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ABSTRACT Quasicrystals are a kind of special crystals, combining aperiodicity with long–range
translational order and displaying a strong potential of applications. However, the forming law of
quasicrystals, especially icosahedral, which have drawn a lot of attention since the discovery of the
first quasicrystal, are not clearly known. A general knowledge, derived from the past work, is that the
quasicrystal belongs to Hume–Rothery phase with special electron concentration per atom (e/a), and
furthermore needs meeting the topological packing of atoms. Based on this, certain criteria named by
e/a–constant line, e/a–variant line and cluster line, et al., have been used to design novel quasicrystals,
especially in ternary alloy systems. But, as indicated in the previous work, these rules would not work
very well in pseudo–ternary or quaternary systems built on Ti–Zr–Ni quasicrystals with the addition
of Co or Cu. In order to further specify the quasicrystal formation in multi–component systems,
in the present study an investigation was conducted in an alloy system, based on Ti45Zr38Ni17 and
Ti40Zr40Ni20 alloys with the addtion of Pd, because Pd is the neighbourship of Ni in the element table
like Co and Cu and has the atom size and e/a between Ti (or Zr) and Ni. Using XRD, TEM and
OM, it is found that in the suction cast alloys, the icosahedral quasicrystal (IQC) phase is formed
in the coexistence of a little bcc β–(Ti,Zr) in Ti45Zr38Ni17 alloy and of a bit hexagonal α–(Ti,Zr) in
Ti40Zr40Ni20 alloy. And after 2%Pd (atomic fraction) substitution for Ti and Zr, a MgZn2–type Laves
C14 phase with coordination number of 14 is precipitated along with the disappearance of β–(Ti,Zr)
with coordination number of 8 in the former alloy, while only a complete IQC phase with coordination
number of 12 is yielded in the latter alloy. However, as the subtitution is increased up to 6.7% or 13.3%
in Ti40Zr40Ni20 alloy, the formation of IQC is prevented and the C14 phase occurs instead till a single
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C14 phase forms in Ti40Zr26.7Ni20Pd13.3 alloy. The results show that the Pd addition in Ti–Zr–Ni
alloys would promote closer atom packing, being beneficial to the formation of Laves phase because of
the weak interaction between Fermi surface and Brillouin zone in Hume-Rothery phase like IQC.
KEY WORDS quasicrystal, Ti–Zr–Ni alloy, Pd addition, Laves phase�5� 20~
 80!a�_o�qsy��)< [1] ,7>�%rA2:?2�~, ePOou5~. Wq)<o,qA2tTi��t�*W��*
�o�Æ%�XFr!y, 2<=�s�aoTP41���419JC,q [2].��_o�5,qTB�aO���B��BZ^B 3 W. 7n, w 3 W�5 (��qÆ%�5) ��A�, &�Tv.o"���(&A23^o>l. A6WW�5o{=E~, U��
FA�. G5, u7�ZJOv [3] �=eG, �qÆ%�5n>�>���� Euclido��[>��n^�qÆ%o�[
��G, �81>�9t)>�o�;�� 1.1084 oA[�G. Friedelr [4,5] I#GW0u6�n�5o Hume–Rothery E~. 
U, Dong r [6] Z�N [7] -O�= Al–(Cu, Pd)–

(Mn, Fe, Co, Cr) r%W�5o{�$�!\, �_�5�7W�d(UF6�+r{�$�ba. FRzIa,-O�= Al–Fe–Ni 9 Ti–Zr–Ni%W�5o{=E~m�_n^<�5o�{�$�b!\ [8]. �
, -O'\�{�$�boP^S$, 0�(/Gnz6
Æ<5Uo^<�5=�&� [9], &&���n^<�5o)<�z6
Æ<5U�M{=o. �1, 4#Gn�.�.6�5��59�Z%^.=�g�o5U&� [10,11]. R8, ;vvr [12] �� n�5^.o{=E~, ��-O�ez6Miedema/�o��W, W0�#n�5��595%^.o{=K:, �_b. Miedema /�O2puK�^q^.o{=. H�Pr [13] I-O-.�/�T�ZA[&��=nw IV O��.
z�5o{=E~, �_.z6z%<�odA/��eo'Pb�?�K��5{=K9�{=K, 7�Q�\k 90%  a.
a, �5{=E~x�F)�jy —— 70
�~�G9{�$��G, WO.6ei�<�^<�5o=�g�, e�FJ�s�5^./7��< ao�5s/�V��m&=. 
[, =5�= [14,15] ��, 2C
Ni 9 Co F<�u5�n*t, A2d/o>��;9d1o{�M1)<, e. Co w((a Ti–Zr–Ni �5no Ni s, Ti–Zr–(Ni, Co) �5w�k7�5%d��. /�, .9 Ni dto Cu �Sr{�$�9r>�A[o��Æ Ti–Zr–Ni �50|^.ls, �� �_�5d�R{=, �lkn�5o�Wrr{�$�d [9,16,17]. &R, �0�(Vw�5o{=E~, �T�50^<O�k�<o{=E~. Pd 9 Ni �*t,7>�A[F6 Ti(x Zr) Z Ni a�, �B7{�$�

(+1)[18] �?6 Ti(+1.5)x Zr(+1.5)Z Ni(0)[19] a�,&� Ti–Zr–Nin*
 Pd O/s|&&%Wo>�
�~9/G{�$�, �6Vw^<k�<��s�5o{=!y. �R, �IZÆ Ti–Zr–Ni �5W�= Pd o(a^.lÆ7�5)<o+g.

1 2<��v�. Ti–Zr–Ni �5^.�.n Ti45Zr38Ni17 9
Ti40Zr40Ni20 jq=�, Pd o(al (>���) �.
2%, 6.7% Z 13.3% ^q. >q Ti, Zr, Ni Z Pd .
oQ�� � 99.9%, 99.95%, 99.99% Z�SQ. �n�_^.=�o7�,)qs�.Æ<o=�,4Qk±0.5

mg. -. WK–II y�	V{e}k��., \CXPf
10−3 Pa
B\*Q Ar9, R
Æ^.0|Yh, ��_=�GC, Yh^S alk#R���, �
D���Yl#�.
;� 5 mm oU~�A0|U~vl
;� 5 mm o?{�U~�., ℄.5�O?no{~{y� 100—150 mA. b. Cu Kα ebo Y–2000 y X eb�e� (XRD) Æ�.od)<0|0�, 7n�qÆ%�5d��-. Cahn �I [20]. 06&�e�o"����� 0.01◦, I sin θ (θ ��e") oMd(�xko�y
 4 F, &��I��&/do5,9�s��xko�y
 4 F. b..do��Æ Ti40Zr26.7Ni20Pd13.3^.0|Æb�S, .d$t�-. HNO3 6.5 mL, HF

13 mL Z H2O 75 mL o)�, $t��-.*�. -.
Tecnai F20 8�e2e{�^>:Æ Ti45Zr38Ni17 U~^.oÆb)<0|�\.

2 2<($?40
2.1 -5*"3 1 /Gn Ti45Zr38Ni17 9 Ti40Zr40Ni20 j.^.��o XRD 2, 06{=��oXP��#o (102—
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{� MgZn2 )<o C14
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Fig.1 XRD patterns of Ti45Zr38Ni17 and Ti40Zr40Ni20 al-
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Fig.2 XRD patterns of Ti45Zr38Ni17 before and after

2%Pd substitution for Ti, Zr and Ni
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Fig.3 Bright field (BF) image and selected area electron

diffraction patterns of icosahedral quasicrystal in

Ti45Zr38Ni17 alloy

(a)BF image (b) 5–fold

(c) 3–fold (d) pseudo–2 fold
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, �. 2%Pd (a&^.o�.Æ<�9N"kn
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Fig.4 XRD patterns of Ti40Zr40Ni20 before and after

2%Pd substitution for Ti, Zr and Ni
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Pd substitutions for Ti or Zr, respectively
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c=0.8536 nm. 3 6 /Gn Ti40Zr26.7Ni20Pd13.3 ^.o.d3, O KG&^.z�{=nGCo
dÆb.Æ� Ti40Zr26.7Ni20Pd13.3 U~^.9 Ti45Zr38Ni17 Z
Ti40Zr40Ni20 ��n C14 do5,9�, O KG=U�
jU�o, W9=Uo Zr l�
2A.FU~�Z Ti45Zr38Ni17 ^.lkn
l bcc )<o β–(Ti,Zr)d, 0 200�e!Æ(o5Æ�B d d�G75,9� a=0.3405 nm. β d� β–Ti 9 β–Zr ohn�Z%)<, -O2Q �5%�e��I (PDF) l`
β–Ti Z β–Zr o5,9�� � 0.3306 Z 0.3545 nm

(7 PDF IW� � 44–1288 Z 34–0657), 0RO6G β do5Æn Ti 9 Zr >���%1 1�1. �. bcc
ÆR2 2 .>�, ���� β d2jq CsCl )<o
Æ, [3 7 �|, �q� bcc 5,ot)0 Zr >�N�, }y0 Ti >�N� (3 7a); w�qI:Ud� (3
7b). Wjq
Æo)F��� 8, B
��k� 〈111〉 5k, -O��O`��o5,9��� 0.3533 nm, W`.ko Ti Z Zr o>��;Mw 3 W	;�; [21], � � 0.146 Z 0.160 nm. jq���{s{=
;� �
0.2077 Z 0.1797 nm o�Æ%�X. 06 β d
6*Gd, 5,[�3
As, >�o["s3^, &�*Gsa�jq5Æov	�Æ%�X3^. 06 Pd ow 3 W	;�;r6 0.138 nm[21], %1�Æ%�XoA[, [Nya�jq5,�l
l}�, Pd >�9N2O�0\��oPXL, W>dg6F bcc 5,o 6 . (100) Æ�O��' 1 . Pd >�, T�#*�.
Æo)F�\

8 6 Ti40Zr26.7Ni20Pd13.3 ℄-n-
z�
Fig.6 Optical metallograph of Ti40Zr26.7Ni20Pd13.3 alloy

8 7 ipÆ�n β–(Ti, Zr) 
b
�x
Fig.7 Two assumed β–(Ti, Zr) crystal models

(a) Zr atom in the centre

(b) Ti atom in the centre

k 14, W9 Laves C14 do)F� [22] :U�g. W#D�, Pd (a Ti45Zr38Ni17 ^.o Ti x Zr >�yl
β dmo� C14 dG_o>&, � Pd K
n*Gs>�o��
�?�.2C
l Pd (a Ti40Zr40Ni20 ^.oÆ<, #�2B3k C14 d, eWR"kn α do{=, �BT3 4mO KG, �5o�A�e!0 18/29 k 20/32 �ln��, W#D� Pd o
\Æ Ti40Zr40Ni20 ^.)<5ln>|. �� Pd (aloK
, C14 d���{=,jfF Ti40Zr26.7Ni20Pd13.3 ^.l=n
�o C14 d�%, O KG C14 d"kn IQC do{=. &� IQCdo)F�� 12, t6 C14 do)F�, W0�(��
Pd 
\
SG^.do
�?�lk#*.��e�o�, Ti45Zr38Ni17 9 Ti40Zr40Ni20 ^.�h�2{= C14 doI�, [3 1 nj.^.��od)<. dÆU~+�, ��k�sXP��o_�, O1�K�/`"�. W#D�Wjq^.F/`"�sIk6*)F�o>�)<, T�."��Wq)<O�svl3*oTf		0�L�f. � Pd 
\
ylWjq^.U~slkn&/�
o C14 d (�3 2 Z 5),��,Gn Pd >�F>���s8ko�..

2.2 �D*"=Æ#k, �5
6{�d, 7{=�K�~(#T
Hume–Rothery EI [7], �^.do Fermi Æ9 Bril-

louin K��l!g�. (�; FS–BZ p(), T�ig
Fermi��L5l^o (C) �X, y^.do℄%�l t�lK�. 2�1	0{��y^�, {�dno FS–

BZ p(O�|�: Kp ≈ 2KF(7n, Kp �9 Fermi Æ�l!g�.o Brillouin K (�$�x Brillouin K) oS�; KF � Fermi F�;). Friedel[5] o�=��, {�dox Brillouin K9 X eb�eZ{��enoA�e!YF��oÆ(AW. 7S� Kp O2��ev�#-O Kp = 4πsin θp/λ (7n, θp � X eb�e2nA�e!Æ(o�e", λ �\e X eb$:) AWlG.�5do KF 2�7 18/29 Z 20/32 A�e!lG, �
C14 do Kp dI07 X eb�e2no 103 �e!F�. w��Æ, {�do KF dO��1	0{�^���lk. -9 Fermi F�; KF 9^.o%{�$�
Nv �YF1�AW: KF = (3π2Nv)

1/3, RL%{�$� Nv=(e/a)·(N0ρ/M) (7n, N0 � Avogadro 9�; ρ�
�; M �^.o>�l). �5�g�o�5Z C14
d^.o Kp dr6� 1 n, W` Ti, Zr, Ni Z Pdo�{�8`� M +1.5, +1.5, 0 Z +1[19]. TnOKG, �${�$� e/a ≈1.2 o
d�5^., 7 2KF ��d90 18/29 �e!Q�ov�d Kp �9%1 (�F 25 nm−1 %1), ��n{�do Hume–Rothery EI (Kp ≈2KF), &R, �_n�<�5��{�d. �
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Table 1 Compositions, phase structures, densities and eletronic structure parameters for single phase Ti–Zr–Ni and

Ti–Zr–Ni–Pd alloys

Alloy Phase ρ, g·cm−3 M , g·mol−1 e/a Nv, nm−3 Index Kp, nm−1 2KF, nm−1

Ti40Zr40Ni20 IQC 6.160 67.38 1.20 66.04 18/29 25.70 25.01

20/32 26.89

C14 6.179 67.38 1.20 66.25 103 26.03 25.04

Ti38Zr40Ni20Pd2 IQC 6.389 68.56 1.19 65.64 18/29 25.79 25.10

20/32 26.94

Ti40Zr38Ni20Pd2 IQC 6.314 67.68 1.19 65.71 18/29 25.68 24.11

20/32 27.07

Ti40Zr40Ni18Pd2 IQC 6.232 68.33 1.22 65.88 18/29 25.50 25.13

20/32 26.93

Ti40Zr26.7Ni20Pd13.3 C14 6.783 69.40 1.13 58.87 103 26.08 25.09

C14–Ti40Zr40Ni20 9 C14–Ti40Zr26.7Ni20Pd13.3 j.
d^.�R=�d4#^, e��o Kp 9 2KF �d1, =UA� 26 nm−1, 
UA� 25 nm−1. 0RO�,*)F�o C14 doK�|k,[ Hume–Rothery EI, 9�5d&/.

3 (0
(1) Æ6U~� Ti45Zr38Ni17 Z Ti40Zr40Ni20 ^., 
l Pd ([ 2%) (a Ti x Zr 2b6"k)F��

8 o β–(Ti, Zr) do{=, �Wy)F�� 14 o C14

Laves 70
�dSG.

(2) K^ Pd Æ Ti x Zr o(al (6.7% x 13.3%)
, )F�� 12 o�5dk C14 d�ln��, $|GA[nro Pd o*
2b6#* Ti–Zr–Ni �5^.n>�o
�~, yaIk6lk*)Fo70
�d.

(3) Æ� Ti–Zr–Ni x Ti–Zr–Ni–Pd o
d�59
C14 d^.o{�)<!\, O KG C14 ^.doK�|k0�5do Hume–RotheryEIk Laves do�[70
�EI�ln��.�.9:
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