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Isothermal section of the phase diagram of the Ho-Zn-Al system at 500 °C in the range up to
50 at. % of Ho has been built by means of X-ray analysis. Existence of two earlier known ternary
intermetallic compounds HoZnsAl; (HoZnsAls-type structure, space group [4/mmm) and
HosZn, 4Alg ¢ (LasAljj-type structure, space group Immm) has been confirmed. New ternary phases
with AuCu; and Caln, types of structure have been found for the first time and their crystal structures
have been investigated. Limit compositions of the solid solutions on the basis of the binary
compounds and homogeneity ranges for the ternary compounds have been determined.
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Phase diagrams of the R-Zn-Al systems (R — rare earth metal) were constructed for
the systems with R =La [1], Ce [2], Pr [3], Eu [4], Nd [5], and, partially, with Yb [6]. Other
systems were investigated only with the purpose of compounds with certain type of
structure [7, 8, 9]. Ternary compounds which are formed in these systems, adopt 14 types
of structure. According to classification by Krypyakevych these types belong to four
classes: ic—icosahedric, h—hexahedric, fp — trigonal-prismatic, ta — tetragonal-
antiprismatic (Table 1). Crystal structures of compounds in the R-Zn-Al systems are
characterized by the statistical distribution of the small size atoms in the crystallographic
positions, and, thus, by formation of the ternary compounds with significant homogeneity
ranges. Binary compounds in the R-Zn and R-Al systems solve the third component, and
form the substitutional solid solutions.

Existence of the two ternary compounds, namely, Hos;Zn,4Alss (LasAl;i-type
structure, space group Immm (N 71), 0I28.0, a =0.42107, b = 1.23881, ¢ =0.99514 nm)
[8], and HoZnsAl; (HoZnsAls-type structure, space group I4/mmm (N 139), t172.0,
a =0.8586, c = 1.6538 nm) [9] has been reported in the Ho-Zn-Al system.

The main goals of our investigation are the construction of the isothermal section of
the Ho-Zn-Al system phase diagram at 500 °C, searching for the new ternary compounds,
determination of limit compositions of solid solutions on the basis of binary compounds
and homogeneity ranges of ternary ones.

For the samples preparation the powders of metallic Ho, Zn and Al with the stated
purity of 99.5, 99.9 and 99.99 mas. %, respectively, were used. Weighted components were
mixed together, pressed into tablets, placed into alumina crucibles and sealed in silica
ampoules under argon atmosphere. They were heated up to 600 °C with a rate of 10-
20 °/min and held at this temperature for 24 hours. Then sintered samples were pulverized,
carefully mixed, and pressed again with subsequent annealing in silica tubes at 500 °C
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within 200 hours. For the samples with Ho content over 30 at. % the third homogenizing
annealing during 200 hours was applied. The suggested synthesis method ensures
quantitative interaction of the components and their full homogenization. In general 46
samples were synthesized for this investigation.

X-Ray structural analysis was performed using powder diffraction patterns recorded
on DRON-3M diffractometer (CuK¢ radiation). All calculations were performed using
WinCSD software [11] with multiple phases refinement method.

Table 1
Structure types (ST) of the ternary phases in R-Zn-Al systems

R Y La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
ST
“SmZny, +
“ThyZn; +
"YbsCuy;Aly + + +
“CeyZny, + +
"HoZnsAly + + + + + +
“YbgaZnagsAlss +
“Yb34ZnssAlsg +
“BaAly + + + + + + + + +
“LazAly, + + + + + + + +
“CeNi, +
“PuNi, +
?Caln, +
“MgNi, +
“MgZn, +

As a result of our investigation the existence of several binary phases was confirmed
(Figure 1) in the Ho-Zn-Al system. The HoAl; compound crystallizes in own structure type
(space group R-3m, a = 0.60535(9), ¢ = 3.5814(6) nm). We did not find any noticeable Zn-
solubility in this compound. Binary compounds HoZn,,, Ho,Zn;;, Ho,Zn,;, HoZn,, and
HoZn solve up to 8.5, 4.7, 6.8, 5.0 and 24.0 at. % of Al, respectively, Laves phase HoAl,
solves 10.0 at. % of Zn. Limit compositions of solid solutions and respective lattice
parameters are shown in Table 6. Other binary compounds in the Ho-Al and Ho-Zn systems
do not solve noticeable amounts of the third component at the temperature of investigation.
Limit compositions of the solid solutions were refined by means of X-ray analysis of two-
phase samples with the solid solution with the limit composition as the main phase.

Existence of earlier known ternary compounds HoZnsAl; (own type structure, space
group I4/mmm) and HoszZng,Alge (LazAljj-type structure, space group Immm) was
confirmed in the Ho-Zn-Al system. It was established that the phase Ho;(Zn,Al);; has a
homogeneity range and its composition can be defined as HosZnj 7.47Al75.63. Substitution
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of the smaller Zn atoms (rz, =0.1332 nm) by the Al atoms (ry =0.1431 nm) causes
increasing of the lattice parameters (Table 2). Lattice parameters for the phase Ho(Zn,Al)g
were refined from X-ray patterns of the two- and three-phase samples, and are changed
from a =0.8615(2), ¢ =1.6352(4) nm to a =0.85952(8), ¢ = 1.6624(3) nm. This in turn
causes the change in lattice volumes from V = 1.2136 nm® to V = 1.2281 nm’, respectively.
The phase composition can be described as HoZng .5 1Al; 129.

New compound with the composition ~Hoy5ZnpAlgs has been found during the
systematic investigation of the components interaction in the Ho-Zn-Al system. This
compound is in equilibria with binary compounds HoAl;, HoAl,.,Zn, and with ternary
phase Hos;(Zn,Al);;. X-Ray powder diffraction pattern was successfully indexed in the
cubic system with lattice parameter a = 0.4231(2) nm which may indicate the possible
AuCuj;-type structure for the compound. This suggestion was confirmed by the results of
the crystal structure refinement using powder diffraction data of two-phase sample,
contained new compound with AuCu;-type as a main phase, and a limit composition of the
HoAl, ,Zn, solid solution (MgCu,-type structure) as admixture. Experimental details and
refined crystallographic data are listed in Table 3. Experimental, calculated and difference
diffraction patterns of the Ho,sZn;Alsg sample are shown in Fig. 1.

Table 2
Lattice parameters the compound composition*
within the homogeneity range of Ho;(Zn,Al),, phase
. Lattice parameters, nm 3
Composition V, nm
a b c
Ho3Zn;;Al; 5 0.42033(2) 1.23992(6) 0.99842(5) 0.52036(7)
HosZn,,Alg g 0.42040(2) 1.23892(4) 0.99682(8) 0.51920(5)
Ho3Zn4 4Alg 6 0.42051(3) 1.23732(7) 0.99581(6) 0.51775(9)
Ho3Zn,;Alg 5 0.42058(2) 1.23717(7) 0.99463(5) 0.51753(8)
* Compound compositions were refined from the X-ray structure refinement data.
Table 3
Experimental details and refined crystal data
for the ternary phases in the Ho,5Zn;;Alsg sample

Compound HoZng 54Al 46 HoAl, ,Zng 3
Structure type AuCu; MgCu,

Space group Pm-3m Fd3m
Lattice parameters, nm a=0.42365(2) a=0.78119(2)
Cell volume, nm® 0.076036(8) 0.47673(4)
Number of atoms in cell 4.0 24.0
20max  SINOpax /A 120  5.62

Scale factor 0.18593 0.03034
Phase composition, mas. % 55.4 44.6
Ry, Rp 0.0682  0.2328 0.0843 0.2328
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Table 3
Crystallographic data for the HoZng s4/Al, 466) cOMpound
P p %102
Atoms WP Atomic coordinates Biso 120 ,
X y Z nm
Hol la 0 0 0 1.44(11)
X(2.46(6)A1+0.54(6)Zn) 3d 0 1\2 1\2 2.4(2)
Crystallographic data for the HoAl, go3) Zng 3103
Hol 8a 3/8 3/8 3/8 1.05(10)
X(13.5(2)Al+2.5(2)Zn) 16d 0 0 0 1.5(2)

Figure 1. Experimental, calculated and difference diffraction patterns of the two-phase sample with
the composition Ho,sZn;Alsg (CuKa radiation)

Sample with the starting composition Ho,;Zn,sAls, contained two phases
Ho;Zn, 4Algs (LasAljj-type structure) and HoZn,;Aly; (AuCus-type structure), atomic
parameters in these structures were also refined using powder diffraction data.
Experimental details and refined crystallographic data of the compounds are listed in
Table 4, experimental, calculated and difference diffraction patterns of the Ho,1Zn,sAls
sample are shown in Fig. 2.

The new ternary compound with equimolar composition was found in the sample
with the starting composition Hos3Zn,Alys. Respective X-ray pattern was indexed in
hexagonal system with following lattice parameters: a =0.4510(1), ¢ =0.7077(1) nm.
Analysis of the literature data allowed us to assume the Caln,-type structure (space group
P63/mmc) for this compound. Results of the crystal structure determination of the new
compound are given in Table 5 (refined composition HoZn, goAl, 11, Caln,-type structure).
Taking into account a homogeneity range the compound composition could be described
by the formula HoZngg9.1 07Al; 11003 The solid solution HoAl,.,Zn, (x = 0.3 for the limit
composition) with the MgCu,-type structure was the second phase in the Hos33ZnpAlys
sample, atomic positional and occupation parameters have been refined too (see Table 5).
X-Ray powder diffraction pattern of the Ho;3Zn;,Al,s sample are shown in Fig. 3.
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In the Zn-rich part of the Ho-Zn-Al system a new ternary compound with
approximate composition ~HoZn4Al has been found, however its crystal structure has not
been established and requires additional investigations.

The isothermal section of the Ho-Zn-Al phase diagram at 500 °C in the region up
to 50 at. % of Ho (Fig. 4) has been constructed as a result of our investigation.
Crystallographic data of the ternary phases, which are formed in the system, are
summarized in the Table 6.

Table 4
Experimental details and refined crystal data
for the ternary phases in the Ho,;Zn,sAls, sample
Compound HosZny 41\ Als 61y HoZng»66)Al2.74¢6)
Structure type LasAly AuCuy
Space group Immm Pm3m
a=0.42051(3) a =0.42255(2)
Lattice parameters, nm b =1.23732(7)
¢ =10.99581(6)
Cell volume, nm® 0.51775(9) 0.075448(9)
Number of atoms in cell 26 3
20 maxs SING oy N 108.50 5.26
Scale factor 0.32221 0.08031
Phase composition, mas. % 76.4 23.6
R, Rp 0.086 0.211 0.097 0.211
Crystallographic data for Ho3Zny 41)Als61)
p p T %102
Atoms WP Atomic coordinates B, 120 R
X y Z nm
Hol 2a 0 0 0 0.79(2)
Ho2 4g 0 0.6871(5) 0 0.58(2)
X1(2Al) 2¢ 172 172 0 1.52(2)
X2(3.3(2)Al+0.7(2)Zn) 4j 12 0 0.300(2) 1.08(2)
X3(7.2(1)Al+0.8(1)Zn) 81 0 0.851(2) 0.729(2) 0.74(2)
X4(0.7(2)Al+7.3(2)Zn) 81 0 0.6588(9) 0.6243(8) 1.27(2)
Crystallographic data for HoZng 43,Al; 743 compound
Hol la 0 0 0.69(2)
X(2.74(3)A1+0.26(3)Zn 3d 0 12 1\2 1.14(2)
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Figure 2. Experimental, calculated and difference diffraction patterns of the two-phase
sample with the composition Ho,;ZnysAls, (CuKo radiation)

Table 5
Experimental details and refined crystal data
for the ternary phases in the Hos3Zny,Alys sample
Compound HOZHOAgQAl 1.11 HoAl 1 A(,(,Zn0434
Structure type Caln, MgCu,
Space group P63/mmc Fd-3m
Lattice parameters, nm Ccl ; 8%}? gg((g; a=0.78122(3)
Cell volume, nm’ 0.12223(5) 0.47678(6)
Number of atoms in cell 6 24.0
20 1axs  SING /A 111.0 5.35
Scale factor 0.0701 0.2460
Phase composition, mas. % 45.9 54.1
R;, Rp 0.087 0.214 0.054 0.214
Crystallographic data for the HoZn go4)Al, 114y compound
Atoms WP Atomic coordinates B, * 1202,
X y z nm
Ho 2b 0 0 1/4 0.96(2)
X(2.22(8)AD)+1.78(8)Zn 4f 1/3 2/3 0.466(1) 0.99(2)
Crystallographic data for the HoAl, ¢63,Zn 343y compound
Hol 8a 3/8 3/8 3/8 0.49(2)
X(13.3(2)A1+2.7(2)Zn) 16d 0 0 0 0.94(2)
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20 30

Figure 3. Experimental, calculated and difference diffraction patterns of the two-phase sample with
composition Hoz3ZnyyAly; (Cu-Ka radiation)

The Ho-Zn-Al system is significantly differ from the previously studied R-Zn-Al
systems, where R is light rare earth metal (La [1], Ce [2], Pr [3], Eu [ 4], and Nd [5]) by
more complex type of the components interaction, formation of the large number of the
ternary intermetallic compounds and existence of the substitutional solid solutions on the
basis of some binary Ho-Zn and Ho-Al phases.

Formation of the Ho-Zn-Al ternary compounds in the concentration region up to
33.3 at. % of Ho is the typical feature for all the R-{Cu, Ag}-Al ternary systems and
obviously this trend is typical for other R-Zn-Al ternary systems too.

Crystal structures of the almost all ternary phases in the Ho-Zn-Al system are
characterized by the statistical distribution of the smaller size atoms (Zn and Al) in the
crystallographic sites that causes formation of the homogeneity regions in many cases.
Replacing of the smaller Zn atoms by the larger Al atoms leads to the increasing of the
lattice parameters and cell volumes.

Interatomic distances in the crystal structures of the ternary compounds of the R-Zn-
Al systems usually are the same as the respective sums of the metallic radii of the
interacting components [5-9]. This indicates that the predominant contribution of metallic
type bonding in the ternary rare earth and zinc aluminides.
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Figure 4. Phase diagram of the Ho—Zn—Al system at 500°C and 0-50 at. % Ho
Table 6
Crystallographic data of the ternary phases in Ho—Zn—Al system
N Phase ST e - Lattice pa;ameters, nm -
* | HoZnjgoAl; ThMn,, 14/mmm 0.8873(1) — 0.5199(1)
* HO2,XZI'116_1A10A9 Th2Ni17 P63/mmc 089709(6) — 087563(8)
* HO2ZI’115_7A11A3 Th2Zn17 R-3m 08959(1) — 13139(2)
* | HoZn,gsAly s KHg, Imma 0.44627(7) 0.7039(1) 0.7605(1)
* HOZHO'52A10'43 CsCl Pm-3m 03552(1) — —
* HOA11A6QZHOA31 MgCuz Fd3m 0.781 19(2) — —
0.8615(2)- 1.6352(4)-
1 HOZn4'9_5'1A1341_2'9 HOZH5A13 14/mmm 085952(8) - 16624(3)
2 | ~HoZn,Al
0.42040(2)— 1.23892(4)- 0.99682(8)—
3 | HosZnsgasAbses | LasAly | mmm— 4 47058(2) 1.23717(7) 0.99463(5)
HoZng s4.026Al5 46- 0.42249(9)-
o AuCus | Pm3m 1 6 4237904 - -
HOZH0_89,1A07A11A11, 044800(6)— 070322(9)—
> s Caln, P6/mmm | o 447101 - 0.7069(1)

* Limit compositions of the solid solutions on the basis of binary compounds.
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MeTonaMu PEHTTEHOCTPYKTYPHOTO Ta PEHTreH0(a30BOro aHaii3iB MoOyIOBaHO i30TepMidHHI

riepepis miarpamu crany cucremu Ho-Zn-Al npu 500 °C B o6nacTi g0 50 at. % romsmiro. Ilinreepmkeno
iCHyBaHHsI JBOX TepHapHHX iHTepMeranigie HoZnsAly (Bmacuuit crpykrypuuii tum, I I4/mmm) ta
Ho;Zn, 4Algg (CT LazAlyy, III" Immm), Buepiie BUSABICHO Ta TOCIIKEHO KPUCTAIIYHY CTPYKTYpPY JBOX
HOBHX cHONyK 3i crpykrypamu tumy AuCu; ta Calny. CHoiyku XapakTepu3yIOThCS CTaTUCTHYHHM
PO3IIO/IIIOM aTOMIB MEHIIIOTO po3Mipy (Zn Ta Al) i MaloTh He3HAUHi 00IaCTi TOMOT€HHOCTI, CKIIaN SKUX
onucytors Gopmymn: HoZnygs Al 159 (a=0,8615(2)-0,85952(8), c¢=1,6352(4)-1,6624(3) HM),
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HosZn;7.47Al;363 (a=0,42040(2)-0,42058(2), b =1,23892(4)-1,23717(7), c=0,99682(8)—
0,99463(5) HM), HOZn0’54_0’26A12’46_2"74, (a = 0,42249(9)—0,42379(4) HM), HOZHO,,89-I,,07A11,,I 1-0,93
(a =0,44800(6)-0,4471(1), ¢=0,70322(9)-0,7069(1) =uM). BusBieHo IiCHyBaHHS HOBOI CIIOJYKH
npubansHoro ckinany ~HoZn,Al, kpucraniyaa CTpyKTypa Kol HeBiioma.

binapui crnonyku cucreM Ho-Zn ta Ho-Al po3uuHSIOTH amioMiHIi Ta IMHK, BiANOBIAHO,
YTBOPIOIOYHM TBEPAi PO3YMHH 3aMillleHHs, TpaHWYHI CKIagd SKUX BH3HAUYCHO METOJaMH
peHTreHocTpykTypHoro anamizy: HoZnjgoAl;; (CT ThMnj,, a=0,8873(1), ¢=0,5199(1) um),
HOz_xané’lAlo_g (CT Tthi17, a=0,89709(6), C=0,87563(8) HM), H02Zn15_7A11’3 (CT Thzzn”,
a=0,8959(1), ¢=1,3139(2) ©m), HoZn,gsAly;5s (CT KHg,, a=0,44627(7), b=0,7039(1),
¢=0,7605(1) mm), HoZngs;Alpgs (CT CsCl, a=0,3552(1) nm), HoAl, ¢Zng3 (CT MgCu,,
a=0,78119(2) um).

Kniouosi cnosa: iHTEpMeTaNiIN, KPUCTANIIYHA CTPYKTYpa, (pa30Bi piBHOBArH.
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