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I. INTRODUCTION

A. Purpose of Current Project
This project was undertaken to help provide basic chemical and

thermochemical information for the various intermetallic compoﬁnds formed
between zirconium and aluminum. Previous investigations of the phase
diagram and crystallography of this system have ieft some uncertainty
regarding the number of compounds formed between zirconium and aluminum
and the temperature ranges at which they are stable. To date, reliable
thermodynamic data for the system are lacking. Such data are of interest
in various metallurgical problems since they relate to segregation and
precipitation of intermediate phases in alloy applications and they also
provide some basis for the understanding of chemical bonding effects and

cohesion in the various compounds.

B. Review of Previous Work on the Zr-Al System

1. Phase diagram and crystallography

Previous investigations of the zirconium aluminum system have
centered largely around the establishment of phase diagram features and
crystailograpny of the intermetailic compounds formed. The compounds
which have been characterized crystailographically are listed in Tabie
1.1 along with references to the appropriate literature. These data have
been tabulated by Pearson.!?

Historically, the first zirconium-aluminum compound to be identified
was ZrAl; by Brauer! in 1939. The crystal structure of this compound and

the related compounds TiAls, TaAls, and NbAl3; were reported in this work.



Table 1.1. Crystallographic data for zirconium-aluminides

Compound Structure Type ‘Lattice Parameters (A) Space Group Ref.
ZrAlg D0,, tetragonal = 4,306, ¢ = 1690 I, /mmm 1
ZrAl, Cl4 (MgZn,) hexagonal = 5.282, ¢ = 8.748 P63/mmc 2
ZryAl, orthorhombic = 9,601, b = 13.906, ¢ = 5.57 Fdd2 3
ZrAl Bf orthorhombic (CrB) = 3,353, b = 10.866, ¢ = 9.266 Cmem 4
ZrgAl, (h) hexagonal TigGa, = 8.447, ¢ = 5.810 P63/mem 5
ZryAl hexagonal = 5.433, ¢ = 5.390 P6 6
IZr4Al, tetragonal = 7,630, ¢ = 6.998 P4, ;mnm 7
Ir Al 4 (h) D8, (W¢Sijs)-tetragonal = 11.049, ¢ = 5.396 14/mcm 8
Zr,Al D8, (Ni,In)-hexagonal = 4,894, c = 5.928 P63/mmc 9
Zr JAl L1, (CujAu)-cubic = 4,372 Pm3m 10
"ZrsAl 504" D8y (Mn.Sig)-hexagonal = 8.184, ¢ = 5.702 P63/mcm 8,11




Other early work was directed towards the establishment of solidus and
liquidus curves in the extreme aluminum-rich end of the phase diagram.!3
Then, in 1954, McPhersen and Hansenl" reported an investigation of the
complete phase diagram of the zirconium-aluminum system, based on results
of DTA and metal lographical examination of a large number of samples.
The compounds ZrAlj, ZrAl,, Zr,Al;, ZIrAl, Ir,Al3, ZriAl,, IrgAl;, Zr,Al,
and ZrjAl were reported. Three of these, namely Zr3Al, Zr,Al, and ZrAl
were reported to form in the solid state, while the remaining compounds
formed congruently or peritectically from the melt. ZrgAl; was reported
to have a minimum temperature of stability, probably decomposing eutec-
toidally into Zr,Al + Zr,Al,, but because of sluggish reaction rates the
temperature of decomposition could not be established exactly. To the
present time, the phase diagram of the zirconium-aluminum system as it
appears in several compilationsl®-17 appears to remain basically as
establisﬁed by McPhersen and Hansen without major revisions. This dia-
gram is shown in Figure 1.1.

Following the‘phase diagram work of McPhersen and Hansen numerous
crystallographic studies of the intermetaliic compounds were carried out
by several investigators.l=1!1,18 Edshammar,® in 1962 reviewed the
crystailography of the zirconium-aluminum system, pointing out potential
uncertainties in the structures and existence of some of the.compounds.
Edshammar was unable to confirm the existence of ZrAl and suggested that
this compound may be stabilized by hafnium impurities. He also discussed
two observed structures of the compound IrcAl 5, one of which is isotypic

with Mn5513 and the other with W .Si,. Wilson et al.l! reported observing
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a MngSi;-type phase while Edshammar found a WgSiz. Nowotnyl!® pointed

out that the MngSiz-type structure is often stabilized by nonmetallic
impurities (0,C,B) in octahedral interstices of this structure type.
Edshammar believes the same to be true of the MngSij; phase occurring in
the zirconium-aluminum system. In fact, Edshammar and Andersson® arc
melted a mixture of Zr, Al, and Al,0; in the ratio ZrgAl;0 (corresponding
to all octahedral interstices filled) and obtained a pure MnSSia-type
phase with lattice parameters near those reported by Wilson for Ir Al 5 of
the MnSSi3-type. The MnSSi3-type phase is therefore referred to as

"Zr Al ;04"

A modification to the phase diagram of McPhersen and Hansenl* was
proposed by Potschke and Schubert in 1962.2% A new high temperature
compound, ZrsAl,, was reported to form congruently from the melt at
1530°C and 80.8 wt % Zr instead of the compound Zr,Al; (81.6 wt % ZIr).
The comp&und IrgAl, was reported to be isotypic with the compound TigGa,.
Potschke and Schubert used the structural data of TigGa, (i.e., the
atomic coordinates) to calculate an expected powder pattern of ZrgAl, and
reportedly obtained a good match to the observed pattern. The compound
Ir Aig, according to Potschke, forms in the soiid state at about i000°C.
The phase diagram modification proposed by Potschke and Schubert is
illustrated in Figure 1.2. They also report observing “Ir Al ,0," over
a wide composition range (50-63 at % Zr). The findings of Potschke and
Schubert have not been adoptgd in phase diagrams appearing in various

compilations and remain largely unconfirmed.
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In summary, the principal phase diagram features of the zirconium-
aluminum system are established, but some uncertainty exists regarding
the existence of ZrAl and ZrgAl,. There has also been some uncertainty
as to whether the MngSi;-type phase appearing in this system is a modifi-

cation of the binary compound ZrsAls or a ternary ZrgAlsOx (x 5.1).

2. Previous thermodynamic investigations

Previous thermodynamic investigations of the zirconium-aluminum
system are limited to only one. Schneider et al.2! determined integral
free energies of three compounds by measuring the solubility of each
component in liquid magnesium at 740°C. They obtained

1/3 ZrAl

AG = -13600 cal/g-atom

2 * % 1023 K

1/5 Ir ,Al 5: AGf’1023 K= -12800 cal/g-atom

“1/7 Ir A13: AG;’1023 K= -10300 cal/g-atom.

4

The reliability of these data have been questioned!® partially
because measurements were made at one temperature only, but they consti-
tute all that is known thermochemically about the zirconium-aluminum

system.



II. PHASE DIAGRAM SURVEY

A. General Procedures

In view of the fact that there is some uncertainty in the literature
regarding the number and composition of the intermetallic phases in the
zirconium-aluminum system and the temperature ranges over which these are
stable, some effort was placed in the course of this study in preparing
and examining, by Guinier X-ray powder diffraction, a number of samples
of different compositions subjected to various heat treatment experi-
ments. Many of these experiments were performed in conjunction with
Knudsen effusion experiments to be described later. Some of the samples
used in heat treatment experiments were also used in effusion experi-
ments, other samples were prepared exclusively for examination of phase
changes occurring at specific compositions and temperatures. Aluminum-
rich samples were observed to lose weight rather quickly (>0.25 mg/hour)

when placed in a tungsten Knudsen cell and heated between 1100-1400°C in

heat treatment experiments designed to volatilize sufficient aluminum
that phase changes occurring with composition could be detected. The
major concern throughout these experiments was to verify which compounds
were stable at temperatures high enough to volatilize aluminum at a
detectable rate. This information is critical to the proper interpreta-
tion of any thermodynamic data obtained from high temperature vaporiza-
tion experiments, and is of interest in clearing up some uncertainties in
the reported phase diagrams. Efforts were directed especially towards

the examination of the compounds ZrAl, Zr,Als, ZrgAl, and ZrgAl; and



towards the examination of lattice parameter variations with composition

and coexisting phases for as many of the compounds as possible.

B. Sample Preparation and Characterization

Zirconium-aluminum alloy samples were prepared by arc melting
weighed mixtures of high purity zirconium and aluminum metals. The
starting materials were m3N* zirconium foil and m4N8 aluminum shot
purchased from the Alfa-Ventron Corporation. The materials were melted
on a water cooled copper plate in a helium atmosphere arc welder. A
zirconium button was melted to getter oxygen impurities in the helium
atmosphere before melting any samples. The sample buttons were turned
over and melted several times to help insure homogeneity. Weight loss of
the sample could be held to less than about 1% of the total weight with
careful technique. The total quantity of material melted at one time was
generally 1.5 to 3.0 grams.

After arc melting, the sample buttons were crushed in a tool steel
mortar to obtain several coarse chunks of materiai. These were subjected
to various annealing experiments and examined by X-ray powder diffraction
afterwards. Portions of the as-cast samples were also subjected to
powder diffraction analysis. Samples were ground into as fine a powder
as possible using an agate mortar and pestie before the diffraction
analyses.

X-ray powder patterns were obtained using a Guinier focusing camera.
Small portions of NbS Si were mixed with the samples to provide an inter-
nal reference. The positions of ail reflections were measured to the

nearest 0.01 millimeter using an illuminated fiber viewing device.
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Powder patterns and observed intensities were compared to expected powder
patterns calculated (using reported structural data) by a powder battern
program developed at Penn State.?? Lattice parameters were refined by
least squares fittﬁng of the observed 1/d? values using a computer pro-
gram developed at the Ames Laboratory.23

In the various heat treatment experiments, different heat sources
were used depending on the temperature to which the sample was to be
heated and the length of time it would remain at temperature. Higher
temperature anneals (21000°C) were performed by placing the sample in
a tungsten crucible and inductively heating it in a high vacuum using the
apparatus shown in Figure 2.1. Lower temperature anneals were performed
by wrapping the sample in tantalum foil, sealing it in an evacuated fused
silica tube, and heating it in a resistance tube furnace. The inductive
heating method provides a cleaner atmosphere for heating the samples, but
the sample temperature can not be quenched so rapidly. The fused siiica
tubes on the other hand were generally dropped into a pan of water at the
end of the heat treatment to rapidly quench the sample temperature. No
major differences were observed, however, in powder patterns of samples

nzated by both methods.

C. Results and Discussion
The results of various heat treatment experiments and a summary of
the phases observed at different compositions and temperatures is given
in Table 2.1. Observed versus calculated patterns of selected phases

observed during the course of this phase diagram survey have been

accumuiated in Appendix A.
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Table 2.1.

Phases observed

Phase Lattice parameters (A)
IrAl, a= 4.0074 (6) c = 17.286 (4)
Tit a= 4.010 (2) c = 17.310 (8)
IrAl, a= 5.2792 (7) c = 8.747 (2)
a = 5.2807 (5) c = 8.749 (1)
a = 5.2880 (5) c = 8.760 (1)
lit a= 5.2824 c = 8.7482
Ir,Al; a = 9.603 [4) b = 13.927 (5) ¢ = 5.578 (2)
a= 9.617 (3) b = 13.934 (3) ¢ = 5.584 (2)
a= 9.609 (3) b = 13.917 (6) c = 5.575 (3)
1it a = 9.601 b = 13.906 c = 5.574
ZrAl a= 3.362 (1) b = 10.892 (3) c = 4,274 (2)
a= 3.362 (2) b = 10.903 (3) ¢ = 4.281 (2)
lit a = 3.353 b = 10.866 c = 4.266
Iry,Al3 a = 5.424 (1) c = 5.405 (2)
a= 5.432 (1) ¢ = 5.396 (1)
a= 5.428 (1) c = 5.387 (1)
lit a = b5.433 c = 5.390
IrsAl, a= 8.459 (4) ¢ = 5.784 (4)
a = 8.432 (2) c = 5.791 (2)
Tit a = R.,447 c = 5,810
Zr ;A1 a = 7.6333 (8) c = 6.99 (2)
a = 7.6342 (8) c = 6.989 (2)
lit a= 7.630 c = 6.998
IrsAl; a =11.043 (2) c = 5.392 (1)
1it a = 11.049 c = 5.396
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Comments

Single phase, annealed ~1100°C.
Coex with ZrAl,, annealed ~1100°C

Trace ZrAlz, annealed 1 wk at 1000°C.
Single phase ~1200°C.
Coex Zr,Al3, annealed at ~1200°C.

Coex ZrAl,, annealed ~1200°C.
Single phase ~1200°C.
Coex ZrgAl,, 76 wt% Ir as-cast sample.

77 wt% Ir, annealed 1200°C, trace ZIr,Al;.
81 wt¥% Zr, annealed 935°C, coex Zr,Als.

81 wt¥ Zr, annealed 800°C, 2 wks, trace
ZroAl ;0,3 8l wt¥% Zr, annealed at 935°C,

4 days, coex ZrAl, ZrsAl30x; 82.2 wt% Ir,
annealed 750°C, coex with Zr3Al,, ZrsAl30x.

81 wt % as-cast.
81 wt% ZIr, annealed 800°C, 2 wks, 1200°C, 24
wvdh 7

. hrs coexisting wi rA1, ZrsAl504.

82.2 wt% Ir, coex with ZrgAl,, annealed
1150°C; 84.2 wt% Ir, coex with ZrgAls,
annealed 1150°C.

Coex with Zr3Al,, annealed 1100°C.
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The more aluminum-rich compounds ZrAl,, ZrAl, and Zr,Al, consis-
tently gave sharp powder patterns and samples containing these phases
were fairly crystalline. In fact, single crystals of ZrAlz, and ZrAl;
were isolated in some of the as-cast Qamples after crushing. Powder
patterns showing the presence of one phase only could be obtained for
each of the above compounds from samples prepared either by comelting
stoichiometric amounts of zirconium and aluminum or by volatilizing
aluminum out of ZrAl; at high temperature. No indication of any devia-
tions from the reported crystal structures of the above compounds was
obtained from either powder diffraction or single crystal diffraction
patterns. The variation of the lattice parameters with composition and
coexisting phases appear to be small, indicating rather small ranges of
nonstoichiometry. The cell volume of ZrAl, does appear to increase
slightly with zirconium content, however, indicating a possible range of
nonstoicﬁiometry.

It was more difficult to obtain sharp powder diffraction patterns
from compositions containing more zirconium than the composition Zr,Aljs,
and single phase samples were only rarely obtained. Of particular
interest in clarifying the phase diagram features are the phase changes
which were observed in samples of nominal composition 76, 81, and 82.5
weight percent zirconium. Samples of these compositions were examined
immediately after arc-melting (as-cast) and after annealing at various
temperatures. The as-cast samples were useful in establishing the com-

pounds stable at high temperature since these samples were very rapidly
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quenched from the melt to room temperature during the arc-melting
process.

The observed powder pattern of an as-cast 76 wt % Zr sample, Table
2.2, showed lines from the phases Zr,Al; and ZrgAl,. The diffraction
lines were rather weak and diffuse, especially for the ZrgAl, phase.
Annealing this sample at 1200°C for 12 hours eliminated the ZrgAl, phase
completely, and resulted in the formation of nearly single phase ZrAl,
with only two weak lines of Zr,Al; appearing, Table 2.3.

An 81 wt % Zr sample showed several phase changes when annealed at
different temperatures. The composition of this sample is close to both
IrgAl, (80.8 wt % Zr) and Zr,Al3 (81.6 wt % Zr). The powder pattern of
the as-cast sample, Table 2.4, showed nearly single phase ZrgAl, (of the
TigsGa, type). The observed diffraction lines were quite weak and diffuse
as is nearly always the case both for as-cast and annealed samples near
this comﬁosition. Portions of this sample were subjected to repeated
heat treatment experiments at temperatures of 800°C, 935°C, 1000°C,
1075°C, 11£0°C and 1200°C for time periods ranging from 2 weeks at R0N°C
to 12 hours at 1200°C. The powder pattern of the sample annealed for 2
weeks at 800°C showed the presence of nearly single phase Ir Al5, Table
2.5, with a few weak reflections that corresponded to the strongest
calculated reflections of the phase ZrgAlz0y (MngSis-type). The Zr,Alj
phase remained present in pbrtions of the sample annealed at temperatures
up to 1075°C. Portions of the sample annealed at 935°C or higher (up to
1200°C) also showed the presence of ZrAl. The ZrgAl, phase began to

reappear somewhere between 1000°C and 1075°C, it was not present in the
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Table 2.2. Observed powder pattern - 76 wt 4 zirconium sample as-cast

200ps  lobs  ZraAls Zr A, Zr,Al, ZrgAl,
hks hk Tealc Ieale

19.32 W 1,1,1 27.2
22.35 W 2,2,0 26.6
24.20 W 2,0,0 12.1
25.99 MW 1,1,1 47.5
26.53 M 1,3,1 46.8
30.68 W 0,0,2 2.3
31.61 MW 2,4,0 62.0
3231 W 2,1,0 12.2
32.84 MW 3,1,1 62.2
34.66 W 0,2,2 45.1
35.94 MW 2,1,1 32.0
36.84  MS 3,0,0 90.5
37.28 S 2,0,2 1,5,1 49/9. 100.0
37.51 S 1,1,2 100.0
37.68 S 3,3,1 43.6
39.54 M 2,2,2 51.8
49.58 W 1,7,1 19.8
50.67 W 5,1,1 7.7
53.51 W 2,2,2 32.7
54.01 W 1,3,3 16.8
54.91 W 2,6,2 10.4
57.03 M 4,8,2 3,2,1 34.3 10.4
59.17 VW 6,2,0 11.5
59.56 W 4,0,2 10.9
59.96 VW 8,1,1 7.3
60.59 W 1,5,3 19.7
60.94 VW  5,5,1 5.5
64.32 M 6,4,0 0,0,4 10.0 9.3
66.20 VW 3,3,0 10.5
67.40 W 6,0,2 16.6
69.54 WM 3,9,1 11.8

70.10 W 5,7,1 15.9
73.92 W 7,3,1 5,1,1 8.4 14.2

Cu Ka A = 1,5406 A




Table 2.3.

Observed powder pattern - 76 wt % zirconium sample annealed

at 1200°C
20hs ZrAl obs Teale
hke

16.18 020 M 13.5
26.46 021 MS 43.3
27.72 110 W 6.0
32.86 040 M 13.7
34.55 - ; - 022, 2r,Al,
34.91 111 S 100.0
36.37 130 S 49.3
37.26 - W - 202, 151 Zr2A13
39.17 041 M 44.8
42.22 002 M 25.7
49,87 150 W 7.4
50.22 060 W 4.9
54.56 151 MS 16.2
56.96 132 MS 30.4
61.69 221 MW 9.9
65.11 240 W 4.7
66.17 170 Md 8.4
67.41 152 W 7.2
70.15 171 MW 9.3
71.35 202 MW 14.6
72.52 113 MW 16.7
72.79 081 MW 10.7
77.26 260 VW 4.0
80.72 242 W 6.9
81.66 172 W 12.6

Cu Ka A = 1.5406 A
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Table 2.4. Observed powder pattern of an 81 wt % Zr as-cast sample

ZGob S Ir 5 Al 4 1 1

hbe obs cale
24,34 200 W 12.1
26.18 111 MW 47.5
30.78 002 VW 4.3
32.38 210 W 12.2
33.22 102 W 9.8
36.01 211 M 32.0
36.89 300 MS 90.5
37.65 112 MS 100.0
53.62 222 VW 32.7
59.64 402 W 10.9
64.35 004 W 9.3

A11 lines observed were auite hroad (2 0.1° in 20 and a high
background was present.

Cu Ka A = 1,5406 A
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Table 2.5. Observed powder pattern - 81 wt % Zr sample annealed at 800°C

290ps ZryAly Iobs Lealc
hke

16.35 001 W 16.0
18.80 100 MW 14.3
25.06 101 W 14.3
26.82 - VW - 111 "ZrgAl ;0"
32.96 110 S 96.6
33.44 - Vid 210 "ZrgAl ;0"
34.00 - VW 102 "ZrgAl 50"
37.10 111 S 53.7
38.27 200 S 16.4
38.45 102 S 100.0
41.88 201 M 25.7
51.55 202 M 18.9
58.95 300 M 20.4
61.70 301 MW 13.9
62.58 212 M 27.7
65.37 203 W 8.1
69.17 220 MS 24.3
71.63 221 VW 2.4
75.09 213 VW 2.1
79.14 114 W 22.4

82.00 132 W 17.0
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powder pattern of a sample annealed at 1000°C, but a few of the stronger
reflections of the ZrgAl, phase were present in the sample annealed at
1075°C. The Zr,Al; phase was not present at 1160° or 1200°C.

The "IrsAl30¢" phase was observed quite often in an Rl wt % Zr
sample annealed at different temperatures. The intensities of the
IrsAl30¢ reflections relative to the coexistina phases varied strongly
with the heat treatment of the samples. Samples heated at 800°, 935°,
1000° and 1075°C showed ZrgAl3;0y reflections which were weak relative
to the other phases present (Zr,Al; and ZrAl). Samples annealed at 1160°
and 1200°C showed Zr;A1;0, reflections of intensity c&mparab]e to the
coexisting phases (ZrsAly, ZrAl). The ZrsAl30¢ reflections were not
observed in an 81 wt ¥ Zr as-cast sample. Faint reflections from this
phase also appeared in a 76 wt % Zr sample and an 82.5 wt % Zr sample.

The phase changes observed in the 81 wt % Zr sample and the relative
intensitfes of the ZrgAl30¢ lines were reversible with temperature.

For example, a sample annealed at 935°C for 4 days, 1160°C for 13 hours,
and 935°C for 24 hours showed a powder pattern identical to that of the
same sample annealed at 935°C for 4 days. It therefore, seems unlikely
that the increase in relative intensity of the "ZrgAl;0x" diffraction
lines at 1160° and 1200°C is due to sample oxidation on prolonged
annealing since the 1ines become weaker again when the sample is rean-
nealed at a lower temperature. The compound Zr, Al; also disappeared and

reappeared reversibly in the sample annealed at 935°C, then 1160°C, and

then 935°C.
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The formation and decomposition of the high temperature compound
IrgAl, was also observed in a sample containing 82.5 wt % Zr. The as-
cast sample of this composition yielded a powder pattern exhibiting lines
primarily of the phases Zr Al, and Zr,Al,; annealing this sample at ca.
1000°C for 24 hours resulted in a mixture of Zr,Al; and ZrjAl,. A few
weak lines of the phase 'erAlaox' generally appeared in these powder
Patterns also. The disappearance of Zr Al; and appearance of ZrgAl, at
~1000°C was thus observed with samples containing both more and less
zirconium than the stoichiometric formula ZrgAl,, and ZrgAl, was observed
coexisting with neighboring phases on both sides.

The remaining phases which were observed in this survey were ZrjAl,,
coexisting with Zr Al, in an 82 wt % Zr sampie and with Zr Al in an 84
wt % Zr sample, and ZrgAl; (WgSiz-type) coexisting with ZrjAl, in an 84
wt % Zr- sample. A sample of composition 87 wt % Zr was also prepared,
and atteﬁpts were made to anneal this sample at temperatures between
1250°C and 1350°C to form a mixture of ZrsAl 5 and Ir{ss). These attempts
were unsuccessful, powder patterns showing erAl3 coexisting with the
Ir(ss) were not obtained, but extremely diffuse powder patterns of Ir Al
(Nizin-type)'resulted apparzntly due tc difficulty in properiy quenching

the samples.

D. Conclusions
The results of the previously described pnase diagram experiments
have in most ways duplicated the results reported by Potschke and

Schubert,20 especially as regards the existence/nonexistence of
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erAl“/ZruAl3 at high temperatures. The alleged ternary phase
“erAl3OX" was also observed, at least in trace amounts, over a wide
composition range coexisting with several intermetallic phases (between
Ir,Al; and IrgAl;).

To help determine the effects that impurities may have had on the
phases observed in various X-ray powder patterns several chemical analy-
ses were performed on the starting material and an 82 wt % Zr sample.

The 10 major impurities identified by a spark source mass spectro-
metric analysis of the zirconium and aluminum metals used in the sample

preparations are as follows (concentrations in atomic ppm):

Major Mh N Ni Cr Si Hf Al 0 Fe C
element Zr: 15 20 3% 70 80 100 160 700 730 1000

Major P C N Ti Cu O G ZIn Si  Fe
element Al: 5 5 10 10 12 2 32 69 100 400

Tne resuits obtained for € and G in this anaiysis may be nignh Since
the spark source mass spectrometric method is somewhat surface sensitive.
The metallic impurities appear quite low, and hafnium in particular is
present at only 100 ppm in the zirconium used. A vacuum fusion analysis
of an 82 wt % Zr sample (one in which the alleged ternary phase
"ZrgAl ;04" of the MngSig-type was observed) was also performed. The
total 0, C, N, H impurities added up to less than 700 ppm by weight in
this sample, which should be typical of the contamination in all other

samples since all were similarly prepared. An acknowledgement is made to
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the Ames Laboratory analytical service qroups for performing these
analyses.

Using the results of the impurity analyses and the observations made
in various heat t}eatment-x-ray diffraction experiments several conclu-
sions can be made relative to previous reports on the Zr-Al phase dia-
gram. The 1:1 compound ZrAl was observed in this study in samples of
composition from 76 wt % Zr to 81 wt % Zr annealed at temperatures less
than 1250°C. The proposal by Edshammar that this phase is a hafnium
stabilized ternary appears to be unlikely since the hafnium impurity in
the zirconium metal used was only 100 ppm. This phase is undoubtedly a
binary, and perhaps Edshammar's annealina temperature, stated to be
850°C, was too low to equilibrate an arc-melted mixture near this com-
position (which consisted of Zr,Al3 + ZrsAl, in the present study) in a
reasonable time period.

The phase diagram modification proposed by Potschke and Schubert
appears to be basically correct. Zr,Al3 is clearly absent in powder
photographs of samples annealed above about 1075°C, and a TigGa,-type
phase is present in samples cooled from above this temperature. The
powder patterns of samplies of 76-83 wt % Zr (~50-80 atomic % Zr) aiways
show an apparent TigGa,-type phase, ZrsAl,, when cooled from high
(21200°C) temperature. The powder patterns are invariably diffuse,
probably because of difficulty in quenching these samples quickly
enough.

The major remaining uncertainty in the zirconium-aluminum diagram is

the identity of the MngSi3;-type phase. In the course of this series of
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experiments, an apparent MnSSis-type phase appeared quite strongly with
an 81 wt % Zr (55 atomic %) heated to 1200°C and quenched in H,0. Tﬁe
appearance of this phase accompanied the appearance of the TigGa, -type
phase, ZrgAl,, and the disappearance of the Zr,Al; phase on heating. In
view of the low content of nonmetallic impurities found in the vacuum
fusion analysis (<700 ppm), it is unlikely that this phase is a ter-
nary, such as "ZrgAl;0,". In this context, it is interesting to note
that there is a close relationship between the MngSi;-type structure and
the TigGa, structure. In fact, if the octahedral voids that Edshammar
and Nowotny have postulated are partially filled with oxygen were to be
completely filled by aluminum, a Tisea“ phase results. This suggests the
possibility of erAlk ordering on cooling in a manner which would result
in what appears to be a MnSSi3-type diffraction pattern. The powder
patterns obtained from the heat treatment-quenching experiments performed
in this survey are not very sharp and the fact that several phases appear
simultaneously makes it difficult to unambiguously index the films.
Still, the simultaneous appearance of two hexagonal phases, one a TigGa,-
type and the other a MngSi;-type, occurred reproducibly in different
experiments. This would be an interesting problem for future experi-
mental work, which may include high temperature X-ray diffraction experi-
ments of samples of nominal composition ZrgAl, over the temperature range
900-1400°C. In view of the fact that the MngSi,-type phase is possibly
stabilized by interstitial impurities, extreme care would have to be

taken in such experiments to avoid sample contamination.
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ITI. VAPORIZATION STUDY

A. Knudsen Effusion Method
The technique used to investigate the thermodynamic properties of
the zirconium-aluminum system is a variation of the Knudsen effusion
method, named after M. Knudsen?" who originally discussed the basic prin-
ciples behind the method. The Knudsen effusion method has its roots in
simple kinetic gas theory. It is assumed that the distribution of

molecular speeds in a low pressure gas follows a Maxwell-Boltzmann type

of distribution

M
2nRT

)372 ¢2 exp (Mc?/RT) (1)

dN(c)
where No T is the fraction of molecules having speed ¢, N is the molecu-

lar weight, T the absolute temperature, and R the gqas constant. The

average molecular speed for a gas obeying the above distribution law is

c = (8RT/mn)1/2 = (gkT/mm)1/2 (2)

and the rate of the molecules colliding on a unit area of the container

wall per unit time is

Zz

At

o jo

n
70 = =y (3)

where N/V is the number of molecules per unit volume. For an ideal gas
N n

P = v kT = v RT (4)

where n is the number of moles, k the Boltzmann constant. Combining
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equations (2), (3), and (4) yields

z
P = 4Zo KT (mm/8kT)1/2 = 7 (27kTm)1/2 (5)

which is the Knudsen equation. In terms of the weight of molecules

colliding per unit time it can be written as

L / 2nRT

P=" Uy J- (6)

Equation (5) relates the partial pressure of a gas species to the rate at
which collisions take place with a unit area of the container wall.
Experimental Knudsen effusion techniques are based on the assumption that
a small cross-sectional area of the wall can be removed and equation (6)
will then give the rate at which mass is lost due to effusion through
this orifice. This assumption is strictly valid only for infinitely thin
walls, in real orifices a correction known as a clausing factor is often
applied toc compensate for finite wall thickness. With careful machining,
however, of the cell orifice the clausing factor becomes very nearly
uhity. In order to obtain meaningful thermodynamic data, it is also
important that the saturation pressure of the gas species be maintaineg
inside the container.

There are several variations of Knudsen effusion method depending
mainly on the technique used to identify and quantify the épecies effus-
ing through the orifice of the Knudsen cel1.2%,2% The most straight-
forward way is simply to place a weighed sample into the cell, heat it at
constant temperature for a measured t{me period, and weigh it again.

Other common techniques are to condense a known fraction of the effusate
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on a cold target placed coaxially with the cell orifice and to determine
the amount of condensate by chemical or radiochemical analysis. Another
common technique is to use a mass spectrometer to study the vapor effus-
ing from the cell. This last method provides a means of identifying all
vapor species effusing from the cell, and relative ratios of one to
another, but poses experimental problems in the calibration of the mass-
spectrometer to determine absolute partial pressures.

It is worth discussing the principles of a Knudsen cell mass-
spectrometer in slightly more detail. The measured quantity in a mass
spectrometric experiment is an ion current at a given mass setting
I:. This current is related to the molecular flux z and the time
spent in the ionization chamber via

It o It aZ v = molecular velocity.
v

From the Maxwell-Boltzmann distribution the molecular velocity v is

exactly ¢ of equation (2) which is proportional to the square root of

the temperature

ve Tl/2,

The Knudsen equation also implies that

P] a Tl/2 2

combining gives
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The instrumental constant k incorporates several other factors
including the ionization cross-section o, a transmission factor 7, a
mass-spectrometer electron multiplier response function s, and various

instrumental and geometric factors that are constant for different

masses.

G (Inst factors-Geom)

oS T

The problem of calibration of the mass-spectrometer is essentially that .
of determination of the proportionality constant k.

This brings us to the exact experimental method used in the study of
the zirconium-aluminum system. A simple but effective way of calibrating
the mass-spectrometer would be provided if a means of monitoring the
total weight of the sample at a given time could be coupled to simul-

taneous mass-spectrometer measurements. Then since

the pressure obtained from the weight loss data could be used to

calibrate the mass-spectrometer constant k. An zapparatus possessing

these capabilities will now be described.

B. Description of Experimental Apparatus
The apparatus used in this study of the vaporization properties in
the zirconium-aluminum system is illustrated schematically in Fiqures
3.1, 3.2. A stainless steel high vacuum system houses the various com-

ponents shown. Access to the system is obtained by breaking vacuum and



Figure 3.1.
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The mass-loss-mass-spectrometer apparatus block diagram
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Figure 3.2. The major components inside the mass-loss-mass-spectrometer
vacuum system
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raising or lowering a glass bell jar which rests on top of the main
stainless steel assembly. The system is pumped by a 1iquid nitrogen
trapped Varian 4" diffusion pump and mechanical forepump, and after
thorough outgassing the residual pressure in the vacuum system reaches
about 5x10-% torr. The major components inside the vacuum system are a
Cahn RH recording microbalance, a UTI 1-400 amu quadrupole mass-
spectrometer, a Sylvania tungsten mesh heating element, a shutter, and a
tantalum sheathed W5% Re vs W26% Re thermocouple which is inserted
through an O-ring sealed feed-through from outside the vacuum system. A
sample is placed into a tungsten Knudsen cell with a knife edge orifice
on the bottom and is suspended between the tungsten mesh heating elements
from the arm of the Cahn balance. The effusing vapor is directed towards
the quadrupole mass-spectrometer. The tip of the W5% Re vs W26% Re ther-
mocouple is a few millimeters from the effusion cell, and the output of
this thermocouple provides a signal which is used to control the cell
temperature and also provides a close measure of the cell temperature
since the tungsten mesh furnace creates a larage uniform temperature zone.
The output of the recording balance is routed to a strip chart recorder
having a sensitivity of 1 mV full scale. The balance is usually operated
on a range which gives a 1 mV change in the output signal for a 1 mg
change in the sample weight, so that weight loss can be continually moni-
tored with a sensitivity of at least *0.1 mg. The signal from the mass-
spectrometer is similarly routed to a chart recorder and/or an oscillo-
scope after having been amplified by a high speed picoammeter. It is

thus possible to make simultaneous measurements of mass-1oss and mass-
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spectra, and to calibrate the mass-spectrometer ion intensities against
partial pressures calculated from the balance data. The material effus-
ing from the Knudsen cell towards the mass-spectrometer can be blocked by
a mechanical shutter to permit readings of the background gas level, thus
improving sensitivity.

The major components of the mass-loss-mass-spectrometer system
exterior to the vacuum system are a Leeds & Northrup Electromax tempera-
ture controller, an EMI 10 Kw DC power supply (for the tungsten mesh
furnace), an Omega digital thermometer which displays the furnace tem-
perature, and the associated electronic units for the Cahn balance and
mass-spectrometer. The Electromax controller monitors the output of the
W5% Re-W26%Re thermocouple and sends a signal to the EMI power supply
which regulates the power applied to the tungsten mesh elements. The
controller provides excellent long term temperature stability and repro-
ducible temperature setpoints, the temperature of the furnace and Knudsen
cell can be held to #2°C for several days without readjustment.

The mass-loss-mass-spectrometric technique is particularly we]f—
suited to the study of incongruent vaporization processes, and has been
successfully appiied to several such investigations.2772°% The ability of
the mass-spectrometer to make measurements relatively quickly, and the
rapid response and excellent stability of the temperature control system
(<3 minutes to stabilize temperature after a setpoint change) are
tremendous assets in the study of incongruent vaporization where problems
due to slow diffusion and surface depletion in the solid sample often

arise. With the mass-spectrometer measurements at comparatively high
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temperatures can be made quickly and the temperature can then be lowered
to anneal the sample and restore the volatile combonent to the sample
surface before proceeding with vapor pressure measurements. Weight loss
vs mass-spectrometer calibration data can also often be collected during
these annealing periods at lower temperature where kinetic problems are
less pronounced. The long term temperature stability provided by this
apparatus is also vital in the study of samples which regquire extensive
in situ annealing, and in the measurement of extremely low vapor pres-
sures where the sample loses weight slowly. Such experiments would be
difficult, if not impossible, to perform with other experimental varia-

tions of the Knudsen effusion technique.

C. Treatment of Vaporization Data

The raw data collected in a mass-loss-mass-spectrometiric experiment
are the sample rate of weight loss (mg/min), the temperature, and the
mass-spectrometer ion intensities. In the case of the present study, the
oniy vapor species of importance is atomic aiuminum at Z7 amu, so the
treatment of the data is simplified. However, it is useful to know the
criteria for making useful measurements.

In order to make meaningful vapor pressure measurements, the vari-
ables upon which these pressures depend should be known and/or con-
trolled. For a two component system, the important variables are the
composition of the sample being studied and the temperature. If a single
solid phase coexists with a vapor phase, p = 2, and the phase rule

implies f =¢c -p+2=2-2+2 =2, 1.e., there are two degrees of
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freedom and the vapor pressures of the components are not uniquely
defined by fixing the témperature of the sample. On the other hand,
partial pressures over a three phase (two solids and the vapor) sample
are dependent solely on temperature since f = 1 in this case. The
experimental observables related to the partial pressures of the various
gas species in equilibrium with the solid sample, i.e., the rate of
weight loss and mass-spectrometer jon intensities, are then also fixed by
fixing the temperature and will remain constant so long as the two solid
phases coexist. Experimentally, it is usually easiest to work with an
univariant system.

The vaporization processes in the zirconium-aluminum system are
incongruent, i.e., aluminum is preferentially lost from the solid until
no aluminum remains. By measuring rates of weight loss and aluminum mass
spectrometric ion intensities over compositions at which two solid phases
coexist, thermodynamic data for the various intermetallic phases can be
established. The first step is conversion of ihe raw data to equilibrium
partial pressures. The rate at which the sample loses weight is estab-
l1ished by examining chart recordings of weight loss vs time, for an
univariant process these are linear. Partiail pressures of aluminum can

be calculated directly from the weight loss data using the Knudsen equa-

tions in the form

_ 3.76x10-7
A

p R Y(T/™)

where P = pressure (atmospheres), A = area of the effusion cell orifice

(cmz), T = absolute temperature, R = observed rate of weight loss
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(mg/min), M = molecular weight of effusing species = 26.9815, and the
numerical factor 3.76x10~7 is a product of several constants necessary to
provide dimensional consistency. The pressures thus calculated from the

balance data are used in the relation

+
Pbalance - kI27T

with aluminum jon intensities I¥; measured simultaneously with the

weight loss data and the proportionality constant k evaluated. This
constant k can then be used to convert mass-spectrometer measurements for
which no simultaneous weight 1oss data were obtained into partial pres-
sures. Because mass-spectrometer measurements can be obtained much more
quickly than weight loss data there are generally very many mass-
spectrometer measurements for which simultaneous weight loss data are not
available. The conversion of the mass-spectrometer measurements to par-
tial pressures by calibration against the balance data reduces the sta-
tistical error in subsequently derived quantities by providing many more
partial pressure data points.

Derivation of thermodynamic values from the temperature vs partial
pressure data invariably centers around first using the partial pressure
data to calculate an equilibrium constant (K) for some vaporization
reaction. Two methods of treating the aata are then commonly used.3¢
The first, referred to as the second law method, starts with the
relation

AG" = RT In K = AHT —TAST .

The standard enthalpy change &4HT and entropy change A4S} can be



36

evaluated by plotting or least squares fitting of observed In K values vs
1/T. oHy and ASt follow from the slope and intercept, respec-

tively, of the straight line obtained. The temperature assigned to these
AH{, AS; values is génerally the median temperature over which

data were collected. The enthalpy change at some reference temperature,

i.e., AH298, can then be calculated from the relation

ot = a4 [T aC, dT .
298 298

Second law heats at 298 K can also be evaluated from the slope of a plot
of (R In K + afefr) vs 1/T, referred to as a £' plot.3!

Another method, referred to as the third law method, uses the

relation

AG; - aH°® -RT In K - aH®
AfefT = 298 = 298

T T

Calculated or estimated free energy function changes for the vaporization
reaction being considered are evaluated at each experimental temperature
point, and from these and the observed In K values a value for AH;98 is
computed. One AH§98 value is obtained for each experimental tem-
perature vs In K data point and these are then averaged.

In the current study, seven different vaporization processes were
examined by measuring aluminum partial pressures over samples in which
two zirconium-aluminum intermediate compounds coexist. The processes are

as follows:
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1. ZrAla(s) + ZrAl,(s) + Al(g)

2. 2IrAl,(s) + Ir,Alz(s) + Al(qg)

3. ZrpAlz(s) + 2ZrAl(s) + Al(q)

4. 3/,Ir,Alg(s) + 2/5IrsAl,(s) + Al(g)

5. */aZrsAly(s) > 3/5ZrgAl,(s) + Al(g)

6. 5Zr3Al,(s) » 3IrgAlz(s) + Al(g)

7. 1/3IrgAls(s) 3/3Zr(ss) + Al(g).
The equilibrium constant for all the above reactions is K = Ppy.
Second law enthalpy and entropy changes at the median temperatures can be
evaluated from the slopes and intercepts of plots of In K vs 1/T (second
law plots). The calculation of second and third law standard enthalpy
changes (aH344) involves an estimation of heat capacity and free energy
function changes for the above processes.

Heat capacities of intermetallic phases are generally lacking and

therefore estimates of Cp values are required. These values are
usually estimated using the so called Neumann-Kopp rule.32 According to
this procedure the change in heat capacity ACp for an all solid reac-
tion such as

x Ir(s) + y Al(s) = ZryAly(s)
is 8Cp = 0. This implies that the heat capacity of a solid compound is
the sum of the heat capacities of the constituent elements. Since free
energy function changes for an all solid reaction are related to the heat

capacity changes via

‘ 1 8C_ T
sfefr =L )T ac (Tareo ;T 2T 470
T o P o T



38

these are also identically zero. Subject to this assumption the free

energy function changes for reactions 1 through 7 above are the same as
for the vaporization of pure aluminum at the same temperature. Data for
elemental Al necessary to perform second and third law calculations for

reactions 1-7 were taken from the compilation of Hultgren et al.33

D. Experiments Performed with Aluminum-Rich Compositions

The experimental approach used in the various vaporization experi-
ments performed on zirconium-aluminum samples varied somewhat with the
composition of the sample being studied, but can roughly be separated
into experiments performed with zirconium-rich or aluminum-rich composi-
tions. Aluminum-rich compositions were studied with the apparatus as
previously described and will be discussed in this section, while
zirconium-rich compositions were examined after making some modifications
to the experimental apparatus and will be discussed later. The term
'aluminum-rich' will be rather loosely used to describe compositions
between 53 and 82 wt % zirconium, or the approximate stoichiometries
IrAl3 to ZrgAl,. Eight different experiments (MLMS-1 through MLMS-8)
were performed using samples in this composition range. The various
experiments are compared in Table 3.1, where "processes examined" refers
to the vaporization reactions 1-7 described in the previous section.
Experiments MLMS-1 through MLMS-4 were preliminary experiments of 1 to 2
days duration designed to check the feasibility of measuring aluminum
partial pressures over this composition range and to establish tempera-

ture ranges over which measurements could be made. Experiments MLMS-5
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Table 3.1. Experiments performed with aluminum-rich compositions

Phase present Phase present Cell orifice
Experiment at start at end areas (cm?) Reaction?
MLMS 1 ZrAl4+ZrAl, ZrAl, 2.03x10-2 -5
MLMS 2 ZrAl,+IrAl, melted 2.03x10-2 b
MLMS 3 ZrAl, Zr Al +Ir A1, 2.03x10-2 D
MLMS 4 IrAl, . Ir,Al3+IrcAl, 6.76x1073 >3
MLMS 5 IrAl 4+ZrAl, IrAl, 6.76x10-3 1,2,3,4
MLMS 6 Zr,Al3+ZrAl ZrgAl,+2r3Al, 2.43x1072 3,4
MLMS 7 aborted 6.76x1073
MLMS 8 ZrAl, Ir,Al, 6.76x1073 1,2

Aprocesses examined refers to decomposition reactions listed in
Section III.C.

bExperiments performed isothermally, no temperature dependent data.

through MLMS-8 were longer duration, 1 to 3 week experiments performed
using larger guantities of sample than the first four and most of the
useful data obtained were from these later experiments.

The experimental procedure used was essentially as follows. Samples
were prepared by arc-melting elemental zirconium and aluminum, and the
phases present in the prepared samples were established by examining X-
ray powder diffraction photographs. The sample to be studied in the
vaporization experiment was placed in semi-toroidal tantalum liners
inside a tungsten Knudsen cell. The tantalum liners, sample, and various
parts of the Knudsen cell were carefully weighed on a separate Mettler
analytical balance before being placed in the Knudsen effusion apparatus.

The vacuum system was then evacuated and the temperature of the sample
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slowly raised to approximately 100°C below the point where the sample
began to lose weight at an appreciable rate. The temperature was then
held at this point for 12 to 24 hours to anneal the sample before begin-
ning any measurements. By the end of the annealing period, the residual
pressure in the vacuum system also reached a stable level, facilitating
mass-spectrometer measurements. The temperature of the Knudsen cell was
then raised by raising the power setting to the furnace assembly and
measurements of mass-spectrometer ion intensities and rate of weight loss
could commence. The only vapor species effusing from the Knudsen cell
that could be detected by the mass-spectrometer were elemental aluminum
at 27 amu and Al,0 at 70 amu, both of which gave signals above the back-
ground level as established with a shutter blocking the vapor stream.
The A1,0 signal was generally 100 to 1000 times lower than the Al signal.
A1l mass-spectrometer ion intensities recorded were obtained by sub-
tracting readings taken with the shutter blocking the effusing vapor from
the Knudsen cell from those obtained with the shutter open. At the end
of the experiment, the sample and parts of the Knudsen cell were again
weighed on a separate balance to check the weight loss as recorded by the
Cahn balance during the experiment and to verify that no reaction had
taken place with the crucible. Residues were also examined by X-ray
powder diffraction to verify that no side reactions had taken place dur-
ing the experiment.

The preliminary experiments MLMS-1 through MLMS-4, in addition to
establishing working temperature ranges for subsequent experiments, also

pointed to the existence of a potential diffusion controlled vaporization
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process. All of these experiments were bequn by loading a sample of
composition close to ZrAl;, heating the effusion cell to a temperature
which gave a fairly high rate of weight loss (~1 mg in 30 mins), and then
holding the temperature constant at this point. It was hoped that by -
following a procedure of this sort that single phase compositions and
boundaries for the intermediate compounds could be established, and that
a series of such experiments performed at different temperatures would
yield accurate phase boundary as well as thermodynamic data. It was
found, however, that, if the temperature was held constant for a long
period of time at a relatively high value that the observed ion inten-
sities at 27 amu and rate of sample weight l1oss fell continually with
time, even when the composition of the sample was such that two solid
phases should coexist. This problem was especially pronounced when the
composition of the sample approached the composition of one of the inter-
metallic compounds. The mass-spectrometer ion currents often began to
drop as expected near single phase compositions (ZrAl, or Zr,Al;) but did
not seem to become constant (independent of timé) again at compositions
expected to give constant values. It was observed; however, that if the
sample in the Knudsen celi was held at a temperature low enouah to give a
relatively small rate of weight loss and measurements at higher tempera-
tures were made as quickly as possible using the mass spectrometer that
reproducible results were obtained in measurement over a two-phase
sample. Similar experimental problems were being encountered by another
28,29

worker at the Ames Laboratory studying the Nb-Al system at about

the same time, the effect was even more pronounced in the Nb-Al
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experiments where the working temperature range and aluminum partial
pressures were considerably higher. It was concluded that the diffusion
processes in these systems are relatively slow, and that at a
sufficiently high temperature the rate at which aluminum vaporizes from
the surface of the material is faster than the rate at which diffusion
restores it, so that the observed partial pressures are limited by the
stower diffusion process. However, if the sample temperatures were
lowered so that the rate of aluminum loss was relatively slow (~1 mg in 4
to 12 hrs) then the diffusion rate apparently overtakes the vaporization
rate and the surface composition of the sample can be equilibrated with
the bulk. These conclusions led to the adoption of the experimental
approach used in the remaining experiments. All high temperature
measurements of aluminum ion currents and weight loss rates were obtained
as quickly as possible and the sample temperature was then lowered for in
situ annealing. Fortunately, the tungsten mesh furnace and Electromax
controller permit fairly quick temperature changes and after changing the
setpoint the cell temperature stabilizes in 1-3 minutes.

With regard to absence of technical problems and the total amount of
data collected experiment MLMS-5 was the most successful experiment per-
formed over the composition range ~ZrAl; to ~ZrsAl,. In order to accom-
modate the total sample mass used (199 mg), 3 semi-toroidal tantalum
liners were stacked one on top of another inside the effusion cell. The
sample was then heated to temperatures sufficiently high to volatalize
aluminum and mass-loss and mass-spectrometer data were recorded. The

temperature was periodically cycled through the entire temperature range
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over which mass-spectrometer measurements could be taken and then held
constant again to volatilize aluminum, record weight loss data, and/or
anneal the sample. During the temperature cycling process, the tempera-
ture was generally changed in increments of 25°C and held at each tem-
perature until the observed aluminum ion currents became constant, which
usually took 3 minutes or less. This experiment lasted two weeks. The
sample temperature was lowered and the sample annealed overnight and
measurements were taken during the day. Sufficient data were collected
to enable the construction of the mass-spectrometer calibration curve of
Figure 3.3. The value of k = P/I3,T obtained was k = 0.85 * 0.07.
Aluminum ion current vs total weight loss data were also accumulated at
various temperatures as a by-product of the temperature cycling procedure
described above, and the data at T = 1674, 1646, 1591, 1564, 1538, and
1511 K were used to construct the isotherms shown in Figure 3.4. From
these isotherms it is obvious that three univariant regions were examined
during the course of this experiment. These were the ranges of coexis-
tence of ZrAly + IrAl,, ZrAl, + Ir,Al3, and Zr,Al; + ZrgAl,, respec-
tively. From the partial pressure vs temperature data colliected over
these regions, second law piots were constructed for the processes 1) to
3)

1) ZrAl; * ZIrAl, + Al(g)

2) 2IrAl, =+ Ir,Al, + Al(qg)

3) 3/,Ir,Als > 2/,IrsAl, + Al(g).



407 F- I T ] T T f I I { .

327
E
o
0
X

156

5.75

6.92 101 196 290 385 479
I, TX10

Figure 3.3. Mass-spectrometer calibration curve, experiment MLMS-5

144



rrrrrrrrvrqirvrrrvrirrrrrrrireerrei
- ZrAly+ ZrAl, ZrAly+Zr, Al IAlytZishly o 4
a {ro0
150 - I . &7
B -0 Su oo 0 )
140 - N -
q} - &
B -
ot o—o-@-o—m— B .
c 130 4 —ag—8—8— - A A .
T . & & -4 o
& ———6 L)
o000~
1201 o] oA ® :1674 K -
A R 4 :1646 K .
———e- " :1501K
nof- ) 021564 K -
4 a:1538 K
o o—e Y 01511 K .
100 IO DO S TN O TSN OO T SN R /N T I O Y O I | SN Y OO VO T O O O o O |
O 4 8 12 16 20 24 28 32 36 40 44 48 52 56 €0 64 68

Figure 3.4.

WEIGHT LOSS (milligrams)

Isotherms, experiment MLMS-5

St



46

Some data at lower temperature (£1250°C) were also collected over the
two phase Zr,Al; + ZrAl region, relating to the reaétion

4) 1Ir,Al; > 2IrAl # Al(g).
The second law plots obtained are shown in Figure 3.5. A second law plot
for reaction 4) was not constructed because measurements could be made
over a temperature of only 60 K, however, these data points appeared to
fall on the same line as those for reaction 3). If it were not for inde-
pendent X-ray evidence pointing to the formation/decomposition of ZrAl at
~1250°C it would not be possible to distinguish between reactions 3) and
4).

The remaining experiments MLMS-6 through MLMS-8 primarily checked
for reproducibility of results obtained with samples of different
starting composition and effusion cells of different orifice areas. In
MLMS-6, an attempt was made to make measurements at compositions more
zirconium-rich than IrgAl,. Technical problems complicated these experi-
ments. MLMS-6 was interrupted because of a malfunctioning thermocouple
and MLMS-7 was aborted before any useful data were obtained because of a
vacuum leak in the effusion apparatus. MLMS-8 was deliberately inter-
rupted twice to remove part of the sample for X-ray diffraction analysis
and thereby confirm which intermediate phases were participating in the
vaporization processes. Because of these interruptions, data for con-
struction of isotherms analagous to Figure 3.4 were not obtained. Suffi-
cient temperature dependent data were obtained over two phase samples to
permit second and third law treatments for the relevant decomposition

reactions to be performed. The results were guite similar to those of
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MLMS-5. Probably the most useful information obtained from experiments
MLMS-6 and MLMS-8 was in the X-ray powder diffraction patterns of the
residues. The residue of experiment MLMS-6 gave a powder pattern which
exhibited lines of ZrgAl, and Zr3Al, (Table 3.2) and essentially con-
firmed that the high temperature compound Zr Al, was oarticipating in the
vaporization processes. The residue of MLMS-5 also showed nearly single
phase ZrsAl,, although the observed pattern was quite diffuse. It is
interesting to note that ZrgAi, can be prepared by arc-melting zirconium
and aluminum in a 5/4 ratio (Chapter 2) or by volatilizing aluminum from
a more aluminum-rich composition as was done in vaporization experiments
MLMS-4,5,6. It again appears that Potschke and Schubert's conclusions on
the decomposition of Zr,Al; and the formation of ZrgAl, at or around
1000°C are correct.

The results of second and third law treatments of the experimental
data obtained in experiments MIMS-1 through MLMS-8 are given in Table
3.3. Actual tables of experimental aluminum vapor pressure vs tempera-

ture data collected over the various two-phase ranges are accumulated in

Appendix B.
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Table 3.2. Observed powder pattern - residue of experiment MLMS-6

IrgAl, Ir;Al, IrgAl, Ir3Al,
2%0bs Tobs hk% hk2 Leale Icate
12.01 W 100 5.5
16.38 VW 110 6.1
20.99 W 110 3.6
24.29 M 200 12.1
26.05 S 111 210 47.5 33.9
30.39 M 112 35.8
30.78 W 002 4.3
32.36 M 210 12.2
33.18 S 102 220 9.8 38.1
34.75 S 202 100.0
35.92 M 211 32.0
36.75 VS 300 212 90.5 98.3
37.60 VS 112 160.0
39.43 M 131 ’ 15.6
40.38 VW 103 3.5
42,22 VW 222 0.5
42.72 Vi 220 1.4
45.63 W 221 312 4.4
49.15 M 410 5.7 19.3
52.26 M 004 18.7
53.74 M 222 32.7
54.72 MW 402,313 6.6
57.13 VW 321 10.4
57.58 M 332 30.3

59.28 MW 214 12.1
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Table 3.3. Results of experiments MLMS-1 through MLMS-8

Experiment Rxn II Il Temperature
6HT(kcal) O5T(cal) “H298(kcal) 4H298(kcal) Range

MLMS-3 1 80(2) 27(2) - - 1406-1668
2 89.1(9) 30.6(6) - - 1413-1668
4 90.2(6) 29.4(4) - - 1500-1668
MLMS-5 1 81.6(2) 28.0(1) 86.5(2) 84.8(1) 1328-1673
2 87.5(4) 29.6(3) 92.7(4) 88.3(2) 1406-1673
4 86.2(3) 26.9(2) 91.6(3) 91.1(1)  1526-1670
MLMS-6 4 86.2(4) 27.4(3) 91.3(4) 90.6(1) 1527-1668
MLMS -8 1 81.7(5) 27.6(3) 86.8(5) 85.6(2) 1379-1663
2 88.5(7) 30.1(4) 93.7(7) 88.5(3) 1432-1663
Reactions:
1 IrAl5(s) =+ ZrAl,(s) + Al(qg)
2 2ZrAl,(s) + Zr,Al5(s) + Al(qg)

4 3/71r,Al3 > 2/7ZrsAl, + Al(g)
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E. Experimental Problems with Zirconium-Rich Phases

Measuring aluminum vapor pressures in equilibrium with zirconium-
rich samples (samples containing more zirconium than ZrgAl, = 81 wt % Zr)
proved to be a difficult experimental problem. Part of the prob1e&s
arose from uncertainties as to whether ZIr,Al; or Zr;Al, was, at high
temperatures, the stable compound neighborina ZrgAl, on the zirconium-
rich side. The powder pattern of the residue of MLMS-6 (Table 3.2)
showed lines of ZrgAl, and Zr3Al, indicating that Zr, Al; was not impor-
tant in the vaporization reactions. The results of the heat treatment
experiments described in Chapter 2 (performed partly in conjunction with
vaporization experiments) also indicated that Ir Al; was unstable above
~1050°C, and it was therefore concluded that Zr,Als; was not taking part
in the high temperature vaporization processes.

The major experimental problems in measuring aluminum pressures
beyond ZrgAl, arose from the fact that, below the melting points of the
solid compounds, the aluminum vapor pressures are very low. The observed
rates of weight loss near the end of experiments MLMS-5,6 were less than
about 1 milligram per 12 hrs except at temperatures very near the melting
point of the sample. The mass-spectrometer ion signal at 27 amu
(aluminum) with the shutter open was less than twice the shutter closed
signal near the melting point, and at Tower temperatures the ion signal
eventually disappeared. Mass-spectrometer measurements could be made
only over narrow (ca. 50-100 K) temperature ranges. Both mass-loss and

mass-spectrometer data collection were thus hampered.
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Other complicating factors that need to be considered are that the
melting points of the compounds drop with increasing zirconium content
(see, for example, Fiqure 1.1) and that the compounds ZrsAl,, Zr;Al,, and
IrgAl; are fairly close in composition.

The combination of experimental problems described above forced
certain changes in both the experimental procedure and the instrumenta-
tion before attempting to measure aluminum pressures over zirconium-rich
samples. Since the compounds ZrgAl,, Zr3Al,, and ZrgAl; are fairly close
in composition (80.8, 82.5, 84.9 wt % Zr) and the meltina points drop
quickly with increasing zirconium content, composition drift due to
aluminum loss had to be minimized in order to avoid accidentally melting
the sample, and in order to know for certain which phases were coexisting
in the sample. Separate samples of nominal compositions 82.2, 84.2, and
87.1 wt % Zr were prepared to examine the aluminum partial pressures over
the ZrgAly + Zr3Al,, Zr3Al, + IrsAlz, and ZrgAls + Zr(ss) two-phase
regions. The approach decided upon was to place as large a quantity of
these materials as could be contained into the Knudsen cell and to use
the mass-spectrometer to collect data (137 vs T) while tryina to
minimize the total weight loss from the sample. Due to the low aluminum
volatility in these samples the mass 27 ion signal with the shutter open
was only slightly higher (~50%) than with the shutter closed, and instru-
mental noise complicated mass-spectrometer measurements at this Tow
level. To overcome and help combat the electronic noise accompanying the

mass-spectrometer signal a minicomputer system was added to the Knudsen
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effusion apparatus. The computer was used to automate the experiments

and signal average the mass-spectrometer output.

F. Addition of Minicomputer System to Effusion Apparatus

A DEC MINC-11/3 minicomputer system was interfaced to the mass-loss-
mass-spectrometer apparatus as illustrated in Figure 3.6. The MINC
interface features four 12 bit digital to analog converters (DACs) with
switch selectable output voltage ranges, 16 lines of digital output, 16
lines of digital input, a multichannel 12 bit analog to digital (A/D)
converter and a preamplifier which amplifies or attenuates signals before
analog to digital conversion. One of the DAC outputs is used to generate
a ramp voltage which is routed to the UTI mass-spectrometer control unit
to select the ionic charge to mass ratio. One of the remaining DACs is
used to send a temperature setpoint control signal to the Electromax
temperature controller, the other two drive or offset strip chart
recorders. Two of the digital output lines activate an electric motor
which opens and closes the shutter and five more control mass-
spectrometer functions and picoammeter range selection. The output of
the Cahn recording balance and temperature measurement thermocouple are
routed to the A/D converter after passing through signal amplification
and isolation devices. The output signal from the mass-spectrometer is
also routed to the A/D converter through one of the preamplifier chan-
nels. The electronic accessories (signal conditioners and switching

devices) used with the MINC interface were constructed by James Anderegg

of the Ames Laboratory.
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MINC 11/3 Computer Interface

Figure

A/D Temperature in Signal From
#0 Conditioner Thermocougle!
Digital Readout
y
Temperature Set Point
Supply
§ To Furnace
po Shutter Contro! Shutter {70 Shutter
nl-n2 | Centrol
hut
"Dl.2 Shutter Sense J Mass-Loss
- Mass—Spec
Set m/e Ratio Vacuum Line
D:: / . Iﬁlwlltion Amp Ut To/From *
. Mass Spec
00 Set Picoammater Range [~ Controller Mass Spec
#3-48 b
Preamp 4 Signal In
oA . To/From
A/D Weight Loss In Cahn
NS sunat Lo ] oaene
DAC Offset Conditioner Controfler
"2
DAC I DAC=12 bit digital to analog converter
03 A/D=12 dit analog to digital
[ Recorder | Do=gigitat putput
0o ] Di=gigital input
*0 Oscillographic
—— Recorder

3.6. The MINC computer to MLMS apparatus interface



55

Software to control the mass-loss-mass-spectrometer experiments
using the MINC system was develdped in collaboration with Jim Andereaqq.
A1l of the various functions such as digital to analog and analog to
digital conversions, picoammeter range selection, and shutter opening or
closing are performed under direct program control. One of the more
useful implementations, at least as regards the zirconium-aluminum study,
is the ability to program the computer system to generate a mass-spec-
trometer scan and then digitize and average the resulting mass spectra.
The signal averaging procedure used is illustrated in Figure 3.7. The
user enters starting and final a.m.u. values for the charge to mass ratio
scan, the number of data channels into which the mass spectrum is accu-
mulated, the number of scans, and the scan time. The program then com-
putes a ramp voltage increment used in stepping through the mass range
and the number of mass-spectrometer readings to be taken and averaged in
each channel. Two types of averaging are performed. At each step on the
mass scan, multiple mass-spectrometer measurements are taken and averaged
to provide an average for that particular channel. The ramp voltage is
then incremented and the process repeated in the next channel until the
final mass has been reached. Multiple sweeps of the mass range are also
taken and the average values obtained in each channel and the various
sweeps are again averaged. The multiple sampling of each channel on each
sweep prefilters the signal by performing a real time running average and
the higher frequency noise is reduced. The multi-sweep averaging is more
effective with low frequency noise. The averaging is performed by main-

taining running sums so the individual measurements are not available.
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By maintaining running sums of differences from a chosen working mean,
and the differences squared, variance or standard deviations from the
calculated averages are also obtained. These calculated standard devia-
tions provide a quantitative estimate of the system noise and established
some criteria for judging how large the difference between the shutter
open and shutter closed mass-spectrometer signals need to be before con-
cluding that the material effusing from the Knudsen cell has indeed been
measured. The mass-spectrometer data averaging was crucial in measuring
aluminum vapor pressures over zirconium-rich zirconium-aluminum phases.
The data averaging and digital filtering routines developed were par-

tially based on the discussion of references 34 and 35.

G. Experiments Performed Using Computer Automation

A series of vaporization experiments on zirconium-aluminum samples
was performed using the computer to signal average the extremely Tow
aluminum jon signals. The resulting increased sensitivity due to the
signal averaging was crucial in performing these experiments and col-
lecting data over a wide enough temperature range to derive meaningful
results. The aluminum vapor pressures over zirconium-aluminum samples
containing more zirconium than ZrgAl, are on the order of 10-% atm or
less. Before the addition of the minicomputer control system, aluminum
partial pressures less than about 5x10~% atm could not be reliably mea-
sured (experiments MLMS-1 through MLMS-8). Using the signal averaging
process, described previously, and the computer calculated noise figures

to evaluate the significance of small shutter open minus shutter closed
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mass spectra data it was possible to measure aluminum partial pressures
down to 1x10-° atm.

Table 3.4 compares the various experiments performed after adding
the computer system to the mass-spectrometer system. Experiments MLMS-
9,10,11, and 14 were performed to collect vapor pressure data over the
IrsAl, + Zr3Al,, Zr3Al, + ZrgAly, and ZrgAl; + Zr(ss) two phase regions.
These experiments were all performed quite similarly. Samples of nominal
composition 82.2, 84.2, and 87.1 wt % Zr corresponding to mixtures of
IrsAl, + Zr3Aly, Zr3Al, + IrgAlg and IrgAlg + Zr(ss) ('ZrpAl' at <1250°C)
were prepared and examined by X-ray powder diffraction to verify the
phases present. As much of these materials as could be transferred to
the Knudsen cell were transferred. Samples in this compesiticn range are
difficult tc grind and coarse samples and chunks needed to be contained,
so instead of using semi-toroidal shaped liners as done in previous
experiments, tungsten or tantalum cup-shaped liners were used. Since the
orifice of the Knudsen cell fs on the bottom, split tungsten rings were
placed underneath the cup-shaped liners to avoid blocking the orifice.
The temperature of the Knudsen cell was then raised and measurements
commenced.

A computer program that cycled the temperature between an upper and
Tower 1imit, in increments of 5°C, was used in these experiments. At
each temperature the ion intensity at 27 amu (A1) was signal averaged
identically with the shutter c¢losed, and then open, and differences com-
puted and recorded. The amount of averaging used varied somewhat, but

typically 5 to 10 scans, were taken over the range 26.75 - 27.25 amu with
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Table 3.4. Comparison of experiments MLMS-9 through MLMS-15

Cell orifice Phases at Phases at Reactions
Area cm? start end studied
MLMS-9 0.0580 IrsAl,+Zr3Al, IrsAl,+IrsAl, 5
MLMS-10 0.0580 ZryAl,+ZrgAl, Ir3Al,+IrgAl, 6
MLMS-11 0.0580 Zr,Al W,2Zrd 7
MLMS-12 0.0580 Zr Al W,Zr | b
MLMS-14 0.0580 Zr,Al IrgAlg+Zr,Al 7
MLMS-15 0.0580 ZrAl, ' Ir Al +Zr (Al 3,4

Reactions:
3:  Ir,Al3 > 2ZrAl + Al(g)
4:  3/;Ir,Aly » 2/,ZrgAl, + Al(g)
5:  3/,ZrsAl, > 3/22r3Al,+A1(g)
6:  5IrjAl, + 3IrgAlz+Al(g)
7 1/3ZrsAl; + 5/3Zr(ss)+Al(qg)

dsample reacted with container and some of the higher temperature
data nad to be discarded.

bMeasurement of Al partial pressures over bcc Zr solid solution.

10 data channels and approximately 600 voltage measurements per channel
were averaged on each single sweep. Lower signals required more aver-
aging in order to obtain reproducible measurements.

The results of measurements taken over the Zr Al, + Zr Al, (MLMS-9)

two-phase region, the Zr3Al; + ZrsAlz (MLMS-10) region, and the ZrsAlz +
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Zr(ss) (MLMS-11 and MLMS-14) region are presented in the second law plots
of Figures 3.8 through 3.10 and in Table 3.5. Two experiments were per-
formed with samples in the ZrgAl; + IZr(ss) region. In the first of these
(MLMS-11) the compound W,Zr was identified in the residue indicating that
the sample had partially reacted with the tungsten container. The second
experiment (MLMS-14) was performed using a tantalum container inserted
into the tungsten effusion cell, and more care was taken to not heat the
sample to temperatures near the ZrgAls + Zr eutectic melting point
(1350°C) for extended time periods.

Measurements of aluminum partial pressure vs composition across the
solid solution of aluminum in body centered cubic (bcc) zirconium were
made in experiment MLMS-12. A sample of nominal composition 75 at% Zr
("Zr3A1") was loaded into a tungsten effusion cell with orifice area
0.0580 cm?. The sample and cell were then heated to 1583 K and held at
this temperature for 12 days while the computer continually logged Al ion
current, total milligrams of weight loss, and time of day data. The
aluminum partial pressure fell during this time period from about 2x10-%
atm to 1x10™? atm as aluminum was lost and the sample composition
approached pure zirconium. Near the end of this experiment, the tempera-
ture was raised from 1583 K to 1673 K, 1723 K, and 1773 K. It was found
that above 1723 K the sample began to react rapidly with the tungsten
container, as evidenced by an unexpected drop in the rate of change of
the aluminum ion signal and by the presence of W,Zr in the residue of the
experiment. Data collected above 1723 K were therefore discarded. Plots

of the 1583 K and 1673 K isotherms are shown in Figure 3.11. Henry's law
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Table 3.5. Results of Experiments MLMS-9 through MLMS-15

Experiment Rxn II III Temperature
AHT(kcal) 4ST(cal) “H298(kcal) AH298(kcal)  Range

MLMS-9 5  82.6(5)  20.6(3) 88.0(5)  97.5(2) 1519-1629
MLMS-10 6 91.7(6)  25.4(4)  96.8(6)  98.9(1) 1464-1594
MLMS-11 7 9L.1(1)  23.3(6)  96.2(9) 10l.6(1)  1479-1569
MLMS-14 7 96.6(2)  26.5(1) 101.8(3) 102.2(1) 1493-1578
MLMS-15 3 89.1(8)  28.3(5)  93.5(8)  92.1(1) 1338-1473
MLMS-15 4  88:3(3) 27.6(2)  93.8(3)  92.0(1) 1503-1673
Reactions:

3 Ir,Al; » 2ZrAl + Al(a)

4 /,Ir,Aly + 2/,7r A1, + Al(q)

5 3/,IrgAl, » 3/,Ir;Al, + Al(q)

6 5Ir3Al, > 3IrsAl; + Al(q)

/ 1/327‘5/\]3 > 5/327‘(55) + A](g)
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behavior of aluminum was observed for compositions containing more than
~80 atomic % zirconium.

A final experiment, MLMS-15, was nerformed usina the computer auto-
mation and signal averaging procedures. In this experiment a sample of
X-ray pure ZrAl; was loaded into the effusion apparatus and ion intensity
measurements were recorded vs temperature and total weight loss. There
were several purposes for performing this experiment. Al1l other experi-
ments performed after adding the minicomputer system had been performed
with zirconium-rich samples (MLMS-9 through MLMS-14) whii= more aluminum-
rich sampies were studied earlier. One purpose of performing this
experiment was, therefore, to insure that there were no systematic dif-
ferences between the two types of experiments. An attempt was also made
to use the computer to log a large number of data ooints (ion current vs
weight loss) along one isotherm (1473 K) and thereby more accurately
estimate the phase width of ZrAl,, which experiment MLMS-5 (Fiqure 3.4)
and various X-ray powder patterns (Table 2.1) indicated may have a mea-
sureable (though small) range of nonstoichiometry. The signal averaging
procedure was also used to extend the temperature range over which mea-
surements could be made to lower temperatures, providing a better oppor-
tunity to make measurements at temperatures at which ZrAl is stable. The
reactions °/;Zr Al > 2/,2rsAl, + Al(q) and especially Zr,Al; > 2ZrAl +
Al1(g) could thus be more readily investigated, and sufficient data were
collected for the latter reaction to enable construction of second law
plots (Figure 3.12) which were difficult to obtain previously because

measurements were made over a limited temperature range. DNata points



-11.50 ! ! !

1

"l 40 70

Ln (Kp)

-16.30

1

-17.90

" Il ] s

~19.50 K ! ) - ! 1 1
56,50 58,70 60.90 '63.130 65.380 67.50 £9.70 71.90 74.10 76.30 78.59
I/Tx 103

Figure 3.12. Second law plots, Zr,Al,; + ZrAl and Zr,Al; + Ir.Al, regions, experiment MLMS-15

{9



68

for the two processes again appear to fall on nearly the same line. The
data collected along the 1473 K isofherm are also shown in Figure 3.13.
The temperature was held constant for about 2 days to collect these data,
and previously mentioned diffusion effects interferred with the data
collection as evidenced by the slight drop in the observed aluminum ion
intensities across the ZrAl; + ZrAl, coexistence region. The ion inten-
sities never stabilized after the composition drifted across the ZrAl,
single phase region. The ZrAl, region appears to extend, however, from
Xa1 = 0.662 to X3 = 0.618. The sample temperature was lowered

after 16 mg weight loss for in situ annealing, and attempts to follow the
1473 K isotherm across the Zr,Al; region were unsuccessful. Temperature
dependent data were collected over the ZrAl, + Zr,Als, IrpAlg + IrgAl,,
and Zr,Al; + ZrAl coexistence regions.

A summary of the various experiments MLMS-9 through MLMS-15 appear
in Table 3.5.

H. Results and Discussion
Sufficient data were obtained in the previously described experi-
ments to permit calculation of enthalpies of atomization and formation of
the various zirconium-aluminum intermetallic compounds. The partial
pressure of zirconium at the boundary between the bcc zirconium solid
solution and the ZrgAl; + Zr(ss) coexistence region at 1583 K was calcu-

lated using the Gibbs-Duhem3? equation in the form
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The integral was evaluated graphically from the area under the curve

of a plot of XA] vs. In PA] The aluminum pressures were taken from the

Ir
1583 K isotherm of Figure 3.11. The position of the phase boundary was

estimated to be at a composition of 23.5 atomic percent aluminum by
extrapolating the 1583 K isotherm (Figure 3.11) back to the aluminum
partial pressure measured over the Zr Al + Zr(ss) region. The phase

boundary position agrees well with the phase diagram work of McPhersen

and Hansen.l*

The value of the zirconium partial pressure at this
composition and temperature was calculated to be 1.14x10-13 atmospheres.
The measured aluminum pressure at the same point is 2.80x10-8 atm. These
values can be combined to yield an equilibrium constant for the atomi-

zation of ZrsAlg
8) 1IrsAlz(s) » 5Zr(g) + 3Al(qg)

of K = 4.198x10-88. The change in the free energy function afef for the
above reaction (at 1583 K) can be estimated from the free energy function

changes for the vaporization of the pure elements

sfef'P(2rsAly) = 5afefV®P(Zr) + 3afef'®P(Al) = 256.27 eu.
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The equilibrium constant at 1583 K combined with the afef value can
be used to calculate the enthalpy of atomization of Zr5A13 at 298 K

- (R In K + &fef) = AH® /T
298

- (1583) ((1.987)(-201.2) + -256.3) = 1038.2 kcal.

The enthalpy change for reaction (8) is thus 1038.2 kcal at 298 K.
The enthalpy of formation of Zr Al; can be determined by subtracting the
enthalpies of vaporization of the elements from the above enthalpy of
atomization, yielding a value of -74.6 kcal/mole. It is interesting to
compare these results to those that could be derived, assuming Raoult's
law behavior for zirconium across the bcc solid solution region. The
zirconium partial pressure at the ZrgAl; + Zr(ss) boundary (23.5 atomic %
A1) at 1583 K calculated via Raoult's law would be 0.765x1.77x10-13 atm,
combining this with the measured aluminum pressure at the same tempera-
ture over the ZrgAl; + Zr(ss) region would yield an atomization enthalpy
{at 238 K) of 1036 kcal for ZrgAiz and a neat of formation of -72.4
kcal/mole.

The enthalpies of atomization and formation of the remaining
Zirconium-aluminum compounds can be determined by coupling the heat of
formation of IrgAl 5, as derived above, with data on the various vapori-
zation reactions 1-6, listed in Section IIIC. For example, using the
results of experiment MLMS-10 for the decomposition reaction 6 and the

above heat of formation at 298 K of ZrgsAl; gives
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ITI
6) 5ZrzAl, » 3ZrsAls + Al{g) BH® oo = 98.9 keal
3ZrgAly > 15Zr(s) + 9AI(s)  AH®,gg = 3(74.6)
Al(g) > Al(s) aH® g = -78.7
5Zr A1, > 15Zr(s) + 10R1(s) AH° = 244

298

so that the enthalpy of formation of Zr3Al, would be -244/5 = -48.8 kcal.
This value can then be used along with data collected for the vaporiza-
tion reaction

5) 3/,ZrsAly, + 3/,Ar3Al, + Al(g)
to calculate the enthalpy of formation of ZrgAl,. This process can be
continued in this manner towards the more aluminum-rich compounds,
finally stopping at ZrAl3;. The enthalpies of formation of the compounds
thus determined are liszted in Table 3.6. The enthalpies of formation of
the compounds divided by the number of atoms in the stoichiometric for-
mula (1/QZrA13, 1/3ZrA12, etc.) are plotted vs composition in Figure
3.14. Enthalpies of formation at selected compositions in the bcc zir-
conium solid solution region are also indicated on Figure 3.14. These
were calculated using aluminum pressures taken from the linear portion of
the 1583 K isotherm (Figure 3.11) and zirconium pressures calculated by
Raoult's law. It should be noted that a value of 145.5 kcal was used for
the heat of vaporization of pure zirconium and 78.7 kcal for Al through-
out the thermodynémic calculations, and data for the elements when needed

were taken from Hultgren et al.33
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Table 3.6. Enthalpies of formation and atomizati
aluminides

on of zirconium-

Enthalpies of formation of zirconium-aluminides

AH%,298 (kcal/mole)

Zr(s) + 3Al(s) » ZrAlz(s)
Ir(s) + 2Al(s) » ZrAl,(s)
2Ir(s) + 3Al1(s) » Zr,Al3(s)
Ir(s) + 3Al(s) » ZrAl(s)
5Ir(s) + 4Al(s) » Ir Al (s)
3Zr(s) + 2Al(s) » Zr 3AL, (s)
5Zr(s) + 3Al(s) » erAl (s)

Enthalpies of atomization of zirconium-aluminides

-38.96
-32.86
-56.12
-21.36
-83.76
_48.78
-74.57

AH§98 (kcal/mole)

IrAl4(s) » Zr(g) + 3Ai(qg)
IrAl (s) + Ir(g) + 2Al(g)
ZrzAl + Zr{(g) + Al(q)

IrAl > 2Ir(g) + 3Al(g)
IrgAl,(s) = 5Zr(g) + 4Al(g)
Zr Al ,(s) + 3Ir(g) + 2Al(g)
Zr5Al3(S) > 521"(9) + 3Al(g)

Comparison of heats of formation of zirconium and

420.56
335.76

583.22
245.56
1136.06
642.68
1038.17

hafnium-alumides

1+y Ms) + L Al(s) -y i MAl(s) -aHF 2gg
I 11 I1I
1/, IrAl, 9.74 14.28 9.99
1/3ZrAl, 10.95 17.83 11.54
1/sZr,Al, 11.22 19.53 11.35
L/,2rAl 10.68 19.79 11.06
1/ ZrAl, 10.42 18.84 10.6
/52r3Al 9.76 17.61 10.4
1/ gIr Al 9.32 16.76 9.8
7.95
[. This work

[I. Miedema's empirical mode! - see text.
ITI. Hf-Al system - Kaufmann and Nesor, ref. 36

kcal/g-atom

1/, HEAL,
L/ HFAL,

l/st Al
Y/, HfAI

l/ Hf, A
l/ Hf A
l/3Hf
1/ HF A

wNwJ-
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Having successfully measured aluminum pressures across the Zr-Al
system and derived values for enthalpies of atomization and formation of
the various compounds, it is interesting to compare the results to
existing experimental data on similar transition metal aluminum systems.
Unfortunately, such experimental data are relatively scarce, and for the
Zirconium-aluminum system existing experimental data are completely
lacking. The enthalpies of formation of the various hafnium aluminum
compounds have been estimated by Kaufmann and Nesor3® by a computer fit-
ting of the Hf-Al phase diagram. These values are plotted in Fiqure 3.14
along with values for the zirconium aluminides determined in this study.
The agreement is surprisingly close even though there is no particular
reason why it should be. The Zr-Al heats of formation have greater maa-
nitude (~1.5 kcal/g-atom) than experimental values for the Ti-Al systeml®
but vary similarly with composition. The heats of formation of corre-
sponding titanium, zirconium, and hafnium aluminides seem to also
approximately vary as the atomization heat of the transition metal, zir-
conium and hafnium aluminides have heats of formation approximately equal
with magnitude higher than the titanium aluminides while zirconium and
hafnium metals have nearly equal atomization heats (145.5 kcal and 148
kcal) greater than that of titanium (113 kcal).

The possible uncertainties in the enthalpies of formation of the
zirconium-aluminum compounds derived from the results of this study
should be commented upon. There are several factors which could
contribute to errors in these derived results, and the total effect is

hard to estimate with complete accuracy. The enthalpies of formation
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and atomization of all of the zirconium-aluminum compounds containing
more aluminum than ZrgAl; are dependent on the value obtained for ZrgAls,
which is in turn dependent on the measured and Gibbs-Duhem derived
aluminum and zirconium partial pressures over the bcc zirconium solid
solution. The observed deviation of the aluminum partial pressures over
the solid solution region from Henry's law behavior (Figure 3.11) at
compositions near the ZrgAly + Zr(ss) two-phase boundary is a potential
cause of concern, especially in view of the fact that previous studies at
the Ames Laboratory?®>2° of Nb-Al and Mo-Al1 systems have shown Henry's
law to hold accurately over the transition metal-rich solid solution.
Since the zirconium and aluminum activities over the solid solution are
coupled via the Gibbs-Duhem equation, the deviation of the aluminum
activity from Henry's law implies a deviation of the zirconium activity
from Raoult's law. The overall effect is that the zirconium activity at
the solid solution boundary is somewhat lower than would be predicted by
Raoult's law, as previously mentioned, the calculated enthalpy of forma-
tion of ZrgAls would differ by 2 kéal/mo1e from what might be calculated
assuming Raoult's law. Since the 1583 K isotherm of Figure 3.11 extrapo-
iates well to both the aluminum pressure measurement over the ZrgAl; +
Zr(ss) region and the phase boundary position established by McPhersen
and Hansen, it would seem that the observed deviation from Henry's 1aw
behavior is not a spurious or erroneous effect. Further evidence indi-
cating the observed deviation from ideal Henry's law behavior is correct
is that a similar effect has been observed over the titanium-rich solid

solution in the titanium aluminum system.37
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Further errors in the derived heats of formation and atomization of
the zirconium-a]ﬁminum compounds, as well as in the energetics of the
vaporization reactions 1-7, could be caused by systematic experimental
errcr in the vapor pressure measurements, or error in the free energy
function changes estimated assuming the Neumann-Kopp rule. Possible
limits to these errors can be estimated by comparing partial pressure
measurements in different experiments, the agreement between second and
third law enthalpy changes, and the scatter with temperature of the
individual third law enthalpy changes calculated for the various vapori-
zation reactions. The agreement or disagreement of second and third law
heats of reaction is generally taken as an indication of the effect of
systematic errors in the experimental measurements. The individual third
law enthalpy changes calculated from various experimental temperature
showed little, if any, temperature dependent trends throughout the course
of this study (<500 cal over ~200°C range). The agreement between
second and average third law heats of reaction (see for example Tables
3.3 and 3.5) is generally good except for reaction

5) 3/,ZrgAl, > 3/,7r3A1, + Al(g).
The disagreement in this case is somewhat puzzling. It may be that in
the process of making the aluminum pressure measurements that the tem-
perature was cycled across a phase transition temperature of some sort
and that insufficient annealing time was allowed. The powder patterns of
the sample used in this experiment, and the residue obtained, showed the
presence of ZrgAl, and Zr;Al,, and the temperature range of thermodynamic

measurements was above the decomposition temperature of Zr,Al;, so that
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IrsAl, and ZriAl, shouid coexist at the temperature of the experiment.
Heat treatment experiments on samples near this composition often
resulted in the formation of a MngSiz-type phase, which if it is an
equilibrium binary phase, may complicate the interpretation of the vapor
pressure data collected with this 82.5 wt % Zr sample (ZrgAl, + Zr3Al,
?). In any event, an examination of the second and third law results for
the vaporization reactions attempting to explain all disagreements as due
to errors in estimated free energy functions indicates that the estimated
fef's are accurate to #0.5 cal/g-atom. Aluminum partial pressure mea-
surements on separate experiments agree to within at least *15%, so that
a conservative estimate of the error‘in the measured pressures would be
+20%. Errors of these magnitudes give a worst case estimate of the heat
of formation of erAl3 of about *6 kcal/mole, or about *0.75 kcal/g-atom
of l/3Zr5AI3. The heats of formation of the remaining compounds were
derived from the value obtained for ZrsAl;, so that the estimated error
of 0.75 kcal/g-atom would hold for these also.

The experimentally determined cohesive energies of the zirconium
aluminides can be compared to results predicted from different bonding
modeis in an attempt to giean some indirect bonding information from the
results and to check the applicability of the models. Unfortunately,
there are no absolutely reliable models, short of a detailed quantum
mechanical total energy calculation, which can accurately predict cohe-
sive properties of solid compounds. Existing.models therefore are of an

empirical nature. Perhaps, two of the more successful models for
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rationalizing cohesive properties of metals and alloys are the Brewer-

138,39 model and the Miedema model.*0,%!

Enge
The Brewer-Engel model3® involves several fundamental chemical con-
cepts. A correlation is made between the crystal structures of the
metallic elements and the number of bonding s and p type electrons, one
s-p electron is correlated with the bcc type structure, two s-p electrons
with the hcp structure, and three with the fcc structure. Unpaired s-p
electrons in singly occupied orbitals are considered available for
bonding, and promotion to low lying electronic levels above the ground
state occurs to maximize the number of s-p electrons available for
bonding. Thus, sodium with an s! configuration forms a bcc structure,
magnesium s promotes to slpl and forms an hcp structure, and aluminum
with an s2p configuration promotes to sp? to form an fcc metal. Transi-
tion metals promote from a d"-2s2 configuration to dn-ls, dn-2sp,
or d"-3sp2 to form the solid metals of bcc, hcp, or fcc structure.
Brewer then asserts that each bonding electron contributes a certain
fraction of the bonding energy of a metal. Crystal structure is "deter-
mined" by s,p electrons, s-p electrons give similar contributions to the
total bonding energy of the solid, and d-electrons contribute to the
bonding energy but are not viewed as having a direct effect on crystal
structure. By using experimental thermodynamic and atomic spectroscopic
data for the metallic elements and correlating the above postulated elec-
tronic configurations with the observed crystal structures of the metals,
Brewer has self-consistently explained the occurrence of the various

crystal structures bcc, hcp and fcc in the metallic elements, and derived
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values for the contribution of an electron of a given type to the total

bonding energy of a metal in one of the three transition series. The

concepts invoked in the Brewer-Engel model are, unfortunately, often

difficult to apply to alloy systems and intermetallic compounds where it

is not always obvious how a complicated alloy crystal structure is

related to one of the simpler bcc, hcp, or fcc types found in pure

metals. The idea of attributing a certain fraction of the total bonding

energy to each electron is not, however, unique to the Brewer-Engel model

and has been applied by others to model the stabilities of the transition

metals.*2 This concept is also not necessarily dependent on any correla-

tion between electronic and crystal structures.

An attempt to partition the atomization enthalpies of the zirconium

aluminides according to the total number of bonding electrons can be made

as follows. Assuming each zirconium electron contributes an amount "A"

and each aluminum electron a

n amount "B" to the atomization enthalpy per

mole of each of the seven zirconium aluminides for which data were col-

lected the following set of

IrAl; @ 4A +
IrAl, : 4A +
Ir,Aly: 8A +
IrAl  : 4A

+

IrgAl,: 20A +
Ir;Al,: 12A +

IrsAls: 20A +

98
68
98
38
128
68
9B

equations can be formed.

420.56 kcal/mole

335.76

583.22

245.56

1136.06

642.68

1038.17

The bonding energy per zirconium electron "A" and per aluminum electron
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"B" are multiplied by the total number of zirconium and aluminum elec-
trons in the above equations; Values for these bonding energies deter-
mined by a least squares solution of these equations are A = 38.55 = 0.36
kcal/Zr e~ and B = 30.13 = 0.24 kcal/Al e”. These values can be compared
with the bonding energy per Zr electron of pure zirconium which is 145.5
kcal/4 = 36.38 kcal (heat of sublimation divided by the number of valence
electrons), and the bonding energy per Al electron of pure aluminum which
is 78.7/3 = 26.23 kcal. It appears that aluminum is stabilized slightly
more than zirconium in zirconium-aluminum alloys. The derived values of
“"A" and "B", when substituted back into the above equation set, give a

fairly close fit to the experimental data as shown by the following

table.
Observed Predicted
Compound AHatomization AHatomization
IrAl; 420.56 kcal/mole 425.37 kcal/mole
IrAi, 335.76 334.58
Ir,Al, 583.22 579.57
ZrAl 245.56 244.59
Ir Al, 1136.06 1132.56
Zr3Al2 642.68 643.38
erAl3 1038.17 1042.17

This demonstrates that the idea of attributing a certain bonding

energy to each bonding electron is reasonably valid.
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The above described procedure was carried through for all of the
first and second row transition metal aluminum compounds for which data
could be readily obtained.!® The following bonding energies (kcal/

electron) per aluminum electron were obtained in the indicated systems.

Sc Ti v Cr Mn Fe Co__Ni

29.68 29.05 27.48 26.14 28.68 27.18 30.37

Y r N Mo Tc Ru Rh Pd

- 30.13 29.35 30.2 - - - 29.46

There is a noticeable trend across the first transition series with
the bonding energy per aluminum electron reaching a minimum value very
nearly the same as the value for pure aluminum in the Mn-Al system. Data
for the second row aluminides are more scarce, but the trend of the first
transition series does not seem to be occurring. The values for second
row transition metal aluminum compounds appear nearly constant. Data are
lacking, however, for Ru and Rh systems and these mayv prove to differ,
The comparison does seem to indicate that the values obtained for the Zr-
Al system are consistent with other similar systems.

Miedema and coworkers, have in the last few years*0s“l developed a
phenomological model for predicting enthalpies of formation of alloys and
intermetallic compounds. The mode! is based on a "macroscopic atom"
approach. An alloy is pictured, to a first approximation, as being a
mechanical mixture of Wigner-Seitz atomic cells corresponding to the pure
metals. The major energy effects taking place at the cell boundaries are _

then considered to be related to the discontinuities of the charge
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density An and electron chemical potential a¢* (related to the
electronegativity difference). The heat of solution of a metal A in
metal B is then given as

v
Ain B _ A

sol'n -1/3 -1/3
A B
) ¥ (s

8H [-P(a¢%)2 + Q(An;;3)-RJ

and the heat of formation of an ordered intermetallic compound as

AinB_ S_A,., AinB
AHf = Ca fB AHsol'n

where fg is the surface area fraction of A atomic cells in

contact with B cells, ci and cg are used to designate concentrations

(i.e., mole fractions) adjusted according to the total Wigner-Seitz cell

surface area, i.e.,

c. V 2/3
S A A

Ch = ( 2/3 2/3
A (cp Vp2/34cgVs )

with Ca and cg normal mole fractions. The fraction of A atoms in
contact with B atoms, which in effect establishes the concentration

dependence of the heats of formation, has been estimated by Miedema as

e e Gl

The parameter R in the heat of solution equation was introduced by
Miedema to account for hybridization effects in alloy formation. Three
different sets of the empirical parameters P,Q,R, are used for liquid

’ alloys of two transition metals, solid alloys of two transition metals,

and solid alloys of a transition metal and a p-type nontransition metal.



It is then a straightforward problem to use values of A¢* and Anyg
tabulated by Miedema to predict heats of formation for almost any binary
alloy system. The values calculated for the Zr-Al system are indicated
or the heat of formation plot of Figure 3.14. The values are more
negative by nearly a factor of two than the experimentally determined
values. Miedema's predictions have also been shown inadequate to model
the heats of formation of Nb-Al compounds.2® It would appear that the
nature of bonding in these compounds is significantly different than in
the systems considered by Miedema in the evaluation of his parameters, or
that the cohesive properties of Zr-Al and Nb-Al simply cannot be
parameterized in terms of A¢* and Anyg. It may also be that the

model overestimates charge transfer effects.

It is interesting to note that in the process of developing his
model, Miedema et al. surveyed the available heat of formation data for
binary alloy systems and correlated the number of compounds forming a
binary system with the heat of formation of the 1l:1 (or interpolated to
1:1 if none actually exists) compound.*3 They found that the average
number of compounds increases from 1 for aHg (AB) between -4 and -10
kd/g-atom to 3 for aH§(AB) between -20 and -40 kJ/g-atom and 5 for
AH; (AB) more negative than -75 kJ/g-atom. Interestingly, there are
9 compounds in the Zr-Al system and the heat of formation of the 1:1
compound is only about -45 kJ/g-atom. The Zr-Al system is thus rather
unusual in the large number of compounds forming with relatively small

heats of formation.
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In summary, the thermodynamic data obtained in this study of the Zr-
Al system are consistent with available experimental data for similar
systems. The enthalpies of atomization of the compounds can be success-
fully modeled by assigning each valence electron a certain binding
energy, and the binding energy per electron values obtained are consis-
tent with values similarly obtained for other transitjon metal aluminum
systems. The empirical model of Miedema et al. which has become popular

in the literature does not successfully model the results, however.
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IV. ELECTRONIC STRUCTURE OF Zr,Al

A. Introduction

In order to provide a basis for the discussion of bonding in the
zirconium-aluminum compounds, and a possible comparison to empirical
bonding models (such as those of Brewer and Miedema) and previous elec-
tronic structure calculations of early transition metal sulfides,**~*8 a
nonself-consistent, nonrelativistic calculation of the band structure of
the intermetallic compound Zr,Al was performed. Recent collaborative
efforts between J. Nakahara and H. Franzen (ISU Chemistry Department) and
D. K. Misemer (ISU Physics Department)“® have made available a set of
computer programs which enable solid state band structure calculations
for compounds with NiAs-type crystal structures to be performed by the
KKR method.*? The crystal structure of Ir,Al is closely related to the

NiAs-type structure.

Ir,Al crystallizes in a hexagonal Ni,In type structure, space group
P6,/mmc, with iattice constants a = 4.8939 A and c = 5.9283 A. There are
6 atoms in the hexagonal unit cell, 2 at each of 3 crystallographically

distinct sites. The positions of the atoms are

r, 000

Ir, 001/,

Zr, 173 2/5 3/,
Ir, 2/, 174 1,
Al 175 2/3 1/,

Al 2/5 Y35 3,
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Zr, and Zr, designate zirconium atoms on distinct sites. The structure
is shown drawn on the hexagonal 110 plane in Figure 4.1a. The structure
can be thought of as consisting of hexagonal Zr,-Al nets at height z =
1/, or z = 3/, with columns of Zr; atoms at height z = 0 or z = 1/, run-
ning through the center of the Zr,-Al hexagons. The Zr; atoms at z = 0
or z = 1/, also form a larger hexagonal net, so that the structure can
also be thought of as being built up by an alternate stacking of the
large Zr; hexagonal nets and the smaller Zr,-Al nets with the stacking
along the z-axis. Two layers of the structure as seen along the z-axis
are shown in Figure 4.1b, along with the orientation of the cartesian

coordinates x,y relative to the hexagonal crystal axes.

B. Description of Calculation
The crystal eigenvalues and eigenfunctions for Zr,Al were calculated
by the Korringa-Kohn-Rostoker (KKR) or Green's function method. A
description of the method, at least as it pertains to a monatomic lat-
tice, can be found in most soiid state physics textbooks.*® The probiem

is to solve a one-electron Schrddinger equation of the form

_h2 > - > >
l=—— v2 + U(r) ] 9(r) = eu(r)
2m

>

where the potential U(;) is periodic in the Bravais lattice vectors R
U(FR) = U(r).
A theorem known as Bloch's theorem asserts that for a potential having

the above property the eigenfunctions ¥ have the form

>
b (F) = T2 (7)



L]

Figure 4.1.

(a)

The crystal structure of Ir,Al

a) drawn on the hexagonal 110 plane

b) the z=0 and z=!/, layers projected on the a-b plane.
Large open circles denote Zr, atoms, large filled circles
Ir, atoms, and small open circles Al atoms

(b)
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where the function u.g (F) has the periodicity of the lattice

The Bloch wave vector K can be thought of as a quantum number
characteristic of the translational symmetry of the crystal. The quantum
number n, called the band index, counts the eigenvalues at a particular

k-point. Because of the periodic property of the function unk (;) the

eigenfunctions ¢ also have the property
. ‘i
v (FR) = ik v () .

It is convenient when working with periodic solids to define a so-called
reciprocal lattice which is comprised of all wave vectors K which

yield plane waves with the periodicity of the lattice, i.e.,

KR =1
e1K =

for all lattice translations R. Because of Bloch's theorem it then
follows that if the wave vector K is augmented by a reciprocal

lattice vector K then
23 o i (k#K) R > >
~ ol * _ .
Yo, kX (rR) = e ¥n,k+k (r) =e ¥n,k+K (r)

and the state with wave vector E+E behaves the same as that with wave
vector k. Because of this property, the Bloch wave vectors k can be

limited to a primitive cell in reciprocal space called a Brillouin zone.
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The KKR method“? solves the crystal Schrddinger equation by
casting if into an equivalent integral form using a Green's function
technique. One of the fundamental assumptions made is that the crystal
potential U(F+§) = U(F) can be modeled b} a so-called "muffin-tin" poten-
tial. The muffin-tin approximation replaces the actual crystal potential
with one that is spherical (atomic-like) within a certain radius (the
muffin-tin sphere radius) of an atomic center and zero in the inter-
stitial region between the spheres. The other major approximation of the
KKR method is that the wave function inside a sphere can be expanded in a
truncated series of the form.

inside

> >
xy - g,k g,k
ek (F) = zlm Com (1) Yy (6:0).

The energy eigenvalues and eigenfunctions for Zr,Al were calculated
using the Ames Laboratory KKR programs.“*® The calculation was nonrela-
tivistic and nonself-consistent. The muffin-tin radii of zirconium and
aluminum were chosen to be 1.484 A and 1.270 A, respectively, these radii
were chosen by dividing the shortest Zr-Al distance in the Zr,Al struc-
ture into segments proportional to the Pauling radii of zirconium and
aluminum. The muffin-tin spheres thus constructed filled 58.58% of the
total cell volume and 96.18% of the charge was inside the spheres. The
muffin-tin potential was constructed using atomic charge densities of
5524d2 zirconium and 3s23p! aluminum which were calculated by the self-
consistent Hartree-Fock-Slater method using a variation of the Hermann

and Skillman program.>® The procedure used was developed by Matheiss.S!
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The potential consists of both a coulombic part and an exchange contri-
bution. The coulombic part results from the combination of individual
atomic charge densities and spherical terms of a Ldwdin-Alpa expansion
of neighboring atom charge densities.5? The exchange component was
calculated using Slater's free electron exchange approximation.33 The
wave function expansion inside the aluminum muffin-tin spheres included
spherical harmonics up to £ = 1 and inside the zirconium spheres through
%2 = 2. Energy eigenvalues and eigenfunctions were calculated for 63
general K-points and 6 high symmetry points in l/zuth of the hexa-

gonal Brillouin zone. The Brillouin zone points chosen were the same a&s
those used previously in calculations performed for TiS and VS of the
NiAs-type structure.*® Eighteen energy bands were calculated in the
energy range 0 to 1.2 Ry. The electronic density of states was evalu-
ated by a simple histogram type procedure, i.e., the density of states
p(€) at energy € was obtained by counting the number of ?-points for
which eigenvalues between € and € + Ae were obtained, with ae being typi-
cally <2 milliRydbergs. Angular momentum decomposed densities of

states were calculated similarly, but the number of K-points giving
eigenvalues between € and € + Ae was weighted according to the percent
contribution of the corresponding angu!ar momentum components to the
total charge within a Wigner-Seitz sphere surrounding the atomic site.

The charge density p(r) = y*¢ inside the muffin-tin spheres was expanded

as

p(F) = Pom'em(8®) -
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Nonvanishing terms in this expansion occur for 2,m = (00), (20),
(40), (45) at the (D3qg) Zr, site, (00), (20), (40), (33) for (D3p)
Ir,, and (00), (20) for Al (also Dzp).

C. Results and Discussion

The total and angular momentum decomposed partial densities of
states curves are shown in Figures 4.2, 4.3a-c and a table of eigenvalues
obtained at the higher symmetry Brillouin zone points in Table 4.1. One
of the more immediately noticeable features of the DOS curves is that,
except for Al s-type states, there are no clear cut energy ranges where
states of different angular momentum components tend to concentrate. A
noticeable band gap is also obvious separating states in the energy range
0 + 0.2 Rydbergs which might be referred to as 'valence band' states from
those in the energy range 0.22 » Ef = 0.52 Rydberqgs which could be
called ‘conduction band' states. The major contribution to the valence
band comes from the Al s type contribution. This is an interesting con-
trast to existing band structure calculations for iron, cobalt, and
nickel aluminides® 5> where nec discernible gap between valence and
conduction band states is apparent. This would indicate a substantially
more covalent nature to the bonding in zirconium aluminides as compared
: to these later transition metal compounds. The anqular momentum decom-
posed densities of states, when inteqrated over all energies up to the
Fermi level, indicate that virtually 100% of the Al -s type states lie

within the valence band and these Al s-states account for about 50% of

the valence band population.
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Table 4.1. Eigenvalues (Ryd) at high symmetry points
r M K A L H

0.03645 0.15386 0.16365 0.11887 0.18994 0.19735
0.22553 0.15775 0.16370 0.11887 0.18994 0.19735
0.33569 0.30117 0.34069 0.36819 0.30027 0.33327
0.33575 0.37787 0.37050 0.36819 0.30027 0.33327
0.35840 0.41450 0.37053 0.36819 0.44196 0.39360
0.41928 0.42960 0.41624 0.36819 0.44196 0.39360
0.41995 0.46159 0.44954 0.41864 0.44825 0.43339
0.41999 0.48250 0.44957 0.41864 0.44825 0.43339
0.46699 0.50002 0.48293 0.48028 0.50587 0.52112
0.46702 0.50602 0.53287 0.48028 0.50587 0.52112
0.48095 0.50752 0.53296 0.48035 0.50847 0.52746
0.48100 0.50758 0.57553 0.48035 0.50847 0.52746
0.63764 0.55210 0.58019 0.64732 0.57734 0.54744
0.63764 0.57861 0.58029 0.64732 0.57734 0.54744
0.66734 0.62065 0.59580 0.70774 0.61233 0.62247
0.72342 0.62186 0.65125 0.70774 0.61233 0.62247
0.72349 0.65701 0.65141 0.70774 0.67015 0.67930
0.72770 0.69738 0.66235 0.70774 0.67015 0.67930
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The conduction band, on the other hand, is composed mainly of Zr,
and Zr, d-type states with a smaller contribution from Al-p. Integrating

the partial DOS curves up to the band gqap yields the following electron

occupations

# electrons in Wigner-Seitz sphere

Al s Al p ir;s Zr,p Zr,d Ir,s Zrop Ir,d

1.0020 0.2560 0.1296 0.1060 0.1552 0.2102 0.1668 0.1789
and to the Fermi level the following

# electrons in WS sphere

Al s Al p Ir;ys Z1p Zr;d Irys Zryp Irod

1.0751 1.2960 0.5903 0.5847 3.0420 0.5243 0.6704 2.9647 .

It is somewhat dubious to attempt to determine charge transfer
between the muffin-tin spheres using the results of a nonself-consistent
calculation, but an attempt can be made nevertheless. The total charge
due to occupied valence and conduction band states was found to be 2.898
electrons within the Zr; MT sphere, 2.802 in the Zr, MT sphere, and 1.507
alectrons in the Al M7 sphere. The corresponding vaiues obtained by
overlapping the atomic charge densities were 2,781, 2.786, and 1.878
electrons, respectively. The Al MT spheres appear'to Tose charqé mostly
to the interstitial region with only part of the loss being picked up by
zirconium. Charge transfer form Al to Zr is opposite to what might be
predicted on the basis of Pauling electronegativities, the electro-

negativity of Zr is 1.4 and aluminum 1.5. Charge transfer from Al to Tj
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(opposite to electronegativity) and other first row transition metals has
been observed experimentally, however, by Wenger and Steinemann®®, and
filling of the d-band of a transition metal by aluminum electrons can be
ascertained from the magnetic properties of Fe; Co and Ni aluminides.S?
Thus, the observed direction of charge transfer is not completely
unlikely. A possible flaw in the bonding model of Miedema“! discussed
previously is that, based on electronegativity differences, it predicts a
charge transfer from Zr to Al.

In order to investigate the directionality of the bonding between
the different atoms in Zr,Al, the charge density within the muffin-tin
spheres were calculated by summing the absolute squares w*w of the one
electron eigenfunctions over the occupied states in the valence
(0 < E <0.22 Ryd) and conduction (0.22 < E< 0.52 Ryd) bands. The charge
densities p(r,8,¢) thus obtained were plotted as a function of direction
with the radius r fixed on the surface of a muffin-tin sphere. Fixing
one of the angles in addition to the radius enabled construction of polar
graphs of the charge density in various planes passing through the center
of an atomic sphere such as the xz, xz. yz planes. The plots thus
obtained are shown in Figures 4.4, 4.5 for the valence band states and
Figures 4.6-4.8 for occupied conduction band states. Plots of the charge
density around an aluminum atom are not shown since these were found to
show only minor deviations from sphericity and are therefore not useful
in discussing the directional nature of the bonding.

The major interactions in the valence band were found, not sur-

prisingly to be direct zirconium-aluminum ¢ and w-type interactions.
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Fa
Zry xy plane

0<E<0.22 Ryd

8.4 x 107 el /au®

Figure 4.4. The charge density around a Zr, atom in the xy plane due to
occupied states in the valence band
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Zr, xz plone
0<E<0.22 Ryd

4

Figure 4.5. The charge density around a Zr; atom in the xz plane due to
occupied valence band states
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Figure 4.6. The charge density around a Zr2 atom in the xz plane due to
occupied states in the conduction band
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Zry xy plane
225E 5.52

Figure 4.7. The charge density at the surface of the Zr, sphere in the
xy plane due to occupied conduction band states
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2Zr, x2 plane Zr.T
22<E<.52

Figure 4.8. The charge density at the surface of the Zr, sphere in the
xZ plane due to occupied conduction band states
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Figure 4.4 shows evidence of direct Ir,-Al o bonding in the small hexa-
gonal nets, the charge density around a Zr, atom is maximized in the xy
plane in the direction of an aluminum atom. The charge density at the
surface of the Zr, sphere in the xz plane is shown in Figure 4.5. The
charge density around the Zr; atom is maximized in the direction of the
aluminum atoms in the hexagonal nets immediately above or below the Zr,
atom. There is a small charge build up in the direction of the Zr, atoms
in the hexagonal nets above and below the Zr; atom. There is a maximum
in the charge density around a Zr; atom along the z-axis, the direction
of the next nearest Zr;, atom in the Zr; columns. The principal inter-
actions in the valence band then appear to be intralayer Zr,-Al bonding
and interlayer Zr;-Al bonding. No evidence is seen of any substantial
Ir-Zr interactions in the valence band levels.

In the conduction band, interactions of a different type can be
found. Plots of the charge density around the Zr, atom in the xz and xy
planes are shown in Figures 4.6 throught 4.7. The charge density around
the Zr, is shown in these figures to again maximize in the plane of the
small Zr,-Al hexagonal nets (the xy plane). The direction of the maxima
are in this case towards the center of the hexagons, with minima in the
direction of the Al atoms in the same plane. The charge density at the
surface of the Zr; sphere also has different features, as shown in Figure
4.8, which plots the charge around the Zr; atom in the xz plane. There
is a significant build up of charge in the direction of the Zr, atoms in
the layers above and below the Zr; atom, with some charge also directed

along the z axis towards the neighboring atoms in the Zr; column. There
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is again a minima towards the Al atoms. The maxima in the charge density
around the Zr, atom is in fact directed between the positions of neigh-
boring Zr, and Zr, atoms, probably because the charge density along the
Zry-Zr, and Zr,-Zr, directions superimposes to create a maximum in this
position. The interactions in the conduction band can be described as
three center Zr,-Zr, interlayer bonding in the small hexagonal nets, ZIr;-
IZr, interlayer bonding and to a somewhat lesser extent Zr;-Zr, bonding
along the z-axis.

The bonding interactions in Zr,