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Amorphous alloys have been investigated by applying differential scanning calorimetry (DSC), X-ray
diffraction (XRD) and high resolution electron microscopy (HREM). Replacement of Y by Dy shifts the
primary crystallization to lower temperatures, substitution of Fe for Ni shifts the nanocrystallization to
higher temperatures. The RE elements play a dominant role at the first stage of crystallization, the TM
elements take part in the crystallization only at the final stage. For alloys with Dy the first two stages of
crystallization are attributed to the formation of fcc AI(RE). At the third stage of crystallization, precipitation
of the ternary compound RE3zNisAl,g with an orthorhombic GdsNisAlg-type structure was observed. The
interaction between Dy and Fe atoms completely changes the crystallization path of the Alg;DysNisFe, alloy,
i.e. primary crystallization is attributed to precipitation of unidentified intermetallic compounds and the

following stages to the formation of intermetallicsisotypic with CeM njAlg and YbFeAl .

X-ray diffraction / Aluminium alloys/ Amor phous alloys/ Nanostructured materials/ Phase transfor mation

Introduction

Amorphous metallic alloys (AMA), and especially
Al-RE-TM (RE= rare-earth metalTM = transition
metal) Al-based alloys, attract interest becausheif
remarkable properties, such as good ductility and
corrosion resistancg.,2]. It is a well-known fact that
nanocrystallization can improve the corrosion
resistance and mechanical properties of Al-based
AMAs. Understanding the processes of primary
crystallization helps controlling the
nanocrystallization and may, consequently, improve
the properties. The alloys of the -AM-Ni ternary
system have relatively broad ranges of existentheof
amorphous state in comparison with otherRE—TM
systems[1]. That is why the investigation of this
system is attractive for doping its alloys with eth
elements in a broad range and evaluating the infleie
on the thermal stability and other characteristics.
There is a large amount of data in the literabue
the crystallization of AHRE—TM amorphous alloys.
The AksYNisx (X =5, 7, 8, 10) AMASs undergo three
stages of crystallization for the alloys with x 7 B
and four stages for x = 8, 18]. For the alloys with
x =5, 7, 8, Al nanocrystals were observed after th
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first stage of crystallization. An unknown intermaiit
compound (IMC) crystallized after heat treatment of
the AlgsY oNis AMA. Besides, an increase of the Y
content shifts the primary crystallization to highe
temperatures.

Sahoo et al. [4] reported two stages of
crystallization for Ad;,LaNig (X = 4-7) AMAs. The
primary crystallization leads to precipitation off (for
X = 4, 5). The following stages lead to crystalii@a
of Al and of an unknown intermetallic compound (for
Xx= 6), or only of the unknown intermetallic
compound (for x= 7). The final stage of
crystallization leads to precipitation of two phase
(LasAl;; + NiAlg) for x= 4-6 and three phases
(LasAl1; + NiAlz + Al) for x = 7. Gao and Shifldb]
reported three to five stages of crystallizatiomr fo
AljoxyGNiy (x= 3-12, y= 3-10). Al and an
unknown IMC appeared at the first stage of
crystallization of  A§GdiNis, Alg;Gd;1Ni3,
AlgsGdi Niz and AksGdgNi;, while crystallization of
Al was observed for the other alloys.

According to [6], the iron-containing alloy
AlggY,Fe; crystallizes in three stages with
precipitation of nanoparticles of Al at the firgage.
Three stages of crystallization were observed for
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AlgoYsFQ:,, A|85Y7.5Fe7_5 and AlgoYloFelo alloyS with
crystallizing of an IMC at the first stadé]. Doping

of ternary alloys by a fourth component allows
changing their thermal stability and other paramsete
Replacement of only 1at% of La by Ti in an
Alg/LagNi; amorphous alloy prevents crystallization of
unknown intermetallic phases and leads to
crystallization of Al at the first stage of crydizhtion
[8]. Replacement of 1at.% of Ni by Cu in the
AlgeSmyNig AMA shifts the primary crystallization of
Al by about 17 K to higher temperatur€§. Yanget

al. [10] reported three stages of crystallization for
AlgsY g, NisCoFe, (x = 0-5) with precipitation of Al at
the 1-st and 2-nd stages for x = 0, 2 and of biaaugy
ternary intermetallic compounds (also metastalie) f
other alloys.

Analysis of[1-10] reveals that an increase of the
content of rare-earth and/or transition metal elgme
has a complex influence on the thermal stabilitd an
phase content of the alloys after crystallization.
Summarizing the data presented above one can
conclude that crystallization of AMAs strongly
depends on the AMA content and is a complex
process that needs additional investigations.

In our recent investigatiofl1] it was shown that
partial substitution of Fe for Ni in the A¥sNig alloy
slows down the diffusion of Al atoms and shifts the
crystallization to higher temperatures, while prti
replacing of Y by Gd has the opposite effect.

The aim of the present work was to study the
doping effect of anotherRE Dy, and of the
3d-element Fe on the thermal stability of the
Alg;YsNig amorphous alloy. We will also focus on the
thermal stability and crystallization process ot th
AMA as a function of the quantity of doping elenrgent

Experimental procedure

The basic amorphous alloy 4YsNig and three other
alloys: Alg;DysNig, Alg;Y4Dy;Nig and Ak/DysFes,
were prepared by the melt spinning technique in
helium atmosphere, in the form of ribbons with a
thickness of about 60m and a width of 15 mm. The
melt was prepared from pure metals and bifRERl 3
(RE=Y, Dy) compounds. The purities of the initial
metals were the following: Al — 99.999 wt.%, Ni-—
99.99 wt.%, Fe — 99.99 wt.%, Y — 99.96 wt.%, and
Dy — 99.99 wt.%. Rare-earth metals in the form of
binary compoundfREAI; were primarily obtained by
the arc-melting technique from metals of the same
purity.

In order to study the crystallization of the above
mentioned alloys the following experimental
techniques were used:

1. Differential scanning calorimetry (DSC, Perkin-
Elmer Pyris 1). The samples (about 15 mg) were

used. The data were evaluated by applying the
standard program Pyris.

2. X-ray diffraction (XRD, X'-Pert Philips
PW 3040 diffractometer, Cu, radiation with a
monochromator on the reflected bean® fange:
10-140, scanning step: 0.04 This method was used
for samples in the as-quenched state and annetled a
elevated temperatures. Annealing was carried aut fo
samples sealed into evacuated quartz tubes anedheat
at a heating rate of 20 K/min up to the temperature
corresponding to the end of the DSC peak, and then
guenched in water. In order to determine the strect
of the examined material, the Rietveld method was
used (standard FullProf and PCW prografs)13]
X-ray diffraction data was also used for the
calculation of the average crystallite size (+2019%)
the Williamson-Hall methogiL4].

3. High-resolution electron microscopy (HREM,
JEM 3010 electronic microscope). The microscopic
observations were used in order to confirm (or tu)
data obtained by the DSC and XRD techniques.

Results and discussion

Fig. 1 presents X-ray diffraction patterns obtained for
the examined alloys in the as-quenched state. The
profile confirms the amorphous state of the initial
alloys.

200 -
100+ o ALY Nig
0+ s
1200 4 /
;800
= .
:vi 400 _J’\ Alx7Y4Dle1x
2 o]
‘% 1200 |
g 800
S J
400 Al Dy Nig
04
600 /&‘W
400
Al_Dy Fe
20 N, NI

— T — T T

0 ———T—T LA
20 30 40 50 60 70 80 100 110 120 130

20,°

90

Fig. 1 XRD patterns of the initial amorphous
alloys with Dy (Cu k).

3.1 DSC study of amorphous alloys

Fig.2 presents DSC curves obtained for the
amorphous alloys containing Dy with a heating afte
20 K/min. The Fe-free alloys crystallize in three
stages. The first maximum, corresponding to the
primary crystallization of the AMA, takes placetimre
temperature range 442-527 K.

Partial replacement of Y by Dy (1 at.%) causes a
shift of the first DSC maximum to lower temperature

encapsulated in aluminum capsules and heated up to by 22 K, which can be interpreted as a reductiothef

850 K at heating rates of 10, 15 and 20 K/min. As

thermal stability of the AMA. Complete substitution

reference plate the same empty aluminum capsule was of Dy for Y decreases the temperature of primary
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crystallization by another 21 K. Replacement of
8 at.% of Ni by Fe severely changes the shapeeof th
DSC curve and improves the thermal stability of the
AMA by more than 100 K. This alloy crystallizes5n
stages. The last DSC maximum, at about 780 K, is
very broad and shallow in comparison with the other
ones, as it is seen fronfrig.2b. Characteristic
temperatures of the DSC maxima are presented in
Tablel.

In our previous work11] on Alg/REsTMg alloys
with RE= Y, Gd we did not present results on the
activation energy of crystallization of the amorpbko

alloys. These results are presented in the pregmki
discussed in details and compared with those addain
for the Dy-containing AMASs.

The activation energy was determined according to
the Kissinger equatiofi5] for heating rates of 10, 15
and 20 K/min from the slope of the curve IA{/vs.
1T, where b is the heating rate arij} is the
maximum temperature of the peak . These curves,
plotted inFig. 3 for each of the exothermic reactions,
show linear dependencies. The activation energies
were determined from the Kissinger plots for ak th
investigated alloys (seeable2).
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Fig. 2 (a) DSC curves for AlIREsTMg (RE= Y, Dy; TM = Fe, Ni) amorphous alloys obtained at a heating
rate of 20 K/min; (b) final stages (lll, IV and df crystallization of the ADysFe;s AMA.

Table 1 The characteristic temperatures of the DSC cuo¥e@SMAS: Timax Tomax Tamax Tamaw Tsmax are the
maximum temperatures of the first, second, thiodrth, and fifth exothermal peaks.

AMA Tlma» K T2ma>o K T3ma>o K T4ma>o K T5ma>o K
Alg7Y sNig? 505 602 632 - -

AlgY 4Dy;Nig 483 604 630 - -
Alg:DysNig 462 607 629 - -
Alg-DysFe; 611 633 672 693 786

 data taken fromi 1]

Table 2 Activation energyE, 1.5 corresponding to the crystallization stages gfRETMg (RE=Y, Gd, Dy;
TM = Fe, Ni) amorphous alloys (in kJ/mol).

AMA Ea,l Ea,2 Ea,3 Ea 4 Ea,5
Alg;Y 5Nig 203+29 261+24 221+12 - -

Alg;Y 4GdiNig 14645 25527 20415 - -
Alg;GdNig 19945 268+1 213+1 - -
Alg;GANiFey 25615 333+21 227+8 - -

Al 87Y4Gd1Ni4Fe4 24145 31745 23316 - -

Al 87Y4Dy1Ni8 19445 265+13 20746 - -

Al gDysNig 163+2 26745 209+2 - -
AlgDysFe, 267+1 17647 207+1 178+1 420451
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Fig. 3 Kissinger plots for the first (a), second (b) ahuid (c) exothermic DSC peaks for the Ni-contagin
Alg:RETMg (RE= Y, Gd, Dy; TM = Fe, Ni) alloys and for the five DSC exothermieags (1-5) for the
Alg-DysFes amorphous alloy (d).

3.2 XRD and HREM study of alloys Additional examinations were performed on

In order to study the primary crystallization bét samples annealed for 1 h at 518 K fog/BlysNig and
AMAs the examined samples were sealed into 527 K for Ak;Y sDy;Nis. Fig. 5 presents results for the
evacuated quartz tubes and were heated at a heatingl h-heat treated ADysNig AMA. One can notice that
rate of 20 K/min to the temperature of the endheaf t Al(RE) nanograins (dark black, approximate size
first DSC maximum, and then quenched in water. The 20 nm) are scatted randomly in an amorphous matrix.
obtained XRD patterns for the #Y,Dy;Nig and The crystallite sizes calculated from the XRD daya
Alg;DysNig alloys are presented kfg. 4. applying the Williamson-Hall method are close to

According to the XRD data the first stage of those obtained from the HREM data (sEeble3).
crystallization can be attributed to formation of A The volume fractions of the Al nanocrystalline phas
nanograins. Analysis of the XRD spectra obtained fo after different stages of crystallization are also
these samples shows that the unit cell paramefers o presented (se€able4).
the observed Al phase in both cases are slightjefa One can see dark grains of RKE) on Fig.5 and
than for pure Al (0.40494 nm): 0.4056(1) nm for both light and gray regions of amorphous matrixctsu
Alg:DysNig and 0.40522(7) nm for AlY ;Dy;Nig. This splitting of the amorphous matrix into two partsiicb
probably means that the heat treatment causes be related to different distributions of rare-earth
formation of a solid solution ARE). However, this elements. Another possibility could concern the
fact does not object to the possible segregation of formation of primary and secondary induced
RE-elements at the Al-nanocrystals/amorphous matrix Al-nanocrystals after 1 h heat treatment. If thisrue,
boundaries, as reported by Hoegtoal [16]. the three fields (primary and secondary Al-
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Fig. 5 HREM image of the AkDysNig AMA
heat-treated at 518 K for 1 h.

Table3 The crystallite size ¥) and average microstrainet0.5) of the AIRE) grains for
Alg;Ys,Dy,Nig (x =0, 1, 5) AMAs heated at 20 K/min to the arimgatemperatur@ .

I-st stage of crystallization II-nd stage of cryitation
AMA Annealing Crystallite | Microstrain, Annealing Crystallite | Microstrain,
temperature size % temperature size %
Tann K D, nm Tann K D, nm
Alg;YsNig 512 15 2 612 30 2

Table 4 The volume fraction of nanocrystals after stagad Il of crystallization.

AMA Volume fraction of AIRE) nanocrystals (+0.05)
I-st stage II-nd stage
Alg7YsNig 0.28 0.39
Al 37Y4Dy1Ni8 0.32 0.45
nanocrystals and the remaining amorphous matrex) ar compound RENisAl;g  with  GdNisAlo-type

observed on the HREM image. structure[17].

XRD spectra of the amorphous alloys containing As can be seen froiffable5, the lattice parameters
Dy, heated up to temperatures after the second DSC of the Al grains, refined from the XRD patterns,
peak, are shown iRig. 6. The patterns are similar: in  decrease from the first to the third stages of
all the cases Al diffraction lines and diffuse $eahg crystallization, but in all cases they are lardenrt for
(which is attributed to the remaining amorphous pure Al (0.40494 nm), which could indicate the
matrix) are observed. formation of a solid solution ARE). The decrease of

X-ray diffraction patterns obtained for the the lattice parameters of AE) could be related to the
Alg;DysNig and Ak;Y;Dy;Nig AMAs after the third formation of pure Al-nanocrystals at the secondiesta
stage of crystallization are presented Fig.?7. of crystallization.

For these alloys it is the final stage of crystaition. Results of the Rietveld profile refinement of the
The XRD patterns contain reflections from XRD data for the A;DysNig alloy are presented in
two phases: ARE) solid solution and a ternary Fig.8 The XRD profile and the refined cell
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parameters for the DRMisAlyg intermetallic
compound &= 0.40685(5) nm,b= 1.5941(2) nm,
c= 2.6975(3)nm) are in good agreement with
literature dataa = 0.40893(7) nmp = 1.5993(2) nm,
€c=2.7092(4) nm17].

The crystallization path of the ADysFe alloy
differs completely from those of the two other
investigated Dy-alloys, as can be seen frbim. 9.
Crystallization occurs in 5 stages. The first stage
crystallization is attributed to the formation oh a
unidentified intermetallic compound (or compounds).

It is marked ass-phase. After the second stage of
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Fig.6 XRD patterns of amorphous alloys
heated up to different temperatures after
having reached the second stage of
crystallization.

crystallization the AMA consists of Al(Dy), the IMC
DyFegAlg with CeMnAlg-type structure and the
unidentified compoundofphase) from the previous
stage of crystallization. The third stage of
crystallization is attributed to the formation of(By)
and the IMC DyFgAlg. The c-phase decomposes,
while traces of another unidentified IMGi-phase)
appear in the XRD pattern. The XRD patterns
corresponding to the fourth and fifth stage of
crystallization indicate the following phase cornten
Al(Dy), the IMC DyFeAl,q with YbFeAl s type
structure and theu-phase. The fourth stage of
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Fig. 7 XRD patterns of amorphous alloys
heated up to different temperatures after
having reached the third stage of
crystallization.
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Rietveld refinement (dots and line are experimeatal theoretical data, respectively; the differetiegram
is shown at the bottom; * — ARE), o — DysNisAl g, residuals R= 3.29%, R, = 4.24%, GoF = 1.19).
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Table 5 Lattice parameters of ARE) after stagé, II andIlI of crystallization (in nm).

AMA I-st stage II-nd stage I1I-rd stage
AlgYsNig? 0.4059(2) 0.4055(1) 0.40522(6)
Alg7Y ,Dy;Nig 0.4061(3) 0.40557(7) 0.40527(4)
AlgDysNig 0.4064(2) 0.40544(5) 0.40518(3)

@ data taken froril1]
crystallization probably corresponds to decompaositi 462 K) and total substitution of Gd for Y

of the DyFgAlg intermetallic compound. The last
exothermic effect is very small (s€@. 2b). Based on
this, one can conclude that the last (fifth) exotiie
DSC maximum for the A}DysFes amorphous alloy
corresponds to crystallization of the remaining
amorphous phases, with the same products of
crystallization as mentioned earlier.

The last crystallization stage of the Fe-free
Alg;RENig alloys occurs in the temperature range
621-639 K, while for the AlDysFe alloy this
temperature range is considerably higher: 750-808 K
(see Fig.2). Partial replacement of Y by Dy
(Alg7YsNig — AlgrY4Dy;Nig) shifts Timax to lower
temperatures by about 20 K (séeble ). Total
replacement of Y by Dy (A}YsNig - Alg/DysNig)
causes an additional shift of this maximum by 22 K.
As reported previously11], the doping effect of
anotherRE Gd, is similar. Partial substitution of Gd
for Y (AI 37Y5Ni8 - Al 87Y4Gd1Ni8) shifts the
crystallization to lower temperatures (from 505« t

56 Chem. Met. Al

(Alg7YsNig — Alg;GdsNig) shifts it down to 478 K.

As it can be seen fronTable2, partial and
complete substitution of Fe for Ni causes a sigaiit
increase of the activation ener@y, with respect to
the basic alloy A YsNig. Partial replacement of Y by
Gd has the opposite effect (the activation endtgy
decreases significantly), but complete replacenoént
Y by Gd causes almost no further changeEgf.
Partial replacement of Y by Dy causes minor changes
of E,, while the complete replacement of Y by Dy
reduces it significantly.

The second crystallization stage is characterized
by approximately the same activation enekgyy for
all the alloys containing no Fe, approximately
265-270 kJ/mol. For the alloys containing Fe (excep
the Al;DysFe; alloy), E,» is also approximately the
same. For the third (and final) stage of crystatian
of the investigated AMAs there are similar tendenci
as for the second stage: the value of the activatio
energy is approximately the same for all the alloys

loy$s (2012)
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without Fe and is equal to ~210-220 kJ/mol whereas

for the alloys with Fe it is slightly higher,
~230 kJd/mol.
Comparing the crystallization temperature,

activation energy of crystallization and phase eont
for different AMAs (except the AlDysFe alloy), it
can be seenTg@ble ) that doping of the reference
Alg;Y:sNig alloy by otherRE elements reduces the
temperature of primary crystallization, while
Fe-doping increases it considerably. It should &lso
noted that the values of the activation energyhef t
second stage of crystallizationable 9 are almost the
same and do practically not depend on fRE
element. This means that tRE elements play a key
role at the first stage of crystallization. The a§r
analysis shows the formation of an RK) solid
solution at the first two stages of crystallizatfon the
Ni-containing alloys. These results can be intdgate
as formation of AIRE) nanocrystals from an
amorphous matrix at the first stage of crystallaat
and thermally induced crystallization at the second
stage of crystallization (when additional energy of
nucleation is needed). Contrary to the doping éfféc
the RE Fe slows down the diffusion of atoms at all
crystallization stages and takes part in the
crystallization only at the final stages.

The crystallization path of the ADysFeg
amorphous alloy differs completely from those daf th
Ni-containing alloys. Its crystallization occurs B
stages. It may be noted that the similar alloy Wih
Alg;DysNig crystallizes in three stages.

The atomic ratio of the transition and rare-earth
metal is almost the same for the amorphous alloys
Alg:RENig (TM:RE = 1:0.625) and the crystallized
ternary IMC RENisAl;9 (TM:RE = 1:0.6). For the
crystallization of the IMC from the amorphous matri
there is an excess of Al and a small excesRBin
the Ak/REsNig AMA, which crystallizes as a solid
solution AIRE. The composition of the AY:sNig
alloy corresponds to the two-phase equilibrium
<Al + Y3NisAl >, according to the equilibrium phase
diagram of the ternary system Y-Ni-Al8]. The
crystallization path of this amorphous alloy occhys
an equilibrium mechanism and corresponds to the
Y-Ni—Al phase diagram.

According to the XRD results the crystallization
path of the A};DysFes amorphous alloy can be
described by the following scheme:

AMA — (amo) +6 — Al(Dy) + DyFegAlg + 6 —
Al(Dy) + DyFeAlg + u— Al(Dy) + DyFeAl 10+ p.

As it was described earlier, the ratio between the
content of transition metal and rare-earth metatte
amorphous alloy AlDysFe (TM:RE= 1:0.625) is
higher than for the crystalline IMCs DyjAdg
(TM:RE= 1:0.25) and DyF&Al,, (TM:RE= 1:0.5).
So, it is possible to deduce that thghase, which
appears at the first stage of crystallization, ighase
containing a larger amount of rare-earth metal. The
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second stage of crystallization is attributed to
decomposition of the amorphous matrix (amo) into
Al(Dy) and DyFgqAlg. The following (3-rd) stage of
crystallization corresponds to decomposition of the
rare-earth rich o-phase into Al(Dy), a residual
unidentified IMC (1-phase) and DyRAls. The fourth
stage of crystallization is attributed to decomposi
of the IMC DyFgAlg into DyFeAl,, Al(Dy) and
u-phase. The IMC DyRAl 4, contains twice less Fe
than DyFgAlg, and the excess of Fe probably
crystallizes as a Fe-rich intermetallic compoumd (
Investigations for the identification of the and
u-phases are in progress.

Conclusions

Thermally induced crystallization of @l sNig
amorphous alloys doped with Dy and Fe has been
investigated.

The Ni-containing alloys AbY,Dy;Nig and
Alg;DysNig crystallize in 3 stages. Replacement of Y
by Dy(Gd) shifts the primary crystallization to lew
temperatures and decreases the crystallization
activation energy. Th&E elements play a dominant
role at the first stage of crystallization. Thesfitwo
stages of crystallization of the AMAs without Feree
attributed to the formation of nanograins of RHE)
solid solution. At the third, final stage, precgiibn of
the ternary compound2ENisAl 19 with orthorhombic
GNisAl gtype structure occurs.

The Fe-containing amorphous alloy gAlysFe;
crystallizes in 5 stages. Fe-doping slows down the
diffusion of Al atoms in the amorphous matrix and
increases the thermal stability of the amorpholoy sl
by about 100 K and increases the activation enefgy
primary crystallization. Complete crystallizatiohtbe
Alg:DysFes AMA leads to the formation of two
unidentified intermetallic compounds @nd p) and
two other IMC with CeMpAlg- and YbFegAlq,type
structures.
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