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bstract

The occurrence of stable decagonal quasicrystalline phase in Al–Co–Ni and Al–Cu–Co alloys through conventional solidification is well
stablished. Earlier, we have studied the effect of Cu substitution in place of Co in the Al70Co15Ni15 alloy. Here we report the structural/micro-
tructural changes with substitution of Cu for Ni in rapidly solidified Al–Co–Ni alloys. The melt spun ribbons have been characterized using X-ray
iffractometry, scanning and transmission electron microscopy. With an increase in Cu content in the melt spun Al70Co15CuxNi15−x (x = 0–15 at.%)
lloys, the relative amount of the decagonal phase decreased up to 10 at.% of Cu. At this composition, the quaternary alloy showed the co-existence

f decagonal quasicrystal and superstructure of �3 vacancy ordered crystalline phases. The decagonal phase containing Cu showed more disordering
han Al–Co–Ni alloys. The implication of the structural and microstructural changes due to Cu substitution in stable decagonal quasicrystals will
e discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Quasicrystals are intriguing because they require one to
econsideration of all the basic concepts that have been devel-
ped for periodic crystal. After the discovery of icosahedral
uasicrystals (IQC) by Shechtman et al. [1], many more alloy
ystems exhibiting various classes of quaiscrystal have been
eported [2]. Among those the icosahedral and the decagonal
hases have been studied most extensively. Icosahedral (I) phase
s quasi-periodic in three dimensions with a point group of m3̄5̄,
hile the decagonal (D) phase is quasi-periodic in two and
eriodic in the other dimension, with point group 10/mmm [3].
he two stable classes of two-dimensional quasicrystal having
ecagonal symmetry are reported in Al–Co–Ni and Al–Co–Cu
ernary systems [4]. The stable decagonal phases with composi-

ion of Al65Co15Cu20 (numbers indicate at.%) and with different
eriodicities of ≈4, 8, 12 and 16 Å were reported by He et al.
5] and confirmed by Tsai et al. [6]. Grushko and Urban [7]
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tudied the solidification behavior of D-Al65Co15Cu20 and D-
l65Co20Cu15 and found that the D phase melts incongruently.
he Al–Co–Cu phase diagram and stability of the D phase were
tudied in detail by Grushko [8]. The other stable decagonal
uasicrystals in Al70Co15Ni15 system have been investigated by
sai et al. [9]. The analysis of X-ray diffraction (XRD) results
f Al65Co15Cu20 has been shown to give rise to higher dimen-
ional space group of P105/mcm, whereas Al70Co15Ni15 belongs
o the symmetry group of P10/mmm [10]. A subtle change in
heir diffraction characteristics between the decagonal phases
f Al70Co15Ni15 and Al65Co15Cu20 has been observed in an
lectron diffraction study by Edagawa et al. [11].

The question concerning the stability of decagonal quasicrys-
al and the underlying stabilization mechanism are not yet fully
nderstood. Grushko et al. [12] have investigated the transition
etween the periodic and quasi-periodic structures of decagonal
l–Co–Ni alloy of as-cast and annealed condition. The effect
f the Si substitution for the conformation of the stability of
l–Cu–Co decagonal phase has been studied [13]. Recently,
he transition from decagonal to vacancy ordered phases (VOP)
n Al70Co15−xCuxNi15 alloy system have been investigated by
adav et al. [14]. It is important to note that the possibility of the

ormation of different VOPs by changing the alloy composition
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as been discussed in details [15]. The substitution of elements
or 3d transition metal atoms in Al70−xCo15Cux+yNi15−y alloys
eading to interesting structural variations has been reported by
ramanik et al. [16]. While deciding on the compositions of the
lloys investigated here the stable decagonal phases, namely
he Al70Co15Ni15 and Al70Co15Cu15 are considered. In the
resent investigation, we have substituted Ni with Cu in the
table decagonal phase Al70Co15CuxNi15−x gradually up to the
omposition Al70Co15Cu15. The phase evolution under rapid
olidification condition has been investigated in detail.

. Experimental procedure

The alloy with nominal composition of Al70Cu15CuxNi15−x

x = 0, 2.5, 5.0, 7.5, 10 and 15 at.%) were prepared in an argon
tmosphere by melting high purity Al (99.96%), Co (99.98%),
i (99.96%) and Cu (99.99%) using an RF induction furnace.
apid solidification processing (RSP) of the as-cast alloys were
onducted by melt spinning on to a copper wheel rotating at a
peed of ∼3600 rpm in an argon atmosphere. During the melt
pinning, the entire apparatus was enclosed in a steel enclosure
hrough which argon gas was made to flow continuously at pres-
ure of 4.5 MPa so as to prevent oxidation of the ribbons after
jection from the nozzle. The thickness and width of the RSP rib-
on were found to be ∼50 �m and ∼0.75–1.0 mm, respectively.
he structural characterization was done by employing a Philips
W-1710, X-ray diffractometer with a graphite monochromator
nd Cu K� radiation. For characterizing the surface features
canning electron microscope JEOL 840A W3 with a Kevex
igma-II energy dispersive X-ray analyzer was employed. The
ibbons were thinned using an electrolyte of 92% ethanol and
% perchloric acid at −14 ◦C. Further structural and micro-
tructural investigations of the sample were carried out using
Philips EM-CM-12 electron microscope, operating at a volt-

ge of 100 kV.

. Results and discussion

The surface morphology of the as-cast Al70Co15Ni15 and
l70Co15Cu15 alloys showed aggregates of decagonal needles,
hich have been reported earlier by Yadav et al. [17]. The elon-
ated needle structure has been characterized by transmission
lectron microscopy (TEM) and identified as D phase. The D
hase grows faster along the 10-fold direction compared to the
ther two directions. However, scanning electron microscopy
SEM) of other alloys containing Cu did not show any regular
r symmetric morphology like decagonal rods, rather it showed
ighly irregular shapes. This can be attributed to the effect of
u in the quaternary alloy during solidification.

Powder X-ray diffraction patterns of the Al70Co15CuxNi15−x

x = 0, 5, 10 and 15) alloys are shown in Fig. 1(a–d). After 5 at.%
f Cu substitution (i.e. Al70Co15Cu5Ni10), there is a distinct
eak broadening in X-ray diffraction pattern as exhibited by

ig. 1(b). After 10 at.% Cu substitution (i.e. Al70Co15Cu10Ni5)

n Fig. 1(c) both the decagonal and crystalline phases start
volving. It may be discerned from Fig. 1 that 5 at.% of Cu
n Al70Co15Cu5Ni10 alloy has a tendency to destabilize the

o
o
f
a

ig. 1. (a–d) Powder X-ray diffraction (XRD) patterns of the
l70Co15CuxNi15−x (x = 0, 5, 10 and 15).

ecagonal phase by increasing the substitutional disorder. When
he Cu concentration is further increased, the precipitation of a
rystalline phase similar to Al3Ni2 type vacancy ordered phase
ccur and this phase co-exist with the Al–Co–Cu type decagonal
hase (Fig. 1(c)). It is interesting to note that Mukhopadhyay
t al. [18] have also observed an evolution of the microcrys-
alline B2 phases (related to Al3Ni2 phase) due to disordering
n Al–Cu–Co–Si system while growing the single crystals of D
hase.

Fig. 2 shows the effect of Cu concentration on the
ull width at half-maximum (FWHM) for the radial scan
f the (1 0 2̄ 2̄ 0 2) fundamental reflection (following the
ndexing scheme by Mukhopadhyay and Lord [19]) of
l70Co15CuxNi15−x (x = 0–15) alloys. Here the FWHM is found

o increase with increasing Cu concentration up to 5 at.% (i.e.
n Al70Co15Cu5Ni10 alloy). On further addition of Cu, FWHM
s found to decrease due to the decomposition of the disordered

phases to vacancy ordered phase and decagonal phase. The
ncrease in FWHM with Cu concentration can be understood in
erms of introduction of homogenous strain field in the quasi-
eriodic and periodic decagonal planes. Such a strain field is
haracteristic of the quasicrystal structure just before the trans-
ormation/precipitations to the approximant phases [20]. It is
vident from XRD that the precipitation of the crystalline phase
ccurs above the 5 at.% of Cu from where the decrease in FWHM

f the XRD peak has started. It should be mentioned here that
rom XRD, we have estimated the quasilattice parameters aR
nd c for Al70Co15CuxNi15−x (x = 0, 2.5, 5, 7.5, 10 and 15). The
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ig. 2. Cu concentration dependence of the FWHM for the radial scans of
he (1 0 2̄ 2̄ 0 2) fundamental reflection of Al70Co15CuxNi15−x (x = 0–15) alloys
omposition.

alue of aR for 5 at.% Cu is minimum in our case. The general
rend of variation of aR and c for these types of alloys is in con-
ormity with the work reported by Steurer [21]. The values are
hown in the Table 1 along with values of e/a ratio.

The selected area electron diffraction (SAD) patterns of
l70Co15Ni15 and Al70Co15Cu5Ni10 RSP ribbons taken along

he 10-fold direction are shown in Fig. 3. The diffraction spots
n Fig. 3(a) are rather sharp and arranged at strictly fixed posi-
ion. This also indicates that the phason strain causing the peak
hift and splitting is not significant along the 10-fold axis of
he decagonal phase. However, 10-fold pattern obtained from
l70Co15Cu5Ni10 alloy show ample variation in the intensities

nd position in Fig. 3(b) and diffuse pentagonal arrangement
f spots can be seen in the plotted circle. Fig. 4(a–f) shows the
2D and J type two-fold patterns of these alloys, respectively

following the notation of Yan et al. [22]). The selected area elec-
ron diffraction patterns show the presence of streaking/diffuse
ow perpendicular to the periodic direction, as typified by the
treaked diffraction rows shown in Fig. 4(b and e). It is very
nteresting to note that as we increase the Cu concentration in
l70Co15CuxNi15−x system, the streaking gets broader first and

hen gradually starts weakening. It remains very prominent at

he composition of Al70Co15Cu5Ni10. This feature is evident
n Fig. 4(b and e). The streaking can be explained in terms of
he substitutinal disordering of Cu/Ni in quasi-periodic planes

able 1
he aR, c and e/a value with Cu concentration in Al70Co15CuxNi15−x

omposition aR (Å) c (Å) e/a

l70Co15Ni15 4.00 4.00 1.73
l70Co15Cu2.5Ni12.5 3.96 4.00 1.79
l70Co15Cu5Ni10 3.80 4.03 1.83
l70Co15Cu7.5Ni7.5 3.81 4.03 1.87
l70Co15Cu10Ni5 3.82 4.03 1.91
l70Co15Cu15 3.82 4.03 1.99

p
t
i
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d
[
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c
p

ig. 3. (a and b) The selected area diffraction pattern of Al70Co15 Ni15 and
l70Co15Cu5Ni10 RSP ribbons taken along the 10-fold direction.

tacked along 10-fold axis. Similar features have been reported
y Van Tendeloo et al. [23] and interpreted as due to disordering
f pencil-like linear regions of the decagonal structure.

Fig. 5(a) shows the diffraction patterns from the alloy com-
osition Al70Co15Cu10Ni5. The indexing of the SAD reveals
he presence of super structure of �3 (vacancy ordered) phase,
t may be noticed that (1 1 1) reciprocal vector corresponding to
2 phase has been divided into several divisions (Fig. 5(a)). This

uggests that modulation of B2 phase along [1 1 1] direction has
ecome six times of the parent phase (i.e. B2 phase). As we know,
ifferent � phases are identified on the basis of the number of
ivision made by Bragg peaks along [1 1 1] direction of B2 phase
24]. Therefore, the VOP in the present observation can be under-

tood as the superstructure of �3 by doubling its unit cell. The
etails of the superstructure and its atomic ordering will be dis-
ussed elsewhere. Chattopadhyay et al. [24] first pointed out the
ossible link between the vacancy ordering and one-dimensional
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ig. 4. The selected area electron diffraction patterns of melt spun ribbon of th
atterns of these alloys.

uasi-periodicity. Thus, the formation of � phase indicates the
tructural instability of D phase in the presence of Cu and Ni
nd the continuous transformation from D phase to crystalline
pproximant phase. The corresponding microstructure is shown
n Fig. 5(b). The gray and white area has been identified as super-

tructure of �3 and decagonal phase, respectively. It can be noted
hat this is the first time that we have observed superstructure of
3 phase in Al–Cu–Co–Ni alloy system. It is interesting to notice
hat the microstructures exhibit good contact between the grains,

f
b
r
t

0CuxNi15−x (x = 0, 5 and 7.5) alloys. (a–c) The A2D and (d–f) J type two-fold

nd these grains are somewhat faceted. However, as the Cu con-
entration increase to 15 at.% it has been found (microstructure
s not shown here) that the grains become almost entirely com-
osed of the equiaxied D phase structures without the � phases
s mentioned above. This suggests that in absence of the Ni, the

ormation of � phases appears to be difficult. Therefore, it can
e understood that the formation of superstructure of �3 phases
equires the compositional variation, which ultimately controls
he e/a ratio of the alloy and in turn stabilizes the � phases. The
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ig. 5. (a) The diffraction patterns from the alloy composition Al70Co15Cu10Ni5
ndicated the presence of � phase. (b) The microstructure of superstructure of �3

nd D phase.

tability of these phases at high temperature is being investigated
hrough suitable heat treatment. This will help us to established
hase equilibrium in these quaternary alloys and the role of e/a
atio on their stabilization.

. Conclusions

After investigation of the Al70Co15CuxNi15−x alloys, the fol-
owing conclusion can be drawn.

The presence of Cu up to 5 at.% causes maximum strain in
uasilattice structure and on further addition of Cu, i.e. up to
0 at.% results in strain relaxation by giving rise to the for-

ation of crystalline, � and decagonal phases. The disordering

ue to Cu in the quaternary alloy is clearly established. This
s reflected in the morphology of the as-cast microstructure as
ell as the rapidly solidified microstructure and structure of the

[
[

[

ineering A 449–451 (2007) 1052–1056

lloys investigated here. The evolution of the superstructure of
3 phases, links the instability of decagonal phase containing
u (10 at.%) and Ni (5 at.%). It is also clear that in the absence
f Ni, the formation of � phase is not favored due to the lack
f appropriate e/a ratio, which appears crucial to stabilize the D
nd � phases.

cknowledgements

The authors would like to thank Prof. S. Ranganathan, Prof.
. Lele, Prof. K. Chattopadhyay, Prof. D.H. Kim and Dr. M.A.
haz for encouragement and interest in this work. The financial
upport from Ministry of Non-Conventional Energy Sources,
ew Delhi, India, is gratefully acknowledged. One of the authors

T.P.Y.) acknowledges to the CSIR for the financial support of
he Senior Research Fellowship, during which period a part of
he work has been completed.

eferences

[1] D. Shechtman, I. Blech, D. Gralias, J.W. Cahn, Phys. Rev. Lett. 53 (1984)
1951.

[2] S. Ranganathan, K. Chattopadhyay, Ann. Rev. Mater. Sci. 21 (1991) 437.
[3] K. Chattopadhyay, S. Lele, S. Ranganathan, G.N. Subbanna, N. Thangraj,

Curr. Sci. 54 (1985) 895.
[4] A.P. Tsai, A. Inoue, T. Masumoto, Mater. Trans. JIM 30 (1989) 666.
[5] X.L. He, W. Zhang, Y.K. Wu, K.H. Kuo, Inst. Phys. Conf. Ser. No. 93,

Conf. EUREM 2 (1988) 501.
[6] A.P. Tsai, A. Inoue, T. Masumoto, Mater. Trans. JIM 30 (1989) 150.
[7] B. Grushko, K. Urban, J. Mater. Res. 6 (1991) 2629.
[8] B. Grushko, Philos. Mag. Lett. 66 (1992) 116.
[9] A.P. Tsai, A. Inoue, T. Masumoto, Mater. Trans. JIM 30 (1989) 463.
10] B. Grushko, K. Urban, Philos. Mag. B 79 (1994) 1063.
11] K. Edagawa, M. Ishihara, K. Suzuki, M. Takauch, Philos. Mag. Lett. 66

(1992) 19.
12] B. Grushko, D. Holland-Moritz, R. Wittmann, G. Wilde, J. Alloys Compd.

280 (1998) 215.
13] S.S. Kong, J.M. Dubois, Europhys. Lett. 18 (1992) 45.
14] T.P. Yadav, M.A. Shaz, R.S. Tiwari, O.N. Srivastava, Z. Kristallogr. 218

(2003) 12.
15] T.P. Yadav, R.S. Tiwari, O.N. Srivastava, J. Non-Cryst. Solids 334–335

(2004) 39.
16] A.K. Pramanik, R.K. Mandal, G.V.S. Sastry, J. Non-Cryst. Solids 334–335

(2004) 234.
17] T.P. Yadav, N.K. Mukhopadhyay, O.N. Srivastava, J. Non-Cryst. Solids

334–335 (2004).
18] N.K. Mukhopadhyay, G.C. Westherly, J.D. Embury, in: C. Janot, R. Mosseri

(Eds.), Quasicrystals, World Scientific, Singapore, 1993, p. 206.
19] N.K. Mukhopadhyay, E.A. Lord, Acta Cryst. A 58 (2002) 424.
20] W. Steurer, Z. Kristallogr. 215 (2000) 323.
21] W. Steurer, Z. Kristallogr. 219 (2004) 391.

22] Y.F. Yan, R. Wang, J. Gui, M.X. Dai, Acta Crystallogr. B 49 (1993) 435.
23] G.V. Tendeloo, A. Singh, S. Ranganathan, Philos. Mag. A 64 (1991)

413.
24] K. Chattopadhyay, S. Lele, N. Thangraj, S. Ranganathan, Acta Metall. 35

(1987) 727.


	On the evolution of quasicrystalline and crystalline phases in rapidly quenched Al-Co-Cu-Ni alloy
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	Acknowledgements
	References


