
International Journal of Nanotechnology and Nanomedicine

Int J Nanotechnol Nanomed, 2019

Crystallization, mechanical and electrochemical behavior of Al-Ce-TM (TM = Fe, 
Co, Ni and Cu) amorphous alloys
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Abstract
Al86Ce10TM4 amorphous alloys (TM=Fe, Co, Ni and Cu) were fabricated using melt-spin fast-quenching method. 
The crystallization, mechanical and electrochemical behavior of the as-spun and the post-annealed alloys were 
investigated by X-ray diffraction (XRD), differential scanning calorimetry (DSC), micro-indentation and electrochemical 
techniques. It was found the completely amorphous Al86Ce10TM4 alloys (TM=Fe, Co, Ni and Cu) go through two 
crystallization processes, where the first exothermal peak represents nucleation of nano-crystalline particles and the 
second exothermal peak signifies growth of the nano-crystalline precipitates. Both the nucleation and growth processes 
rely on diffusion-controlled mechanism. The first onset crystallization temperature Tx1 associated with activation energy 
E1 and frequency factor Ko1 can be used to evaluate the thermal stability of the amorphous alloys while the second 
onset crystallization temperature Tx2 associated with activation energy E2 and frequency factor Ko2 can be taken to 
judge the thermal stability of ideal amorphous-nanocrystalline mixed structure in sustaining optimized mechanical 
and electrochemical properties. The as-spun and post-annealed alloys exhibit higher mechanical hardness (860~1180 
MPa), corrosion resistance (10-8A/cm2) and high temperature endurance (284, 300 and 420°C for Al86Ce10Co4, 
Al86Ce10Ni4 andAl86Ce10Fe4, respectively) compared to hardness 500~600 MPa, corrosion resistance 10-7A/cm2 and 
high temperature durability 200°C of traditional Al crystalline alloys, manifesting the value on scientific studies and 
engineering applications of the Al86Ce10TM4 amorphous alloys.
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Introduction
Al-based metallic glasses has aroused great interest on the merit of 
their high mechanical strength and corrosion resistance comparing 
with the conventional Al crystalline alloys, in particular after 
Poon and Inoue reported the Al-based amorphous alloys with high 
tensile strength and good ductility in 1988, investigations on glass 
formation, thermal stability, crystallization, microstructure and 
property of the alloys have become the major topics thus far [1-16].

Al-rare earth-transition metal (Al-RE-TM) amorphous alloys 
known as marginal glass formers that show limited glass-forming 
ability are particularly of interest. Quite a lot of research regarding 
glass-forming ability, thermal stability, and crystallization has been 
reported [17-24]. However, there have been few reports regarding 
systematic study pinpointing to the effect of transition metals on 
the Al-RE-TM amorphous alloys. Besides, lots of ambiguity still 
exists in what crystallization processes evolve and how structures 
transform throughout crystallization processes. Therefore, there 
highly needs to investigate how amorphous structure evolves with 
crystallization processes, and how mechanical and electrochemical 
behavior performs accompanying with the crystallization evolution.
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It is therefore, based on our previous work, we further investigate 
in this paper the crystallization processes through which what 
mechanisms stand by, what microstructures proceed, and how 
mechanical and electrochemical perform regarding Al86Ce10TM4 
amorphous alloys (TM=Fe, Co, Ni and Cu) [25].

Experimental
Amorphous Al86Ce10TM4 (TM= Fe, Co, Ni and Cu) ribbons were 
fabricated by melt-spin fast-quenching method [26]. Pure metals, Al 
(99.98 wt. %), Ce (99.7 wt. %), Fe (99.7 wt. %), Co (99.7 wt. %), 
Ni (99.7 wt. %) and Cu (99.7 wt. %) were used as raw materials. 
Metallic glasses in the final composition of Al86Ce10TM4 (TM=Fe, 
Co, Ni and Cu) were manufactured after the mixed metals had been 
melted by induction-heating at high vacuum back-filled with high-
purity argon at pressure of 0.04 MPa, remelted and homogenized 
four times and finally ejection-cast onto a rotating copper roller at 
a circumferential speed approximately 40 m/s under high-purity 
helium environment. All the as-spun ribbons were 40 μm in thickness 
and 4 mm in width. The morphology, composition and structure were 
examined by transmission electron microscope (TEM, JEM-2100F), 
scanning electron microscope and energy dispersive spectroscopy 
(SEM-EDS, QUANTA 400), and X-ray diffraction (XRD, Philips 
PW1700 using Cu Kα radiation λ=0.1542 nm).
 
Thermal analysis of the as-spun ribbons was carried out using a 
Perkins-Elmer DSC-8500 differential scanning calorimeter (DSC) 
under flowing high-purity argon. To eliminate the random and 
systematic errors, DSC was calibrated using high-purity In and Zn 
as standard samples, which provide a temperature accuracy of 0.1 K 
with an average standard error of 1 K in the measured values. The 
glass transition and crystallization process were studied by heating 
the samples from room temperature to 1200 K at heating rates of 
20, 40, 80 and 200 K/min. The crystallization kinetics, especially 
crystallization activation energy, pre-exponential coefficient of 
effective overall reaction rate, reaction order and types of crystal 
growth, were evaluated using Kissinger equation and Johnson-Mehl-
Avrami (JMA) method [27-32].

To investigate how the fully amorphous alloys evolve, what 
microstructures of the alloys transform, and how mechanical and 
electrochemical behaviors perform through the crystallization 
processes, the as-spun amorphous alloys were annealed in Ar 
atmosphere at their specific temperatures, such as the first and second 
onset and end crystallization temperatures for 15 min. The crystalline 
structures and phases of these post-annealed samples were analyzed 
by XRD. Micro hardness was measured on the cross-section of the 
as-spun and post-annealed samples 10 times with 0.98 N load and 
10 s holding time using a FM-700 digital micro hardness tester. 
The average values with mathematical errors were used as the final 
results. A Solartron electrochemical interface (Solartron Model SI 
1286 and Model SI 1255) was employed to perform potentiodynamic 
polarization and impedance measurements in 3.56 wt% (0.6 M) 
NaCl aqueous solution, where the specimen was used as the working 
electrode, a saturated calomel electrode (SCE) as the reference and 
a Pt mesh as the counter electrode. All electrode potentials were 
corrected with ohmic drop and referred to the standard Saturated 
Calomel Electrode (SCE) scale. Seven typical parameters were 
chosen to characterize corrosion behavior, i.e. corrosion potential 
(Ecorr, or open-circuit potential, OCP), corrosion current density (Icorr), 
passive current density (Ipass), pitting potential (Epit), pitting current 
density (Ipit), repassivation potential (Erep), and pitting susceptible 

region (∆E=Epit–Erep) determined by potentiodynamic polarization. 
The electrochemical measurements for each of the alloys were 
repeated five times, and the average values were utilized as the 
final results with the uncertainty estimates determined by the least 
square method.

Results and Analysis
Figure 1 presents the XRD diffraction patterns of the as-spun 
Al86Ce10TM4 (TM= Fe, Co, Ni and Cu) alloys. Evidently, all the 
curves exhibit only a main symmetrical broad peak at 2θ between 30 
and 45° without any sharp crystalline Bragg peaks in the scanning 
range between 20 and 80°, manifesting all the as-spun alloys were 
completely amorphous. The full-amorphous features have also been 
verified by the TEM examination as shown in Figure 2, where mark 
A represents the textural micrographs of the as-spun ribbons and 
mark B represents the diffraction patterns of the texture.
 

Figure 1: XRD patterns of the as-spun Al86Ce10TM4 (TM=Fe, Co, 
Ni and Cu) alloys

Figure 2: TEM micrographs of the as-spun Al86Ce10TM4 (TM=Fe, 
Co, Ni and Cu) alloys

To inspect the glass transition and crystallization processes, DSC 
behavior was investigated by heating the as-spun ribbons from 
room temperature to 1200 K at heating rates of 20, 40, 80 and 200 
K/min as displayed in Figure 3. Obviously, at least two typical 
crystallization processes were observed from the DSC curves. Such 
behavior indicates that the final crystallization structures should 
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have experienced transformations at least through two crystallization steps. Table 1 summarizes the measured parameters, including the 
glass transition temperature Tg, the onset crystallization temperature Tx, and the crystallization peak temperature Tp. From Figure 3, The 
apparent crystallization activation energy E and the overall crystallization reaction rate K0 for each of the two crystallization processes 
can be determined using Kissinger equation (1) [27-30].

                                                                                                                                                                (1)

Where Ø is the heating rate, R the ideal gas constant. T is a special temperature such as the first and second exothermic peak temperatures 
Tp1 and Tp2, respectively. C is a constant and K0 also named as the frequency factor in the Arrhenius law. The relationship of ln(T2/ Ø) 
versus 1000/T for metallic glasses exhibits an approximate straight line from the Equation (1), thus the parametric values of E and K0 
can be determined from the slope and intercept of the line.

Figure 3: DSC curves of as-spun Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys at heating rates of 20, 40, 80 and 200 K/min, respectively

Table 1: Thermal Parameters of Amorphous Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) Alloys
Sample Heating Rate (K / min) Tg (K) Tx1 (K) Tp1 (K) Tx2 (K) Tp2 (K)
Al86Ce10Fe4 20 578 578 581 637 648

40 583 583 586 649 660
80 588 588 592 660 672
200 584 595 603 679 692

Al86Ce10Co4 20 560 560 561 588 597
40 565 565 567 602 611
80 560 569 572 621 632
200 568 575 581 641 653

Al86Ce10Ni4 20 522 530 533 610 616
40 528 535 538 613 618
80 533 539 543 564 572
200 539 546 553 583 594

Al86Ce10Cu4 20 493 495 502 564 572
40 500 500 510 570 579
80 506 506 517 580 589
200 517 517 530 589 600
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Note: Tg, Tx and Tp represent the glass transition temperature, onset 
crystallization temperature and peak temperature, respectively 
determined at heating rates of 20, 40, 80 and 200 K/min. The average 
standard error is 1 K.

On the other hand, the crystallization kinetic reaction order, n, also 
called the Avrami exponent can be determined by the Johnson-Mehl-
Avrami (JMA) equation (2) [28-32].

Ln[-Ln(1-x)]=nLn(k)+nLn(t),	                                   (2)

Where k is an effective rate constant, n Avrami exponent, x is the 
crystallized volume fraction in time t.

Figure 4 presents the Kissinger plots of Ln (Tp
2/Ø) vs. 1000/Tp of the 

as-spun Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys from which 
the activation energy E and the frequency factor K0 are determined. 
Figure 5 depicts the JMA plots of Ln[-Ln(1-x)] vs. Ln(t) in that the 
crystallization reaction order n, the Avrami exponent on the first and 
second exothermic peaks can be quantified. The values of E, Ko 
and n as deduced from the slope and intercept of the straight lines 
from Figures 4 and 5 are tabulated in Table 2.

Based on the onset and end crystallization temperatures as determined 
from Figure 3 and exhibited in Table 1, annealing of the as-spun 
fully-amorphous Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys was 
conducted at these temperatures to investigate what precipitate 
phases and crystalline structures are and how the precipitate phases 
evolve. Therefore, the amorphous alloys were annealed each at 
the onset crystallization and end crystallization temperatures and 
Figure 6 displays the XRD patterns of the as-spun and post-annealed 
samples.

In order to further investigate how precipitated crystalline phases 
influence the mechanical and electrochemical properties, micro-
hardness tests and potentiodynamic polarization were carried out on 
the as-spun and post-annealed samples. For comparison between the 
as-spun amorphous alloys and the post-annealed alloys with pure Al 
as reference, Figure 7 shows the potentiodynamic polarization curves 
of pure Al and as-spun amorphous samples and Figure 8 presents the 
polarization of the post-annealed samples in the 0.6 M (3.56 wt.%) 
NaCl aqueous solution. Figure 9 depicts the SEM micrographs on 
the surface of the post-annealed samples after potentiodynamic 
polarization test. The measured mechanical hardness and calculated 
electrochemical parameters are summarized in Table 3.

Figure 4: Kissinger plots of Ln (Tp
2/Ø) vs. 1000/Tp for the crystallization activation energy (E) and frequency factor (Ko) on the first and 

second exothermic peaks in DSC traces for the as-spun Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys

https://www.opastonline.com/


Int J Nanotechnol Nanomed, 2019 Volume 4 | Issue 2 | 5 of 12www.opastonline.com

Figure 5: Johnson-Mehl-Avrami (JMA) plots of Ln [-Ln (1-x)] vs. Ln (t) for the Avrami exponent (n) on the first and second exothermic 
peaks in DSC traces for the as-spun Al86Ce10TM6 (TM=Fe, Co, Ni and Cu) alloys

Table 2: Calculated Values on the First and Second Crystallization Peaks in the Isochronal Scanning DSC Traces for the as-spun 
Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) Alloys
Alloys K01 (s

-1) Ec1 (KJ/mol) n1 K02 (s
-1) Ec2 (KJ/mol) n2

Al86Ce10Fe4 3.1*1024 ± 4.1*102 288 ± 25 1.75 ± 0.05 1.9*1013 ± 2.0*103 186 ± 22 1.64 ± 0.06
Al86Ce10Co4 1.3*1027 ± 3.9*103 306 ± 11 1.69 ± 0.08 4.8*108 ± 5.6*103 120 ± 15 2.36 ± 0.04
Al86Ce10Ni4 1.1*1026 ± 1.6*103 280 ± 14 1.53 ± 0.06 2.0*1032 ± 3.4*103 405 ± 35 1.90 ± 0.08
Al86Ce10Cu4 5.1*1016 ± 2.7*103 176 ± 9 1.38 ± 0.05 2.1*1018 ± 4.5*103 216 ± 12 1.40 ± 0.07

Figure 6: XRD patterns of the as-spun and post-annealed (a) Al86Ce10Fe4 at 304, 350, and 420°C; (b) Al86Ce10Co4 at 284, 300 and 370°C; 
(c) Al86Ce10Ni4 at 250, 300, and 380°C; and (d) Al86Ce10Cu4 at 219, 270, and 350°C

https://www.opastonline.com/
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Figure 7: Electrochemical polarization curves of pure Al and the as-spun Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys in 3.56 wt. % 
NaCl solution
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Figure 8: Electrochemical polarization curves of the post-annealed Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys in 3.56 wt. % NaCl solution

Table 3: Electrochemical Data Obtained from Potentiodynamic Polarization in 3.56 wt.% (0.6M) NaCI Aqueous Solution and 
the Hardness of the as-spun and post-annealed Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) Alloys
Sample T (°C) Ecorr 

(VSCE)
Icorr 

(µA/cm2)
Ipass 

(µA/cm2)
Epit 

(VSCE)
Ipit 

(µA/cm2)
Erep

 (VSCE)
Δ Erep
 (VSCE)

Hv 
(MPa)

Pure A1 25 -1.10±0.04 0.4±0.2 1.5±0.3 -0.74±0.01 3.9±0.3 -1.14±0.01 0.40±0.01 -

Al86Ce10Fe4

25 -0.87±0.01 0.081±0.004 0.64±0.05 -0.38±0.01 1.0±0.2 -0.45±0.01 0.07±0.02 863±17
304 -0.91±0.02 0.03±0.01 0.02±0.01 -0.66±0.02 0.20±0.02 -0.86±0.02 0.20±0.02 1165±20
350 -0.85±0.02 0.02±0.01 0.03±0.02 -0.75±0.02 0.04±0.01 -0.88±0.01 0.13±0.03 984±16
420 -0.93±0.01 0.02±0.01 0.08±0.02 -0.77±0.01 0.20±0.02 -0.86±0.02 0.09±0.03 1033±18

Al86Ce10Co4

25 -0.71±0.00 0.8±0.2 1.0±0.2 -0.44±0.02 1.0±0.2 -0.45±0.01 0.01±0.03 762±20
284 -0.67±0.03 0.3±0.1 1.0±0.2 -0.63±0.02 1.0±0.2 -0.78±0.02 0.15±0.04 1186±18
300 -0.68±0.02 0.6±0.2 10±2 -0.63±0.02 60±8 -0.78±0.02 0.15±0.02 1167±16
370 -0.66±0.03 1.0±0.2 10±2 -0.63±0.02 60±10 -0.80±0.02 0.17±0.04 1053±15

Al86Ce10Ni4

25 -0.54±0.02 0.10±0.08 0.8±0.3 -0.38±0.02 0.5±0.2 -0.43±0.02 0.05±0.04 809±16
250 -0.46±0.02 0.08±0.02 0.3±0.1 -0.35±0.02 0.4±0.1 -0.50±0.02 0.15±0.04 1066±22
300 -0.55±0.03 0.05±0.02 0.3±0.2 -0.38±0.02 0.4±0.2 -0.50±0.02 0.12±0.04 912±16
380 -0.71±0.02 3.0±0.6 - - - - - 840±18

Al86Ce10Cu4

25 -0.62±0.01 1.0±0.2 20±8 -0.54±0.04 80±10 -0.65±0.03 0.11±0.07 715±11
219 -0.65±0.02 0.2±0.1 10±2 -0.55±0.02 50±8 -0.75±0.02 0.2±0.04 1020±18
270 -0.73±0.02 4.0±0.8 20±4 -0.70±0.02 20±5 -0.74±0.02 0.04±0.04 880±15
350 -0.67±0.03 4.0±1.0 40±12 -0.63±0.03 40±10 -0.89±0.02 0.26±0.04 720±14

https://www.opastonline.com/


Int J Nanotechnol Nanomed, 2019 Volume 4 | Issue 2 | 8 of 12www.opastonline.com

Figure 9: SEM micrographs of the post-annealed Al88Ce6TM6 (TM: Fe at 304°C (a), Co at 284°C (b), Ni at 250°C (c) and Cu at 219°C 
(d) ) alloys after polarized in 3.56 wt.% NaCl solution

Discussion
The objective of this study is to investigate how the completely 
amorphous Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys evolve 
through crystallization processes, what crystalline phases are 
precipitated, and how the precipitated phases affect the mechanical 
and corrosion behavior of the alloys.

From Figures 1 and 2, it is identified that the as-spun Al86Ce10TM4 
(TM=Fe, Co, Ni and Cu) alloys are completely amorphous without 
any crystalline phases inside the matrix except a limited amount of 
short-range-ordered (SRO) Al-TM, Al-Ce and Al-Ce-TM quasi-
crystalline clusters are embedded in the matrix, as manifested from 
our previous paper [25]. Figure 3 elucidates the full-amorphous 
phase crystallizes through at least two steps with increment of 
annealing temperature before melting, and the specific temperatures 
such as Tg, Tx and Tp as measured are tabulated in Table 1. From the 
analyses of Kissinger’s plots as displayed in Figure 4, the activation 
energies of the amorphous Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) 
alloys account to 288, 306, 280 and 176 KJ and overall frequencies 
3.1x1024, 1.3x1027, 1.1x 1026 and 5.1x1016 s-1, respectively for the 
first crystallization process, as summarized in Table 2 [27, 30]. 

The results indicate that the thermal stability of the amorphous alloys ranks 
in the order of Al86Ce10Co4>Al86Ce10Ni4>Al86Ce10Fe4>Al86Ce10Cu4, 
which has been demonstrated in our previous report [25]. From the 
JMA plots in Figure 5, the Avrami exponents are calculated to be 
1.75, 1.69, 1.53 and 1.38, respectively on the first crystallization, 
implying that crystalline nuclei be precipitated predominately in 
one-dimension, in diffusion controlled manner and from the pre-
existing SRO Al-TM, Al-Ce and Al-Ce-TM quasi-crystalline clusters 
through the crystallization [31,32]. The second crystallization 
activation energies of the Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) 
alloys obtained from Figure 4 are 186, 120, 405 and 216 KJ with 
overall frequencies 1.9x1013, 4.8x108, 2.0x1032 and 2.1x1018 s-1, 

respectively, suggesting the thermal durability of the nanocrystalline 
nuclei precipitated in the first crystallization process rates as 
Al86Ce10Ni4>Al86Ce10Cu4>Al86Ce10Fe4>Al86Ce10Co4. The Avrami 
exponents of the second crystallization from Fig. 5 are calculated 
to be 1.64, 2.36, 1.90 and 1.40, respectively, indicating that the 
second crystallization of Al86Ce10TM4 (TM=Fe, Ni and Cu) alloys 
proceeds preferentially on the pre-precipitated nuclei that grow in 
one dimension and in diffusion mechanism except Al86Ce10Co4 whose 
pre-precipitated nuclei grow in two dimensions [31, 32].

What crystalline phases evolve with the crystallization processes? 
As exhibited in Figure 6 (a), the as-spun completely amorphous 
Al86Ce10Fe4 alloy starts precipitating nanocrystalline nuclei of (fcc-
Al+Al11Ce3+Al5Fe2+Al13Fe5) among which the nuclei of Al13Fe5 grow 
fast at the first onset crystallization temperature 304°C (577K). The 
precipitated nuclei include fcc-Al (Fm-3m, a=0.405 nm), Al11Ce3 
(Immm, a=0.440 nm, b=1.303 nm, c=1.009 nm), Al5Fe2 (Cmcm, 
a=0.766 nm, b=0.642 nm, c=0.422 nm) and Al13Fe5 (C2/m, a=1.549 
nm, b=0.808 nm, c=1.247 nm, β=108.03°) [33-38]. All Fe atoms in 
the alloy are consumed in combining with Al and forming Al5Fe2 
and Al13Fe5 nanocrystalline precipitates at this temperature due to 
the limited concentration of Fe (4 at.%) in the alloy. Annealing 
at 350°C (623K), the first end crystallization temperature, the 
concentrations of the precipitated crystalline phases Al5Fe2 and 
Al13Fe5 stop increasing but the nuclei of the pre-precipitated 
crystalline phases fcc-Al and Al11Ce3 grow fast till all Ce atoms are 
used up for forming the Al11Ce3 crystals. The crystallization process 
in the first exothermal peak shows 288 KJ in overall crystallization 
activation energy, 3.1x1024 in crystallization frequency and 1.75 in 
Avrami exponent. When annealing temperature rises to the second 
onset crystallization temperature 420°C (693K), the Al11Ce3, Al5Fe2 
and Al13Fe5 crystalline phases stop growth due to the exhaust of Ce 
and Fe in forming these intermetallics in the alloy, but growth of 
fcc-Al crystalline phases dominates in the second crystallization 
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process, where crystallization activation energy accounts to 186 
KJ, crystallization frequency 1.9x1013 and Avrami exponent 1.64.

For the completely amorphous Al86Ce10Co4 alloy shown in Figure 
6 (b), annealing at the first onset crystallization temperature 284°C 
(557K) instigates nucleation of (fcc-Al+Al11Ce3+Al5Co2+Al9Co2) 
nanocrystalline particles, among which Al9Co2 nuclei grow fast 
till all Co atoms are consumed in forming Al5Co2 and Al9Co2 
phases. The precipitated phases are fcc-Al, Al11Ce3, Al5Co2 (P63/
mmc, a=0.767 nm, c=0.761 nm) and Al9Co2 (P21/a, a=0.857 nm, 
b=0.629 nm, c=0.621 nm, β=94.76°) [33, 37]. Annealing at the 
first end crystallization temperature 300°C (573K), fcc-Al, Al5Co2 
and Al9Co2 nanocrystalline precipitates cease growing but Al11Ce3 
precipitates keep growing. The first crystallization exothermal 
peak presents 306 KJ in overall crystallization activation energy, 
1.3x1027 in crystallization frequency and 1.69 in Avrami exponent. 
Further annealing at the second onset crystallization temperature 
370°C (643K) makes (fcc-Al+Al11Ce3) nanocrystalline phases grow 
fast. The second crystallization peak shows overall crystallization 
activation energy 120 KJ, crystallization frequency 4.8x108 and 
Avrami exponent 2.36.

Regarding the completely amorphous Al86Ce10Ni4 alloy depicted in 
Figure 6 (c), (fcc-Al+Al11Ce3+Al3Ni+AlCeNi) nuclei are precipitated 
at the first onset crystallization temperature 250°C (523K) in that the 
AlCeNi nuclei precipitate fast. The precipitated crystalline phases 
consist of fcc-Al, Al11Ce3, Al3Ni (Pnma, a=0.661 nm, b=0.739 nm, 
c=0.481 nm) and AlCeNi (P-62m, a=0.698 nm, c=0.402 nm) [39]. The 
concentrations of (fcc-Al+Al11Ce3+Al3Ni+AlCeNi) nanocrystalline 
precipitates keep constant even if the alloy is annealed at the first 
end crystallization temperature 300°C (573K). However, when the 
alloy is annealed at the second onset crystallization temperature 
380°C (653K), fast growth of fcc-Al and Al11Ce3 nanocrystalline 
phases is spurred while growth of Al3Ni and AlCeNi phases stops 
because Ni has been exhausted in forming the intermetallics at 250°C 
(523K). The first crystallization exothermal peak shows overall 
crystallization activation energy 280 KJ, crystallization frequency 
1.1x1026 and Avrami exponent 1.53. The second crystallization 
exothermal peak presents overall crystallization activation energy 
405 KJ, crystallization frequency 2.0x1032 and Avrami exponent 
1.90.
 
Considering the completely amorphous Al86Ce10Cu4 alloy displayed 
in Figure 6 (d), (fcc-Al+Al11Ce3+Al2Cu+Al2Ce) nanocrystalline 
nuclei are precipitated at the first onset crystallization temperature 
219°C (492K), among which Al2Ce nanocrystalline precipitates grow 
fast. The precipitated nuclei contain fcc-Al, Al11Ce3, Al2Cu (I4/mcm, 
a=0.606 nm, c=0.487 nm) and Al2Ce (Fd-3m, a=0.807) [34-38]. The 
concentrations of the (fcc-Al+Al11Ce3+Al2Cu+Al2Ce) precipitates 
maintain stabilized at the first end crystallization temperature 270°C 
(543K). However, growth of fcc-Al and Al11Ce3 nanocrystalline 
nuclei speeds up while Al2Cu and Al2Ce precipitates stop growing 
at the second onset crystallization temperature 350°C (623K). The 
first crystallization exothermal peak shows overall crystallization 
activation energy 176 KJ, crystallization frequency 5.1x1016 and 
Avrami exponent 1.38. The second crystallization exothermal 
peak presents overall crystallization activation energy 216 KJ, 
crystallization frequency 2.1x1018 and Avrami exponent 1.40.

To better understand how the nanocrystalline precipitates or the 
composite structures influence the mechanical and electrochemical 

properties, micro-hardness test and potentiodynamic polarization 
were conducted on the as-spun and post-annealed samples. For 
comparison, Figure 7 shows the electrochemical polarization curves 
of pure Al and the as-spun full amorphous Al86Ce10TM4 (TM=Fe, 
Co, Ni and Cu) alloys while Figure 8 presents the polarization of 
the post-annealed Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys in 
0.6 M NaCl aqueous solution. The electrochemical and mechanical 
data are provided in Table 3.

It can be interestingly found that the completely amorphous 
Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys exhibit mechanical 
hardness 863, 762, 809 and 712 MPa, respectively, higher than those 
of the traditional Al crystalline alloys such as AA 2024, AA 6061 
and AA 7075 which normally present hardness 500-600 MPa. This 
is because Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys consist of 
amorphous matrix embedded with a tiny amount of short-range 
ordered (SRO) quasi-crystalline clusters, where the amorphous state 
of disordered atomic packing introduces lot of stress and strain that 
strengthen the amorphous matrix. In addition, the solute (Ce and 
TM atoms) enrichment and SRO quasi-crystalline clusters enhance 
the matrix in mechanisms of solute strengthening and precipitation 
hardening [25].

After the as-spun Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys are 
annealed at the first onset crystallization temperatures 304 (577K), 
284 (557K), 250 (523K) and 219 (492K) °C, respectively for 15 
min, nanocrystalline nuclei are precipitated from the amorphous 
matrix, in which small volume of fcc-Al, Al11Ce3, Al13Fe5, and Al5Fe2 
nanocrystals in size of 5~23 nm are embedded in amorphous matrix 
of Al86Ce10Fe4; fcc-Al, Al11Ce3, Al5Co2, and Al9Co2 nanocrystals 
in size of 8~20 nm in amorphous Al86Ce10Co4; fcc-Al, Al11Ce3, 
AlCeNi and Al3Ni nanocrystals in size of 14~20 nm in amorphous 
Al86Ce10Ni4; and fcc-Al, Al11Ce3, Al2Ce and Al2Cu nanocrystals in 
size of 11~15 nm in amorphous Al86Ce10Cu4 (where the size of the 
precipitates was determined from D=2π/∆Q, where ∆Q is the full 
width at half maximum (FWHN) of the XRD peaks [25]). In this 
case, the mechanical hardness increases compared to the completely 
amorphous matrix because of the precipitate hardening effect of the 
nano-sized crystals in the amorphous matrix.

Annealing at the first end crystallization temperature may result 
in further increment in volume of crystalline phases and in size of 
the crystalline particles, in particular more concentrations of fcc-
Al and Al11Ce3 nanocrystals in size of 13~23 nm with Al5Fe2 and 
Al13Fe5 intermetallic particles in size of 15~23 nm are present in 
Al86Ce10Fe4; constant volume of fcc-Al, Al11Ce3, Al5Co2 and Al9Co2 
nanocrystals in size of 8~20 nm are maintained in Al86Ce10Co4; 
minor increasing volume of fcc-Al, Al11Ce3, Al3Ni and AlCeNi 
nanocrystals in size of 10~33 nm are grown in Al86Ce10Ni4; and 
slightly increasing volume of fcc-Al, Al11Ce3, Al2Cu and Al2Ce 
nanocrystals in size of 11~15 nm are deposited in Al86Ce10Cu4. In 
this case, mechanical hardness may continuously increase, or keep 
unchanged, or slightly decrease if amorphous alloys are annealed at 
the first end crystallization temperature depending upon the overall 
precipitate volume, precipitate distribution, precipitate composition 
and precipitate sizes in the amorphous matrix, which either enhance, 
maintain or weaken mechanical hardness of the alloys. The hardness 
of the alloys lies on the volume, the size, the composition and the 
distribution of the crystalline precipitates in the amorphous matrix.
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Annealing at higher temperature, such as the second onset or 
end crystallization temperature drives continuous growth of the 
crystalline precipitates and further devitrification of the alloys. 
Therefore, fcc-Al, Al11Ce3, Al13Fe5 and Al5Fe2 crystals in size of 
12~24 nm are found in Al86Ce10Fe4; fcc-Al, Al11Ce3, Al9Co2 and 
Al5Co2 crystals in size of 23~31 nm are presented in Al88Ce8Co4; 
fcc-Al, Al11Ce3, AlCeNi and Al3Ni precipitates in size of 15~33 
nm are observed in Al86Ce10Ni4; and fcc-Al, Al11Ce3, Al2Ce and 
Al2Cu precipitates in size of 10~29 nm are formed in Al86Ce10Cu4 
as analyzed from Figure 6. Since annealing may pass over the ideal 
point where the alloys present the maximum mechanical hardness 
with the best optimized amorphous-crystalline mixed structure, 
thus mechanical hardness starts dropping with annealing at higher 
temperature and for longer duration till the full amorphous matrix 
initially converts to amorphous-crystalline mixed structure at the 
first onset crystallization temperature, and finally transforms into 
completely polycrystalline phases at the second end crystallization 
temperature, which present the same structure as the traditional Al 
polycrystalline alloys.

To check how electrochemical properties evolve with crystallization 
processes, polarization techniques were applied to the as-spun and 
post-annealed alloys as exhibited in Figures 7 and 8. Compared to 
pure Al, the as-spun full amorphous Al86Ce10TM4 (TM=Fe, Co, Ni 
and Cu) alloys exhibit better corrosion resistance except Al86Ce10Cu4, 
demonstrating the superior corrosion resistance of the amorphous 
alloys in comparison to their crystalline counterparts except a few 
cases where the high susceptibility to corrosion ascribes to the nature 
of the alloy itself such as Al86Ce10Cu4 [25].
 
Interestingly, like the same evolution sequence in mechanical 
behavior, annealing at the first onset crystallization temperature 
confers the alloys higher corrosion resistance as well. This 
should be attributed to the amorphous phase embedded with tiny 
nanocrystalline nuclei where there appears no distinct difference 
in electrochemical potential between the amorphous matrix and 
precipitated nanocrystalline phases. Consequently, the composite 
structure confers equivalent or even superior corrosion resistance 
compared to the full amorphous structure, as displayed for the as-
spun Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys after annealed at 
the first onset and end crystallization temperatures shown in Figure 
8 and Table 3.

However, annealing at higher temperature causes severe devitrification 
of the amorphous texture, thus generating higher volume crystalline 
particles in larger sizes. These crystalline phases present sufficient 
electrochemical difference from the amorphous matrix, thus nano-
electrochemical cell between the precipitated crystalline particles 
and the amorphous matrix surrounding the crystals triggers the 
matrix high susceptible to corrosion [40-43]. This phenomena can 
be evidently observed on the Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) 
alloys after annealed at the second onset crystallization temperature. 
Even worse corrosion resistance can be anticipated if the samples be 
annealed at higher temperature such as the second end crystallization 
temperature or for longer time, because the alloys would be 
transforming to completely polycrystalline structures with larger-
sized crystalline particles, between which the electrochemical cell 
in large potential difference takes in effect. As a result, the corrosion 
susceptibility depends on how much crystallization evolves so that 
how large electrochemical potentials differ between the precipitated 

crystalline phases or/and the Al matrix in environment. From the 
electrochemical polarization results, the post-annealed Al86Ce10TM4 
(TM=Fe, Co, Ni and Cu) alloys exhibit the electrochemical corrosion 
resistance as Al86Ce10Fe4>Al86Ce10Ni4>Al86Ce10Co4> Al86Ce10Cu4 
because Al86Ce10Fe4 alloy even after annealed at 402°C (675K) for 
15 min still exhibits the best resistance to corrosion. The corrosion 
resistant rate and high temperature durability can list the alloys in 
sequence of Al86Ce10Fe4 402°C>Al86Ce10Ni4 300°C>Al86Ce10Co4 
284°C>Al86Ce10Cu4 219°C, as interpreted from Figure 8 and Table 3.

Figure 9 shows the SEM micrographs on the surface of the post-
annealed Al86Ce10TM4 (TM=Fe, Co, Ni and Cu) alloys at the first 
onset crystallization temperatures, 304 (577K), 284 (557K), 250 
(523K) and 219 (492K) °C for 15 min, respectively after they were 
polarized in 0.6 M NaCl solution. As seen from Figure 9, the post-
annealed Al86Ce10Cu4 at 219°C (492K) after polarization exhibits 
the worst corrosion resistance because high density and large area of 
corrosion pits are visualized. The post-annealed Al86Ce10Fe4 at 304°C 
(577K) after polarization shows the second least corrosion resistance 
where visible pits are present on the surface. The post-annealed 
Al86Ce10Ni4 at 250°C (523K) and Al86Ce10Co4 at 284°C (557K) 
shows excellent corrosion resistance where no or limited pits are 
observed after polarization. Such pits as seen on the samples should 
be ascribed to the precipitated intermetallic crystalline particles, the 
Al11Ce3, Al5Fe2 and Al13Fe5 nanocrystals in Al88Ce10Fe4; the Al11Ce3, 
Al5Co2 and Al9Co2 in Al86Ce10Co4; the Al11Ce3, Al3Ni and AlCeNi 
in Al86Ce10Ni4; and the Al11Ce3, Al2Cu and Al2Ce in Al86Ce10Cu4; 
normally possess more noble electrochemical potentials than the Al 
phase (either amorphous Al matrix or fcc-Al crystals) [25, 41-43]. 

As a result, the intermetallic precipitates and their surrounded 
Al phase set up nano-electrochemical cell where the former acts 
as the cathode while the later plays as the anode. The Al phase 
around the intermetallic precipitates is preferentially corroded so 
that the intermetallic particles are eventually stripped off after the 
surrounding Al phase is completely corroded away. The sizes of 
the pits should be larger than those of the precipitated intermetallic 
particles, in this case, pits over 20~40 nm are usually visualized 
in the Figure 9. From Figure 9 the corrosion resistance can list as 
Al86Ce10Ni4>Al86Ce10Co4>Al86Ce10Fe4>Al86Ce10Cu4. This observation 
looks a little different from the electrochemical polarization results 
as shown in Figure 8 and Table 3 where Al86Ce10Fe4 was listed as the 
best corrosion resistant. The difference should be attributed to the 
higher annealing temperature, 304°C (577K) for Al86Ce10Fe4 than 
284°C (557K) for Al86Ce10Ni4 and 250°C (523K) for Al86Ce10Co4 
that more volume of nanocrystalline particles in larger sizes are 
precipitated in Al86Ce10Fe4 thus higher susceptibility to corrosion 
as observed from Figure  9.

Conclusions
Completely amorphous Al86Ce10TM4 (TM=Fe, Co, Ni and 
Cu) alloys were fabricated by fast-quenching technique. The 
crystallization evolution was investigated by DSC and XRD 
techniques. Mechanical and electrochemical behavior was studied 
by micro-hardness and potentiodynamic polarization techniques. 
The crystallization of the amorphous Al86Ce10TM4 (TM=Fe, Co, Ni 
and Cu) alloys exhibit two exothermal processes, where the first 
exothermal peak represents nucleation of nanocrystalline phases 
from the amorphous matrix while the second exothermal peak shows 
the growth of the precipitated nuclei. It is important to note that 
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annealing at temperature lower than the second end crystallization 
temperature in most, but preferentially in the range between the 
first and second onset temperatures, plays an essential rule on 
fabricating an ideal amorphous nanocrystalline mixed structure 
that confers not only optimized mechanical hardness but also best 
corrosion resistance. It is important to note that fabricating such 
ideal amorphous-nanocrystalline mixed structure for the Al86Ce10TM4 
(TM= Fe, Co, Ni and Cu) alloys can provide substantially improved 
mechanical hardness (2 times), corrosion resistance (10 times) and 
high temperature durability (350°C) compared to the traditional Al 
crystalline alloys, and thus make potential breakthrough on both 
scientific investigation and engineering application.
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