and A184Ni9FelLa6 (SZ) ribbons

Alloy H,/(N-mm?) 7/um
S1 385+10 28+5
S2 422+10 3745

Fig.5 presents the SEM images of the fracture
profiles and surfaces for S1 and S2 ribbons. The contour
line of the fracture profile of S1 is tidy and smooth
(Fig.5(a)), while that of S2 is relatively irregular
(Fig.5(c)). The flat sections appear on the fracture
surface of S1 (Fig.5(b)), but the major part of the fracture
surface of S2 is rough (Fig.5(d)). Meanwhile, the average

thicknesses in the local area of S1 and S2 are about 25
pm and 30 pum, respectively, which are consistent with
the values measured in the optical micrographs (Fig.2
and Table 4).

The M—H hysteresis loops of the S1 and S2
ribbons are given in Fig. 6. The curves of both samples
exhibit a diamagnetic behavior, and S2 has a larger
absolute value of the slope, indicating a larger absolute
magnetic susceptibility (|y]) compared with SI1.
Meanwhile, the measured electric resistivities (p) of S1
and S2 are 7.7x10°* and 10x10™* Q-mm, respectively,
which are consistent with the variation of [y|.

Fig.7 shows the potentiodynamic polarization
curves of the samples in 0.1 mol/L NaOH solution. It can
be seen that both alloys exhibit a wide range of
passivation. Moreover, the passive current density of S2
is significantly lower than that of S1, and the corrosion
potential (p.) of S2 is higher than that of S1, indicating
a better corrosion resistance of S2 than S1 in 0.1 mol/L
NaOH. For the clarity, the absolute magnetic
susceptibility (|y|), the electric resistivity (p) and the
corrosion potential (@eon) of AlgsNijglag (S1) and
AlgNigFe Lag (S2) ribbons are listed in Table 5.

Fig.5 SEM images of fracture surface and profile of samples: (a), (b) Alg4Ni gLag (S1) alloy; (c), (d) AlgsNigFe,Lag (S2) alloy
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Fig.6 M — H hysteresis loops of AlgNicLas (S1) and
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Fig.7 Potentiodynamic polarization curves of AlgNijoLag (S1)

and AlgyNigFe Lag (S2) ribbons in 0.1 mol/L NaOH solution

open to air at room temperature

Table 5 Absolute magnetic susceptibility ([y|), resistivity (p)
and corrosion potentials (@.or) Of AlggNijlag (S1) and
Alg4Ni9Fe 1 L36 (S2) ribbons

Alloy L1007 m* kg™ p/(Crm) Peor/V
Sl 42 0.77 -1.37
S2 5.0 0.10 -131
4 Discussion

4.1 Thermodynamic behaviors and mechanical

properties

When the molten metals are quenched into
amorphous state, some free volume is quenched in the
amorphous state. The dilatometric behavior of a glass is
related to the following two processes: 1) the distance
between the vibrating position of atoms increases with
the increase of temperature; 2) the free volume in the
as-quenched glass eliminates during annealing[26]. Here,

the elimination of the free volume is due to the

irreversible structure relaxation, which should decrease
the thermal expansion coefficient (o). We assume that the
thermal expansion coefficient of the samples in the
crystalline state is ascribed to the distance increment
between the atomic vibration positions with increasing
temperature. It can be supposed that the Aa between the
crystalline and amorphous states is mainly caused by the
elimination of the free volume during the annealing
process. Therefore, a larger Aa of S1 corresponds to a
higher value of the free volume elimination. In other
words, the as-quenched S1 ribbon has a larger free
volume. Obviously, the more the free volume contained
in the ribbon, the smaller the activation energy for the
structural transformation during the annealing process.
Hence, the glass transition temperature (7,) and onset
crystallization temperature (7x) of S1 are lower than
those of S2 (Table 2). According to the similarity of the
rapidly quenched ribbons and the melts[27], it can be
speculated that in liquid state, S1 contains more free
volume and has a lower viscosity than S2. Hence, it can
be explained that the thickness of the S1 ribbon is lower
than that of S2 (Table 4 and Fig. 5).

TURNBULL[24] applied the traditional nucleation
theory to the metallic glass, proposed a physical
mechanism of the formation of amorphous, and gave a
relationship between nucleation rate / and viscosity # as
follows:

=50 exploba BT, (AT )7 @
n

where k, is a constant; b is a constant determined by the
nucleus shape; T,=7/T] is the reduced temperature; and a
and S are the dimensionless parameters related to the
melt-crystal interfacial energy and melting molecular
enthalpy, respectively. According to Eq.(2), a lower
viscosity indicates a higher nucleation rate / and a worse
GFA. As above mentioned, the viscosity of S1 melt is
lower than that of S2 melt. Consequently, it is understood
that S2 has a better GFA than S1 (Table 2).

In Al-based glassy alloys, the S,,/Sm, scales the
number of MRO clusters contained in the glass[15]. The
more the MRO clusters in the melt/glass are, the better
GFA the alloy has[28]. From the S(Q) curves (Fig.1), the
Fe addition increases the content of MRO clusters in the
ribbon. Consequently, besides the viewpoint of the free
volume, the fact that S2 has a better GFA than S1 (Table
2) can be explained.

Generally, the quench-in free volume in the samples
will decrease the bonding energy among atoms and then
decrease the hardness. Hence, it is expected that the H,
of S2 is higher than that of S1 (Table 4). On the other
hand, it was reported that the strength of the amorphous
alloys could be improved by the creation of
dispersion-strengthened structures[29], and the smaller
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the dispersion structure unit, the higher the strength[30].
We can assume that the MRO characteristic clusters are
considered the dispersed structure unit in the amorphous
matrix. Because of the larger amount and smaller size of
MROs which are characterized by S,,/Sy, and D (Table
1), it can be speculated that the dispersion strengthening
effect of MROs in S2 is stronger than that in S1. Hence,
S2 exhibits a higher H, than S1 according to the
relationship between H, and yield strength d,[31]:

H, =35, 3)

THOMPSON et al[32] found that the fracture
toughness Kjc is related to the increment of fractal
dimension F of the fracture morphology by

Ko =K, +Eay" > AF!? (4)

where K| is defined as the toughness for a smooth planer
fracture; AF is the fractal dimension increment; E is the
elastic modulus; and a is a characteristic length involved
in the fracture process. The fractal dimension F' can be
obtained by the fracture surface[31, 33]: the stronger the
divarication degree of the fracture surface, the bigger the
F. In Fig. 5, it can be found that the divarication degree
of the fracture surface of S2 is stronger than that of S1,
indicating a higher toughness of S2 according to Eq.(4).
There is a proportional relationship between K¢ and d, in
stainless steel[34]:

Kyc =8,M(sNy) ™" (5)

where M is a constant dependent on the orientation of the
dispersed phase; s is a statistical parameter; and N, is the
area number density of dispersed phase. According to
Eq.(3) and Eq.(5), it is expected that the changing
behavior of H, of the ribbons is consistent with the
fracture toughness (Fig.5 and Table 4).

4.2 Electromagnetic and electrochemical properties

It is known that the MROs in Al-based amorphous
alloys are caused by the strong chemical orders which
are formed by Al and other elements[1, 35]. The
resistivities of pure Al, Ni, La and Fe elements are
2.7x107°, 7.0x107°, 79.4x10° and 10.1x10”° Q-mm,
respectively[36]. More MRO clusters are contained in
the S2 alloy (Fig.1 and Table 1), consuming more
low-resistivity Al and leaving less Al in the matrix; thus,
the electric resistivity of S2 is larger than that of Sl
(Table 5). This is similar to the phenomenon that the
resistivity of Mg-Zn alloys increases due to GP zone
formation[37].

It was reported that the Al-Cu-Fe[38] and
Al-Mn-Pd[39] alloys containing icosahedral phase
exhibit a diamagnetic behavior at room temperature. The
molecular dynamics simulation shows that the MROs in

AlgoFey alloy are attributed to the icosahedral
structures[28]. It is understood that S1 and S2 have a
negative magnetic susceptibility. Moreover,
BAHAUR[40] found the diamagnetism of Al-based
amorphous alloys increases with the increase of the
electric resistivity. As above mentioned, the ribbon with
more MRO clusters exhibits a higher electric resistivity,
it can be expected that the S2 alloy with more MRO
clusters shows a stronger diamagnetism (Table 5 and
Fig.0).

The more MRO clusters the amorphous ribbon
contains, the larger bonding energy the atoms have, the
more difficulties the atoms leaving the amorphous
ribbons overcome, and the higher corrosion resistance
the ribbon has. Meanwhile, a decrease in the free volume
reduces the average atomic distance of the BMGs, which
may improve their corrosion resistance[41]. Therefore,
the S2 alloy, with more MRO clusters and less quench-in
free volume, exhibits a better corrosion resistance (Fig. 7
and Table 5).

5 Conclusions

1) XRD patterns and calculated structure factors
show that 1%Fe (molar fraction) addition improves the
relative area of the pre-peak, suggesting that Fe addition
increases the amount of medium-range order (MRO)
clusters in the glassy Al-Ni-La ribbon.

2) 1% Fe addition decreases obviously the thermal
expansion coefficient difference between the crystalline
and amorphous states of Al-Ni-La alloys, indicating that
the Fe addition decreases the quench-in free volume in
the glassy Al-Ni-La ribbon.

3) 1% Fe addition improves the GFA, micro-
hardness, fracture toughness, electric resistivity, absolute
diamagnetism and corrosion resistance of Al-Ni-La alloy
in 0.1 mol/L NaOH solution, which can be explained
from the viewpoint of quench-in free volume and MRO
structures in the Al-Ni-La alloys.
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