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THE SOLIDIFICATION OF Al-Ni-Fe DECAGONAL QUASICRYSTALLINE
ALLOYS

The formation of quasicrystalline decagonal phase and related crystalline phases in the structure of
the Al-Ni-Fe alloys was investigated. The decagonal phase exhibits two modifications (AlFe- and AINi-
based) depending on the composition. In the Al,NiysFe;s alloy it coexists with monoclinic AlsFeNi phase.
Upon cooling at 50 K/min, only two major exotherms are detected for this alloy in the temperature range of
850-950 °C. In the Aly; ¢NiysFes 4 alloy the crystalline Alys(Ni,Fe),, Als(Ni,Fe),, and Aly(Ni,Fe) phases are seen
adjacent to the quasicrystalline decagonal phase. With falling temperature the quasicrystalline phase forms
between 940 °C and 890 °C and other phases appear at 850 °C, which indicates that this alloy follows a
various crystallization path. Stability of the quasicrystalline D-phase up to room temperature was shown to
be connected with its incomplete decomposition during cooling at a rate of 50 K/min. Besides, the as-cast
alloys contain various quantity of the quasicrystalline D-phase. The Aly;¢NixFes4 alloy has more than twice
larger volume fraction of this phase. A dependence on alloy composition was observed as well, with the
Al Fe;sNiys alloy having substantially higher values.
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JocJtizkeHo npouecy YTBOPeHHs! KBa3iKpUCTAIIYHOI JeKArOHAJIBHOIL Ta CIIBICHYI0YMX KPUCTATIYHUX
¢a3 y crpykrypi ciagis Al-Ni-Fe. Beranosiieno ¢opmyBanus aBox moauikauiii rexaroHanbHoi (azu
(AlFe- i AINi-Tum) 3aexHo Bix ckiany ciiaBy. Y cmasi Aly,NijsFe s Bona cniBicHye 3 MoHOKTiHOKO da3o10
AlsFeNi. ITix yac oxos10/1KeHHs HHOro cnuiaBy 3i wBKAKicTIO 50 K/XB B TeMnepaTypHomy inTepBasi 850-950
°C BUSIBJIEHO JIMIIE JBA OCHOBHHX eHIoTepMiuHux eextu. Y cmiaBi Aly¢NinxFes, kBasikpucramiuna
JexkaronajibHa (pa3a orouena kpucramiuynuvu pazamu Aljs(NiFe),, Aly(NiFe), i Aly(Ni,Fe). 3i 3umxennam
TeMIepatypH kBasikpuctamiuna D-¢aza ¢popmyernes B TemneparypHoMy inTepsasti mixk 940 °C Ta 890 °C,
a inmi ¢asu 3’sBasioTbes 3a Temmepatypu Oinst 850 °C, mo Bkasye Ha pi3Hi ILISAXH KpucTaizamii
aociixenux ciiasiB. [lokasano, mo cTaldiIbHiCTh KBA3IKPUCTAIIYHOI IeKArOHAJILHOI (pa3H 10 KiIMHATHOL
TeMIepaTypu Moske OyTH NOB’s3aHA 3 il HEMOBHUM PO3MAJ0OM NPH OXOI0AKeHH] 3i mBuakicTio 50 K/xB.
KpiMm Toro, muTi cnyiaBu MicTaTh pisHy KibKicTh KkBasikpucTaiaiyHoi D-¢pa3u. O6’emunii BMicT wi€i dazu y
caBi AlygNipFes, Gibin Hisk y aBa pasu nepeminye i Bmict y cmiasi Al,NijsFe;s. Beranosiieno
3aJIeKHICTh Li€l XapaKTepUCTHKH BiJ CKJIaay CIUIaBy, a caMe CyTTeBe MiABHILEHHS] MIKPOTBEPAOCTi CIVIaBy

KorodoBi c1oBa: kBasikpucramiuHa qexaroHanbHa ¢asa, (pa3oBi mIepeTBOPEHH, TEMIIEPATypH PeaKiii,
MIKPOTBEPAICTE.

Hccnenoanbl  mpouecchl  00pa3oBaHMsl  KBa3sHKPHCTAUIMYECKOH W COCYLIECTBYIOIIMX
Kpucraumieckux a3 B crpykrype ciiiaBoB Al-Ni-Fe. YcraHoBieno ¢popmupoBanue aByx Moaupukanmii
nexaronaiabuoii ¢a3el (AlFe- u AINi-Tum) B 3aBucumocTd OT cocraBa. B cmiaBe Aly,NijsFe;s ona
cocyliecTByeT ¢ MOHOKJIMHHOI (pa3oii AlsFeNi. [Ipn oxnaxkaenun 31oro cmiasa co ckopoctbio 50 K/mMun B
TemrnepatypHoM nHTepBaje 850—-950 °C o0Hapy:keHO TOILKO IBa OCHOBHBIX JHI0TepMUYecKHX P dexTa. B
ciaBe  AlygNixgFes, KBasMKpucTaIMYecKasi JeKaroHadbHasi (¢aza oOKpy:KeHa KPHCTALTHYECKUMM
azamu Alyz(Ni,Fe),, Aly(Ni,Fe), u Alx(Ni,Fe). IIpn noHu:keHHMH TeMmepaTypbl KBa3uKpucTainueckass D-
¢daza popmupyercs B temneparypHom untepBaie mexay 940 °C u 890 °C, a octanbHble (pa3bl MOSABISIOTCS
npu TemmepaTtype okoi0 850 °C, 4ro yka3bIBaeT Ha pa3Hble MYTH KPUCTALIH3ALMH HCCIET0BAHHBIX
cmiapoB. IlokazaHo, 4To cTa0MIIBHOCTH KBA3HKPHCTALIMYECKON JeKaroHAIbHOIH (a3l 10 KOMHATHOM
TeMIIepaTypbl MOKeT ObITh CBSI3aHA C ee HelOJHBIM PACIIaZoM NPH OXJIAXKIEHHH €O cKopocThio 50 K/Mun.
Kpome Toro, JinThie cILIaBbI cOep:KaT pa3sHOe KOJIMYeCTBO KBasHKpHcTaLIMYeckoil D-¢aspl. O0bemMHoe
cozrepikanue 3Toii pa3bl B cuiaBe Al gNiysFes 4 Gostee yeM B 1Ba pa3a MPEBBILIAET ee COIePKaHMe B CIUIaBe
Al,NijsFe;s. Yeranopiiena 3aBHCHMOCTH JITOl  XapaKTEePUCTHKH OT COCTaBa CILIABA, A MMEHHO
CyIIECTBEHHOE MOBBIIIEHHE MUKPOTBepaocTH ciiaBa Al,,Fe;sNijs.

KnroueBble ci10Ba: KBa3WKpPHCTAUIMYECKas JeKaroHanbHas (asa, (a30Bble IPEBpAICHHS,
TeMIIepaTyphl peakuuil, MUKPOTBEPAOCTb.
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1. Introduction

In the last decades, much basic and applied research has been dedicated to
quasicrystalline alloys. The wide range of applications of this specific set of materials
ensures a continuous and prolific interest from the academic and industrial communities
[1]. A quasicrystalline decagonal phase was found to form at compositions very close to
Alz,NizFess and Alyy gNixgFes, [2, 3]. Grushko et al. discussed the stability of this phase
and argued that it could be as stable as periodic crystalline phases [4]. However, de
Laissadiere et al. asserted in a review paper that decagonal quasicrystals in the Al-Ni-Fe
system are to be regarded as metastable [5]. It was suggested that the decagonal phase
appears as an intermediate state during the formation of Alyz(Fe,Ni), from the liquid.

Taking into account some discrepancies concerning the stability of the decagonal
quasicrystalline phase observed in the Al-Ni—Fe alloys, the aim of the paper is to
investigate the solidification reactions involving this phase.

2. Experimental procedure

The alloys with nominal compositions of Al;;Fe;sNijz and AlzygNissFes, were
prepared of high purity (99.99 pct.) aluminum, nickel, and iron. These elements were put
in a graphite crucible and melted using Tamman furnace. The cooling rate of the alloys
was 50 K/min. In order to verify the bulk compositions, inductively coupled plasma
optical emission spectroscopy was applied for the examination of selected samples. The
relative precision of the measurements was better than + 3 pct.

The instruments used in the microstructural characterization of the investigated
alloys were mainly optical microscopes (OM) Neophot and GX-51, quantitative analyzer
Epiquant, scanning electron microscope (SEM) POMA 102-02. The alloys were also
studied by powder X-ray diffraction (XRD) using CuK, radiation. The local phase
compositions were determined in SEM by energy dispersive X-ray (EDX) analysis on
polished unetched cross sections. The usual scattering of the measurements was about +
0.25 at. pct. The reactions involving the decagonal quasicrystalline phase were
investigated by means of differential thermal analysis (DTA). DTA measurements were
carried out using open alumina crucibles. Two heating and cooling curves were recorded
for each sample at a heating rate of 50 K/min. The Vickers microhardness was measured
with a diamond indenter with a 50 g load. The porosity level was determined by image
analysis to be approximately 5 pct.

3. Results and discussion

The investigated as-cast alloys exhibited different microstructure. The results of
metallographic and XRD analyses of Al;,FeisNiy; alloy are summarized in Fig. 1 and Fig.
2. Two ternary compounds were observed in the structure: monoclininc AlsFeNi and
decagonal quasicrystalline (D) phases. Thermal effects represented by DTA results
showed the formation of D-phase at 950°C and AlsFeNi at 845°C (Table 1). As the D-
phase was found at room temperature the stability of this phase with respect to
decomposition into its neighboring phases is clearly confirmed. Taking into account the
fact that the binary quaiscrystalline D-AlggFe4 phase is metastable in Al-Fe system it can
be deduced that this phase becomes more stable with the dissolution of Ni.
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Fig. 1. The OM images of the as-cast Al,,Fe;sNiy3 alloy: a — x200; b — x400.

100 100 =
i A D'Phase_ & D-phase
80 ) X A|5FBNI x AlsFeNi
~ 60+ .
53 1 3]
N £
i 40 - L
20 -
0 T T T 1 T 1 T 17
30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
20 (degree) 20 (degree)
@ (b)
Fig. 2. XRD pattern obtained from the as-cast Al;,Fe;sNiy; alloy: a — before DTA,;
b — after DTA.
Table 1
Summary of the identified phases and DTA data of the as-cast Al-Ni—Fe alloys
Alloy Identified phases .Reactlons temperatures, °C -
on heating on heating
. D-phase 960 960
AlrzFessNizs Al FeNi 860 860
D-phase 950 950
. Al;(Ni,Fe), 1020 1020
Alz NizsFes o Al(Ni.Fe) 865 865
Al5(Ni,Fe), 865 865

Metallographic examination of Al;;¢NiysFes, alloy revealed the existence of the
following phases: decagonal D-phase, monoclinic Als(Ni,Fe)s, hexagonal Als(Ni,Fe),,
and orthorhombic Als(Ni,Fe) (Fig. 3). As shown in Fig. 4, the XRD patterns confirmed
this conclusion. At 940 °C the decagonal phase was in equilibrium with the liquid and
Alz(Ni,Fe),, and at 850 °C with Al3(Ni,Fe)s, Alz(Ni,Fe),, and Alz(Ni,Fe) due to its
decomposition to the mentioned three crystalline phases upon cooling. A summary of the
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reactions temperatures derived from DTA data is given in Table 1. The decagonal phase
is based on D-AlgNi,q, compound and stabilized with the addition of Fe, which is in
excellent agreement with the conclusions made in Ref. [2].

@ (b)
Fig. 3. The OM images of the as-cast Al;; ¢NixFes 4 alloy: a —x200; b — x400.

10 1 4 D-phase 1007 A D-phase
X AlNi, 1 X ALNi
80 = ALNi 80 " - AlaNiz
- ® A|13Fed ] [ ] AI:BFB‘
60 - 60 -

I (pet.)
I (pct.)

40 -

30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
20 (degree) 20 (degree)
@ (b)
Fig. 4. XRD pattern obtained from the as-cast Al; gNi,sFes 4 alloy: a — before DTA;
b — after DTA.

Thus, analysis of the as-cast Al,,Fe;sNiiz and Al ¢NixsFes4 alloys revealed that
some quantity of the decagonal phase formed during solidification can remain down to
room temperature, as microstructurally evidenced in Fig. 1 and Fig. 3. These results point
to the possibility of extending the compositional limits of the decagonal phase by cooling
at 50 K/min. Besides, measurements showed that the decagonal D-quasicrystals of
Alz,FeisNigs alloy possess a higher microhardness than that of D-phase of Al;;¢NissFes,
alloy (Table 2). Despite the lower volume fraction of the D-AlFe type phase the total
microhardness of Al,,Fe;sNiy; alloy exceeds that of Al;; gNissFes 4 alloy. The role of alloy
composition in increasing microhardness is most probably a microstructural effect.
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Table 2
Summary of the quantitative metallographic analysis and microdurometric measurements of the as-
cast Al-Ni—Fe alloys

Alloy D-phage volume D-phase microhardness, _ Total alloy
fraction, pct. GPa microhardness, GPa
AlFe;sNigz 13.7+0.1 10.8+1.33 6.1+0.7
Al ¢NiysFes 4 32.0+0.1 9.2+0.47 4.740.3

4, Conclusions

From the results presented, it follows that the investigated alloys contain
thermodynamically stable decagonal phase. The quasicrystalline phase of Als,FejsNiys
alloy coexists with AlsFeNi. At a temperature of about 940 °C the D-phase of
Alz; gNixsFes 4 alloy is in equilibrium with Alsz(Ni,Fe), and the liquid phase, and between
800 and 850 °C it transforms to Alz(Ni,Fe), Alis(Ni,Fe),, and Alz(Ni,Fe),. The alloys
microhardness was found to be dependent on the alloy composition, with the Al;,FesNiss
alloy showing a substantially higher microhardness compared to that of the Al gNissFes 4
alloy.
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