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ABSTRACT

In the preseñt investigation the parametric method was

used to determine the solvus curve in the zirconium rich region

of the ZI-AL system, down to temperatures lower than 700oC. It
'l

was fowrd that the empirical relation 1og S * + is obeyed in

this system. The lattice païameter ra' of the c¿ Zr decreased

linearly with the alurinum content, while the parameter ?cr changed

irregularly. It was observed that the hardness of the Zr-41 solid

solutions increased with the increasing aluminwr content but it

was nearly constant in the tlvo-phase a11oys.

Tensile tests were clone at room tenperature,300oC ancl

500oC on polycrystalline specimens of the ZI-AI solid solutions to

develop a qualitative understanding of the strengthening behaviour

of A1 in Zr. A probable e>çlanation has been put forward to explain

the high strengthening effect of 41. However, single crystal lvork

based on electron microscopy is necessary to obtain a quantitative

understanding of the strengthening behaviour and to substantiate

the probable explanation given for it
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SOLID SOLUBILITY AND STRENGTT-IENING EFFECT

OF AIIMINUM IN ALPFI\ ZIRCONIUM

1 INTRODUCTION AND OBJECTIVES

' A comparative study of various binary al1oys of zirconium

reveals that alunintmr is one of the most effective alloying elenents

in raising the strength of zirconiun (figs. 1 and 2)1.

Apart from the marked strengthening effect of aluminum on

zirconium, another noticeable feature of the zirconium-aluminurn

system is the presence of a 'knee' in its yield stress vs composition

curve (figs. 1 and 2). The high strengthening effect observed in

the initial stages of aluminum adclitions followed by very low and

again high strengthening on further additions of aluminum suggests

that the nodes of strengthening in the high and 1ow strengthening

regions of the curve are different.

Although no systematic study of the zirconium-aluminum

gystem has been reported, sone data resulting from various invest-

igations concerned. with the development of zirconium alloys are
1available*. However, it is not possible to draw any valid conclusions

regarding the strengthening behaviour of alumim¡n in the zirconium-

aluninun system from these data because of the variations in heat

treatment and testing conditions ernployed by individual investigators.

The strengthening effect of alurninum on zirconium as seèn

in the different regions of the curve in figs. 1 and 2 may be

attributed to the precipitation of a second phase and/or strength-

ening of the matrix by solution hardëning. .One of the objectives
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of the present investigation is to study the contribution of

solution strengthening tolvards the increased strength of alpha

zirconiun by alumint¡m ad.ditions. In order to separate the effect

of precipitation from solution hardening, the solubility linit of

a¡¡ninum in alpha zirconium should be lanown at various temperatures,

i.e., the solvus for the zirconium-aluninun system should be

available.
-?.In the zirconium-aluninum equilibrium diagram, fig. 3',

(determingd by employing metallographic techniques) the solvus has

only been determined d.olun to 700oC. There is no information in

literature about the solid solubility at temperatures lower than 700oC.

Because grain boundaries act as barriers to the notion of

dislocations, they are primary sites of stress concentration and

inhomogeneous deformation. Because the orientation of a crystal in

an.aggregate is, in general, different from its neighbours, each

crystal imposes constraints upon its neighbours. Therefore, for

fi.rrdamental studies on solution strengthening, it is necessary to

investigate the behaviour of a11oy single crysta1s. Nevertheless,

work on polycrystalline samples, apart from providing technologically

useful data, enables one to develop a qualitative understanding of

the strengthening mechanisms in a given a11oy system.

Thus the two objectives of the present investigation are

1. the detennination of the solid solubility of aluminum in alpha

zirconj.um at temperatures lorver than 700oC and

2. the collection of preliminary'strength data.on polycrystals and

the developnent of a qualitative tnclerstanding of the solution hard-

ening mechanism operating in the zirconium-aluminum system.
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2 EPERiMENTAI, PROCEDURE

2.L Materials and Alloy Preparation

According to the present equilibrium diagram of the
)-_:

zirconiun-aluninurn system' the alpha solid solution region is widest

at tu 850oC. As such, it was decided to equilibrate nine a11oys at

850:C, six alloys being in the alpha region and the remaining in the

two-phase (cr + ZrrAl) region.

The zirconium-aluminlrm alloys and their chenical analyses

v/ere supplied by the lfhiteshell Nuclear Research Establishment at

Pinawa. For preparing these alloys, reactor grade zirconium and

very high purity aluminum (1SF grade) were used. The al1oy

argon-arc-nelted with a tungsten electrode. The a11oy ingots were

2" 1ong, 0.5" in diameter ancl weighed about 60 gms each.

The chemical analyses of zirconium, aluminum ancl the a11oys

are given in tab1es.1, 2 ancl3 respectively

TABLE

Ingot Analysis of Zirconium in ppm

A1
B
C

cb
Cd
Co
Cr
Cu
Fe
H
Hf
Mg
I\frI

Mo

l-ep
<25
<0.2
<40
<100
<0.3
<5
<10
<25

10s
7

125
<10
<10
<10

Bottom

<25
<0,2
<40
<100
<0.3

<10
.< 25

105
7

140
<10
<10
<10

N
Ni
o
Pb
Si
Sn
Ta
Ti
V
W

Zn
U

IeP
45

<10
140

<5
<40

10
<200
<20
<5
<25
<50
<0. 5

Bo!_tom

28
<10

120:<5
<40

10
<200
<20
<5
<25
<50
<0. 5



,, -, i:TABLE

Chenrical Analysis

Fe

Si

Other Impurities

Balance Ah¡ninum

?

of Aluminum

0.40%

0.zs%

0. 1s%

6

TABLE 3

Chenical Analysis of Zirconium-
Alr,uninum A1loys

A11oy A1 O.,
No. W p.p:m.

2,2 Preparation and Fleat Treatrnent of the A1loy Sanrples

The al1oy ingots lvere surface ground to remove the

oxide Layer, thus eliminating the possibility of further oxygen

diffusion into the nretal during subsequent heat treatments. After

grinding, the ingots were chemically cleaned in (45% HNO3, 45% lactic

acid and 10% HF) acid solution ancl then washccl r,/ith rvater and alcol'rol

and dried.

The ingots rvere given t 5-10% reduction by cold rol1-ing (to

help in the homogenizing treatment). The ingots v/ere clea¡red and

wrapped in pure clean zirconium foil (n, 0.004" thick) and then sealed
:,in a silica tube, after flushing three times with argon and evacu-

ating to a pressure of 1 x 10-5 Tort. The sealed specimens were

kept at 1000oC (ß region) for 5 hours to homogenize the rvhole speci-

men. The specimens were quenched. in water by breaking the tube after

homogenizing.

Smal1 pieces were cut from the homogenized specimens, markecl,

cleaned, wrapped and sealed. in a silica tubg. The sealed specimens

1
2
3
4
5
6
7

I
9

0.165 0. sss17 84
0.370 r.2s97! 332
0.595 L9762I 2I1
0.84s 2.79987 r07
r.270 4.1ó688 2r7
1.610 5.24216 48s
2.220 7 .L2800 150
2.610 8.3075ó 72
3.2s0 10.19837 17 4



were held at 1000oC for 5 hours afterwhich time the.furnace temper-

ature was reduced to ¡, 850oC and then set at 850 t loc. The alloy

specimens were equilibrated at 850oC for 120 hours and quenched.

The tenperature was checked every 12 hours during the equilibrating

treatment

For determining the solid solubility at temperatures lower.

than 850oC, æ al1oy in the two-phase (o + ZraAl) region was selected.

trt does not matter which conposition. is chosen as long as it is in

the two-phase (o + ZrrAl) region because at any tenperature only the

proportion of a and ZrrAl changes with composition but the lattice

parameters of cl remain the same. The parameters of a change with

temperature for the sane composition of the alloy.

The equilibrating procedure was repeated. to equilibrate

samples at 700, 600 and 500oC. The equilibrating time at various

temperatures (after 5 hours at 1000oC) is given in table 4.

TABLE 4

Equilibrating Time at Various Temperatures

lVater

Toooc .zg} '"-
6oooc sso -"-

soooc 5oo ' -"-

?.3 Porvder Specimen Preparation and Its X-Ray Diffraction Pattern

Equilibrating Equilibrating
Temperature Time (hours)

After cleaning, the equilibrated al1oy samples were

deeply filed under CC1O by a hard steel file. The samples were then



tratsferred to another pot containing CC1O and were filed again under

CCl, " This procedure minimized the possible oxidation of the surface4'

of the fine particles during their preparation. After producing the

requisite arnor,mt of polvderr. the CC1O was drained and the polvder dried

in air. A magnet r.Ias run over the dried powder to remove any iron

partibles produced du.ring the filing operation. This powder vras

sieved and -200 mesh powder was used as this was considered fine

enough to obtain sharp and continuous diffraction lines. This pro-

cedure of.powder making rvas repeated on a1l the a11oys.

' The fine powders weïe put in zitcorri,.,*-foi1 capsules and

sealed in silica tubes. The sealed porvder samples were put in

furnaces at their respective equilibrating tenrperatures, i.e., 850oC,

700oC, 600oC and 500oC, to relieve the stresses developed during

filing. After one hour the samples r{ere quenched in water rvithout

breaking the tube

The porvders rvere pl.aced in 0,25 mm glass capillary ttrbes

which were then mounted in a 114.6 mm dialÍreter Debye-Scherrer camera.

The x-ray film was rvrapped in aluminum foil to minimi ze the scatteï-

ing effect on the film and to get a sharp diffraction pattern. The

camera was loaded by the Straumanis method and the samples were

erposed to copper K-a1pha radiation for 3.5.hours. During exposure

the room temperature was 22 t IoC.

Measurements on all the films were made 24 hours after

processing then. This step minimized. errors which could be caused

by the measuïement of films not yet conpletely ðly. Distances up

to 0.005 cm could be measured with the Phillips filrn measuring mit.



Cohen's least square method3 tvas used to calculate

parameters.of the alpha phase

2.4 Metallographic Examination and the Hardness Measurements

. ¡fter equilibrating (120 hours at 850oC) and water

quenching, 
.the 

allöys were cold mowrted and'mechanically polished.

After etching with (45% HNOS, 45eo Lactic Acid and 10% flF) acidic

solution the samples were examined netallographically. The hardness

of these cold nounted samples IVas determined using the Vickers

Pyramid.hardness tester lvith a load.of 1 kilogrannne.

2.5 Preparation of Polycrystalline Tensile Test Specimens

The zirconiun-alilminu¡n a11oys selected for the tensile

tests are given in table 5.

the lattice

Chemical Analysis of the

Sample A1
No. W/o

1.

2.

3.

4.

TABLE 5

Zirconium-Altuninum A11oys

04¡gen
A/o þp*

0.161

0. 370

0.593

0.838

The al1oy ingots rvere surface ground and cleaned. They ivere

heated in a neutral salt bath (Liquid heat ND1000 from Floughton Co.)

maintained at 'ì, 875oC and hot rolled tg . 1/8" sheets. T\¡o or three

passes rvere given before reheating. The ro11ed sheets rvere cleaned

in hot water and then in an acidic solution (30% HNOS, 30% H2S04,

0. s416

I.2397

r.9726

2.7770

42s

3s2

zrt

209

for Tensile Tests

Remarks

Argon-arc-melted

. -rt-

. It

_tt_



30% FI.O and 10% HF - all by vo}-me) . These were cold rolled to
¿

r 0.045" thick sheets, cleaned and sealed in a silica tube under a
(

pressure of 1x 10-'Torr. These alloys rvere equilibrated f.or 120

hours at 850oC and water quenched.

Tensile tgst specimens of the size shown

nachined in a standard jig.

l-u;'1
þ::::í;

10

o.vo"
o.ooîtt

Sma1l piecês fronn the equilibrated alloys were aged at 300,

500 and 700oC for 10,20r 4b and ó0 núnutes and c¡r-tenchecl in water.

The aged alloys were examined metallographically to deternrine íf

precipitation took place in any of the aged specimens. Precipitation

was not detected.

2.6 Tensile Tests

þ-ryi'l

o,lz

in fig. 4 were

Fig. 4 Tensile Test Specimen

A floor model Instron machine was used to perform the

tensile tests at room temperature, 300oC and 500oC. Tests at 300

and 500oC weïe carried out ín a dynamic vacuun (I0-2 Torr.). In all

cases dtrplicate specimens were testecl. The crosshead speed was 0.02

inches per niinute and the recorder chart speed was set at 2 inches

per minute.

Rll_-t 
I

IJ
-lrF

\-.. o\s"
tll
ËDtA.
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comprise the time

time to ca:ry out

temperature tests

the specimen took

the test till the

lasted for 50-55 minutes which

tó reach the temperature and the

fracture occurred.
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3 SOLID SOLUBILITY OF AIUI4INTM IN ALPHA ZIRCONIUM

3.1 Application of the Alloying Theory

a. Range of favourable size factor for solid solution formation

The atomic diameters of alpha zirconitm and aluminwi
oo

are 3.20 A and 2.86 A respectively. This size difference of 10.5%

between the solvent and solute atoms is well within the favourable

size factor of t15% as postulated by Hurne-Rothery. Thus, on the basis

of the size factor alone, considerable solubility of alurninum in alpha

zirconium r^¿ould be expected.

Ah¡ninum crystallizes in the f.c.c. structure, md the curves

of Mott and Jones (7937)6 shorv that lr¡ith 3 electrons per atom, there

is a moderate overlap across the {200} planes. Ithen the overlap is

present the atomic diameter, i.e. the closest distance of approach
-o

in pure alunimmr is.2,86 Ã. Jones6a has shown that Brillouin zone

overlap produces expansion at this lattice in the sane direction as

that of the overlap. In aluminrun alloy structures where no overlap
o

occurs the atomic diameter of alulninun is 2.70-2.80 A.

ThuS, the size factor is 15.5% rather than 10.S% if the
o

atomic diameter of aluminum is taken as 2.70 A. This is less favour-

able to extensive solid solution formation

b. Electrochemical nature and polar izabllity

12

Since zirconium is strongly electropositive (electro-

negativity of zirconiun is l-.6), many of the elements rvhich on size

factor gror.nds alone night form extensive solid solutions lvi11 tend

to fonn stable intermetallic compounds instead. This is the behaviour



to be e:çected with electronegative and weakly eletropositi.ve elements.

Aluninum which has an electronegativity of 1.S, which is close to t.6,

will have e lesser tendency to form.compounds than solid solutions.

But it is lmown from the zirconium-ali¡ninum equilibrium diagram that

compounds are formed and the solid solubility of aluminum in alpha

zirconium is restricled.

Although polarizability usually does not play a significant

role in intermetallic compounds, ìt should be noted that the poitariz-

ability of zirconir¡n is about tnice that of titaniun. From this

point of vierv, zirconitun will sholv a stronger tendency to compor.rnd

formation than titaniur. This is revealed in the relative solid

solubilities of aluninum in alpha titaniun and alpha zirconium,

whereas alpha titaniun has an extensive solid solution (rax. solid

solubility over 40'A/o), cr zirconium has restricted area of solid

solution (naximrmr "\, 10 A/o)..

c. Relative valency effect

13

A netal of higher valency is nore likeIy to dissolve

to a large extent in one of lorver valency than vice versa. This

rulè is a general one only for univalent solvent metals but not so

general for solvent netals of higher valencies

Since the stability of a compound increases with the valence

of the solute, electronegativity and size being constant, it would

be expected that aluminum which is a trivalent element rvi11 have a

linited solid solution range in alpha zirconium.

Thus, it would seem that size factor and electrochenical

factors are relatively unirnportant in determining the extent of solid



14'

solution of alunim¡n in zirconiurn and that the electron concentration

plays a more important role than the above factors.

3.2 Methods for Determining the Solvus Curve

scopical method is that it enables a relatively large area to be 
.

examined. so that evidence of uneven composition is readily obtained'.

Chemical analysis can then be carried out on the exact specimen which

has been viewed. microscopically, and in this way there is a satis-

factory. control of the composition of the specimen. If the crystals

present are not too small, Ðd the alloys aïe such that phases do not

deconpose on quenching,'it is quite ëasy to detect one percent of a

phase present in a two phase alloy.

. In deterinination of a solvus curve where the extent of the

o phase diminishes with the falling temperature, it is cornmon practice

to homogenize specimens by annealing at a high temperature, and then

to rearuteaL at a lower temperature, after which microscopical- exalnin-

ation is used to determine if precipitation of the second phase has

occurred. In every a11oy there is a temperature below which the

grolvth of the precipitated particles to an observable size is so slow

that extremely long times of annealing are required.. In such cases

there is always a danger that alloys examined. nicroscopically nay be

classed as homogeneous lvhen they lvould real1y contain trvo or more

phases under equilibrium conditions.

1; Microscopical rnethod - The great advantage of the micro-

?

d.

? lever? law.

A

X-ray methods-

Disappearins phase method - This

Thus with reference to figure
':

method is based on the

5 the relative proportion
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of a and ß in an a11oy of composition z at temperature T, is given

by the relative lengths of the line ZY and ZX

W;W^=ZY:ZX.0þ
a:

Thus we see the weíght fractiori of ß in the a11oy varies linearly

with composition,from 0 at point x to 1 at point y. The intensity

of any d.iffraction line from the ß phase also varies from zero at

x to a maximum at Y, (but the variation with rveight percent is not '

generally linear). This variation may be used to locate the point x.

A series of a11oys in the two-phase region is brought to equilibrium

at temperature T, and quenched. From diffraction patterns. made at

room temperature, the ratio of the intensity I^ of a prominent line
þ

of ß phase to the intensity I- of a prominent line of the s phase is
o,

plotted as a firnction of weight percent B. The composition at which

the ration IU/I* extrapolates to zero is taken as the point x. other

points on the solvus curve are located in sinilar ways from a1loys

quenchecl frcn other temperatures

b. Parametric method - This method depends upon the fact

that the lattice-parameter of a solid solution generally changes

with composition up to the saturation limit, md then renains constant

beyond that point, figure 6. This method was used in the present

investigation.

For a given accuracy of lattice parameter rneasuïement, the

accuracy with which the solwrs can be located depends markedly on

the slope of the parameter-composition curve. If changes in the

composition of the solid solution produce very small changes in
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'

parameter, then the composition as deternined from the parameter

will be subject to considerable error and so will the location of :

the solvus. Horvever, if the curve is steep, just the opposite is

true.
I

In rnost cases, the paranetric method is more accurate than

,the disappearing-phase method (whether based on x-ray measurenents or

niscroscopic examination) in the determination of sohms curves at

1ow temperatures, as both may fail to disclose the presence

amounts of a second phase, although for diffe.rent reasons.

this oc'curs, the disappearing-phase nethod always results in

measured extent of solubility higher than the actual extent. But

the parametric nethod, since it is based.on the measurements made

on the phase rvhose range of solubility is being determined (o), is

not influenced by a.ry pïoperty of the second phasc (ß).

The advantage of the parametric measurenìents method is that

porvder specimens can be usecl withotrt any concern of reclucing the

proportion of one phase, (usually the brittle phase) after sieving

and thus in turn affecting the intensity of that'phase in the dis-

appearing-phase method. Thus the parametric method is suitable for

alloys having phase which differ greatly in brittlenesg.

On comparing the three methods discussed, it is'clear that

the parametric method is superiór to the other two methods and in

the present case is very suitable to the Zn-AI system as the two

phases (o and ZrrÃI) differ greatly in hardness (the hardness of

zirconir¡n is c, 100 VPN and that of ZrrI\I is 390-445 !"N). lvforeover,

the lattice parameters of the o phase of Zr-41 alloys in the single

of sna11

lVhen

a



phase region could be used in relating the change

paraneters to'the strengthening effect of A1 on cr

of the objectives of the present investigation.

3,3 Results and Discussion

solutions

Lattice paraneters of the alpha phase of the

a11oysequi1ibratedat850oCaregivenintab1e6.

3.3.I Lattice parameters of thê zirconium-ah¡ninum solid

TABLE 6

Lattice Parameters of the Al1oys

Sample
No.

in the lattice

Zr which is one

I
2

3

4

5

6

7

I
9

18

w/o

A1

0.16s

0.370

0.593

0. 845

r.270

1.610

2.220

2.610

3.250

Ã/o

Equilibrated at 850oC

0. 5s2

r.240

r.976

2.800

4.167

5.242

7.r28

8. 308

10.198

Lattice
Parametei

o
aA

3.2s097

3.22813

3.2273r

3.22It7

3.21397

3.21034

3. 20668

s.7,0666

3.20772

Lattice
Parameter

o
cA

Compositions and lattice parameters

alloys equilibr.ated at 700oC for 298 houïs,

5. 14194

5.13017

5.1340ó

. 5. 1364s

5.13103

5.12469

5. 12581

5.12123

5.12473

c/a

1. 59149

1. 58921

l-. 59082

1. 594s9

1. s9648

1. 59630

1. 59848

1.59706

r.59762

of the alpha phase of the

at 600oC for 550 hours



and at 500oC for 500 hours are -shor,¡n in table 7.

The decrease in lattice paraneter "4" of the alpha solid

solution, f.igare 7, is very nearly linear with aluminum content and

thus obeys the Vegardts lal at least for "4". The change in "4"

with aluminum content can be expressed by the relation

i a=3.2332-0;0044x
o

where a = lattice parameter of the alpha phase in A

x .= altuninum content in A/o.

Composition and Lattice

Various Temperatures

Altrnim.¡nt

A/o

19

TABLE 7

Parameters of

Equilibrating

o^remp. L

s.242

ll

tt

From figure 7, the extrapolated value of 'ratr for pure zir-
o

conitrn (h.c.p.) is 3.2332 A which is in close agreement with the re-
o-

ported value 3.2326 A 5.

The value of "c" also initially decreases with aluminun

content but increases in the range I.24-3 A,/o aluminum and then

decreases again up to the solubility limit. This abnormal decrease

and then increase of the "c" values could possibly be attributecl to

the overlap of the third or fourth Brillouin zones in the c direction

the A11oys Equilibrated at

700

600

500

Lattice
Parane$er

aA

3.21696

3.22307

3.22972

Lattice
Paraneter

o
CA

5.12185

5,L4236

s.144ó1

c/a

1. 59214

1. 59549

1. 59289
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(second, Brillouin zone contains two electrons per aton). Jones6ahas

shown that overlap produces elpansion of the lattice in the sane

direction as that of the overlap. The postulated overlap based on

break at I..24 A/o A1 takes place at e/a = 3.987 (Zr-tetravalent,,

A1-trivalent).
r Since "a" varies linearly lvith composition the c/a'ratio,

,based on the "c" and "a" values from their respective curúes in

figure 7, shows the same abnormality at 7.24 A/o N.. In the two

phase region c/a ratio is constant because "c" and "a" are constant.

3.3.2 Solid Solubility Values and the Sol,rus Curve

The solid solubility of aluminwr in alpha zirconium

at 850oC, as determined by the inflectÌon point in the "a" versus

composition curye in figure 7, is 5.95 A/o which is in close agreement

with the previor,sz result, 5.8 A/o.

In figure 7, the compositions corïesponding to the lattice

paranteters "arr of the alpha of the a11oys equilibrated at 700, b00

and 500oC aïe respectively the soliil solubility lirnits at those

temperatures. The results are given in table 8.

TABI,E 8

Solid Solubility Limits of Aluminum in Alpha Zirconitmr

Serial No.

1
.,

3

4

o^remp. L

8s0

700

600

500

A1 A/o

5.95

3.70

2.35

0.80



, Th" solvus curve drawn on the basis of the above values

is shown in figure 9, (hear.y line) ¡

'rrn many systems where a solid solution is in equilibrium

with a phase of fixed composition, a straight line is obtained by

plotting 1og s against r/ToK, where S is A/o of solute at the limit
of the solid solution. This relation does not have a conclusive

thermodynamic basis, but is sufficiently general for any narked.

deviation to be taken as a strong hint that the solubility curve
1is in error"'.

:

The curve between 1og s and l/Tot< fron the first five values

of table 9 is shown in figure 8, th" poirrts lie very close to a

straight line indicating that there is no serious erïor in the

solubility values. i"faximum solid solubilities at tenperatures lower

than 500oC were determinecl by extrapolating the curve. These values

are given in table 9. The solvus curve drarnn dor,¡n to telnperatures

lorver than 700oc is shorm in figure 9, (heavy line to 500óc and

dotted line below 500oC)

It is seen that the solubility linits at ten.peratures lower

than 850oc determined in the earlÍer investigationz (based. on netal-

lographic methods) are much lower than found in the present work.

The lower límits in the previous rork2 could. be possibly due to

incomplete hornogenization. Due to the same possibility, the alloys

reported as being in the tlvo-phase region might have appeared to

be so, though in fact they were in the single-phase region.
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Solid Solubility Limits

Temperatures

Serial ^ Solid
No. Temp. "C 1/T'K Solubility Log S Remarks

_ ' S A/o _ :=.=
I e40 0.00082 'r. 10 1.0 i3liï^?91

z Bso o. ooose s. es 0 .774s T;St"il"'
3 700 0. 00102 3.70 0. 5682 -rr-

4 600 0.00114 2.35 0 .37rL -rr-

5 500 0.00128 0.80 0.9031 -tr-

6 400 0.0014g 0.31 T.4g^^ Extrapolated
'vv value

7 300 0.00174 0. 069 z. 8400 -Ir-

I 200 0.00211 r 0.001 7.rooo

9 100 0.00268 very smal1 -- -rr-

10 Room Ternp. 0 .00333 -rt- -rt-

TABLE 9

of Aluminum in Alpha Zirconium at Various

25

3.3.3 Metallographic Results and the Flardness Values

. Photomicrographs of the equilibrated alloys (_120

hours at 850oC are numbered in the increasing order of aluminum

content. Photos 1 to 6 show only one phase while photo 7, 8 and 9

show precipitate. The alloy in photo 7 has 7.128 A/o aluninum, i.e.
^beyond the solid solubility limit at 850oC. This result is consistent

with the x-ray result

The number of phases present in the a11oys are given in

table 10, the hardness values of these alloys are also shown. The

(Strpportins Evidence)
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curve between the hardness (VPN) and the aluminum content, figure

10, also shows that the hardness increases in the single phase (a1pha)

region but remains almost constarit in the two-phase (o + ZrrAJ) region.

TABLE 10

Metallographic Results and the Hardness Values of the Equilibrated

(s50oc) A11oys

Sample
No.

?

3

4

5

6

7

I
9

w/o
A1

0.16s

0.370

0.593

0.84s

I.270

1.610

2.220

2.610

3.250

Ã/o

0. 555

L.2:49

1.976

2.800

4.767

5.24?

7.r28

8.308

10. 198

Phase (s)
Present

_:, 
Photomicrographs 7, 8 and 9 show a pearlitic structure.

Pearlític precipitation was noticed by KeelerS also in alloys with

more than 10 A/o ahminum which were treated near the transformation

temperature. In the present case the alioys with 7.L28,8.3 and

I0.2 A/o aluninr-un rvere held at 1000oC (ß region) for 5 hours and then

cooled in the furnace to 850oC, held for I20 hours and then water

quenched. lr/hen the a11oys were furnace cooled from 1000oC (ß region)

One

One

0ne

One

One

One

Tivo

Tlvo

Tho

vPN (1KG)

96r3
103 r 2.5

11313

11413

?.03 ! 7

218 r 15

25018

250 1 11

z4r!5



O.55 A/o Al

27

1.98 A/o Al

1.24 A/o Ãl
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Photo. l-6- Zr-Al olloys equilibroled ot B5O"C for lzohrs. ond then woter
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4.167 A/o Al

2.8 A/o Al

6. 5.242 A/o Al



Photo. T-9-Zr-Al olloys equilibroted ot B5O"C for
quenched. All ore lwo phose. X25O.
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28

9. lO.l98 A/oAl

l2Ohrs. ond then woter
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/

the time taken in passing through the (a + ß) and a regions might be

very sma11 and practically no phase-transformation from $ to o phase

could occul'. Therefore, the a11oys were nearly single phase and had

ß structure \^rhen cooled to 850oC. this ß'transfonned to a completely

pearlitic structure in the case of the 10 .2 "A/o 
aluminum a11oy.

These observations suggest that ß phase decomposes into a pearlitic

type structure conposed of alternate layers of ZrrAl and alpha

z]-rcon].um

The results obtained may be stunnarized as below - (for

alloys equilibrated at 850oC)

Method

X-Ray

Ir{etallography

Hardness

30

0.55 r.24 r.976 2.8 4.167 5.?,42

Parameter t'a"

Single phase

Increases

decreases

7 .r7.8 8.308 10.198

tta" remains constant

T\^ro-phase

Remains almost
constant



4 STRENGTHENING EFFECT OF ALUNÍiNUM ON AIPFI,A ZIRCONIW

Results and Discussion

No systematic investigation of the solution hardening

effect of aluninum on alpha zirconir¡n has been made. There are

incidental reports available on the strengthening effect of aluminum

on zirconitrn but they are not really comparable due to the different
. 9.10

lnetâl1urgica1 history of the specinens"''" and a lack of uniform test

conditions. Tlierefore, it is difficult to correlate the results of

various investigations. However, the curves between yield strength

and coniposition are dralrrn in fig. 11, based on the results of pre-

vious ruotksl'9'10. The curves based on the results of the present

investigation (solution hardening effect) are also shown in fig. 11.

The melting metliods and heat treatment given in the earlier, as well

as present investigation, are given in tabLe 11.

TABLE 11

Melting llethods and Lleat Treatments in Various Investigations

3I

Investigator
Reference

Anderson et a1 9

Schowpe et a1 10

Melting Method

Keeler I

High purity sponge
melted in thp
atmosphere

Induction melted
in graphite cru-
cibles in vacutm

Present work

Heat Treatments
of the Samples Remarks

Contained
C t-tp to

As cast 0.I4%

Cold ro11ed and- Contained
annealed at 700oC "u 0.3'o C

for 1-3 hours

Cold ro11ed and.
anneâled at 8000c
for one hour

Homogenized at 850oC
for lZO hours and Reactor grade
water-quenched Zr was used

Argon-arc melted
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Results of Tdnsile Tests at Various Temperatures

Sarnple
No.

Test
Temp. lVlo

oc

I

,)

3

4

5

6

7

8

9

10

11

Yield Strength
A1 0.2% offset

A/o . 103 psi

Room Pure
(2Ooc)

0. 161

0.370

0:593

0.838

Zr

0.542

r.240

t.976

2..777

300

17. 00

24.r5

24.76

29.53

38.20

10. 00

16. 36

15.10

2r.46

26.64

8,9

Ultimate Tensile
Strength Elongation

103 psi %

Pure Zr

0.161 0.542

0. 370 L.240

39.00

32.834

38.51

44.02

53.40

18.00

?0.34

2r.32

7,6.33

34.89

13, 30

0.593

0.838

500

r.976

2.777

Fure Zr

L2

13

14

15

26.0

17.5

L7.5

17.5

20.0

27 .0

23.0

24.0

15.0

2_0_.0

52 ,0

b. ror

0.370

0. 593

0. 838

0.s42

L.240

1.976

?,.777

72.38

13.76

t7.34

23.6r

15.19

17.57

2r.9t

30.42

13.0

15.0

16.0

17.0
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' Because it was d.ifficult to draw smooth curves through

the points (four for each test temperature) and secondly, in the

case of the curve without a lcaee the yie1d. strength value for the

lowest aluninum content alloy i.e. 0.542 A/o, will be very much lower

than the observed yield strength in each case the cuïves were drawn

with atlcr.ee', fig. 12. This knee was noticed in the curves of an

1

earlier workt a1so, fig. 11, but the composition range of the knee

i-s different in the two investigations. At present the presence of

a lsree in the curves is not well understood.. Probably it can be

related to the obseryed variation in the c/a ratio with the increasing

alurnini¡n content.. fig. 7, and the relative increase in the stress

required for dislocation glide on the (0001) planes as compared with

the glide on the {10T0} p1*"r13 rvith increase in impurity (aluminum) .

In h.c.p. structures having a c/a ratio lower than the ideal va1ue,

1.63, the prisnatic glide i.e. {10T0} is favoured to the basal glide.

As the cfa ratio increases,-the tendency for the basal g1icle increases.

In the present case the increase in alumintun content will render two

opposing effects - one is the increase in tendency for the basal

gli{e through the increase in cfa ratio and the other is the increased

restriction on basal glide with increasing alu'ninun content. It

seeflìs that in the composition range 0.542 to 1.24 A/o aluminum both

these effects balance each other and practically no hardening effect

is observed, giving rise to the presence of the tlclee'.

Further investigation with the electron microscope and a

more detailed study of the effect of aluminum for the conrposition

range 0.1-1.0 A/o may ïeveal the reason.



The yield strengths of the zirconium-aluninum solid solutions

are loler than the values for the cast or arurealecl a11oys, fig. 11.

From the heat-treatnents of the a11oys1'9'10 and on the basis of the

solvus cuïve determined in tlie present work it èeems that the a11oys

were two-phase at the time of the test in the earlier investigationsl'9'10.

Possibly, precipitation hardening took place in these alloys which is

a more effective mode of strengthening than the solution hardening.

Af,ter the abnormal increase in the yield strength by the

initial addition of aluminum the yield strength of the zirconir.m-

ahmrinum solid solutions increase almost linearly with the aluminum

content beyond the lsree. The rate of increase in the yield strength

with'compositions beyond the l<nee is nearly the same in both the
1

earlier' and the present work.

The yield strength versus temperature curves for the solid

solutions are shov¡¡r in fig. 13. The yielcl strength decreases with

the increasing test temperature becattse thermal activation energy

helps in yielding of the metals. The rate of decrease of. the yield

strength with the temperature is nearly the same for all the zirconium-

aluminum solid solutions .

It was found that the yield strength of the alpha zirconir¡n

at 500oC was raised nearly equal to its yield strength at roorn temp-

erature by the addition of about one A/o aluninum. At the roorn

temperature itself an addition of 2.77 A/o alumim¡n raised the yield

strength to more than twice its value

The true stress-true strain curves for.the solid solution

alloys tested during the present investigation, are shown in

3ó
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figs. 14, 15 and 16. It is seen that at all the test temperatures

the slope of the linear portion of the curves i.e. Youngrs modulus

(here quali.tative in nature and not the absçlute for the al1oys

tested), increases with the increase in aluninum content in the solid

solutions. This may be due to the solvent-solute binding being

stTonger than the solvent-solvent. This conclusion is also indlcated

by the occurrence of nmrerous intermetallic compotnds in the zirconiun-
?

alwrinun system-.

The slope in the parabolic region of the true stress-true

strain curves, figs. 14, 15 and 16, indicates the work-hardening

rate of the solid solutions d room temperature, 300oC and 500oC. At

higher temperatures the thermal activation helps cross slipping rvhich

reduces the rate of work hardening. This is shown in figs. 17 and 18

by the decrease in the slope-angle, 9, (at 4eo arrd 8% strain) with a

rise in the testing temperature.

The slope in the parabolic region of the curves in figs.

14 or 15 or 16 increases with the increase in aluminum content, i.e.

the work-hardening- rate increase

The strengthéning effect of aluninun on alpha zirconium may

be the result of several factors. According to the lvlott and Nabarto'r11

theory the fribtional force due to the size-factor effect contributes

towards the increase in the yield strength. But, in the present case

due to the fact that the size misfit value is very sma1l its contri-

bution in raising the yield strength is e>çected to be rather sma11.

Thus, it seems that the size-factor effect is not an important factor

in the strengthening of alpha zirconiwt by ah.rninum.
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Due to the absence of the value of modulus mismatch, the

role of modulus effect (Fleischer's theory12) in incieasing the

yield strength could not be estinated. However, a rough estimation

by using the change in hardness with composition (fig. 10) revealed.

that the predicted yield strength values are 5-10 tines smaller than

the observed ones.

bond is stronger than the solvent-solvent and the fact that numerous

intermetallic compounds occur in the zirconium-aluminuni system it

seems that possibly short range ordering also has sorne contribution

in the strengthening of alpha zirconit¡n

The critical resolved shear stress of single crystals is

perhaps the only satisfactory parameter rvhich can be used for a

quanti.tative cornparison with the theoretical predictions r,vithout any

adjust:rble parameters (specially in the case of h.c.p. nretals as they

contain non-equivalent crystallographic planes). In the case of

polycrystalline aggregates such adjustable paraneters become important,

because of the constraining conditions imposed by the grain boundaries.

However, the hardening effect of alt¡ninun in the zirconium-

aluminun solid Èolutions may be qualitatively explained on the basis

of Bailey's13 observations on the effect of inpurities on the basal

and prismatic slip in zirconium.. Horvever, further study of surface

replicas and thin films by electron microscopy will be necessary to

substantiate this hypothesis.

In zirconium the c/a ratio is lower than 1.633. Therefore,

the interplaner spacing of the prism plans, difOf-OÌ is more tharr the

43
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the interplanar distance of the basal planes, dlooor¡, i.e. the ratio

difOIO]/d(0001) is more than unitL so that {101-0} have the lower

Peierlfs stress than the basal planes and are the favoured slip planes,
't-

The Burgers Vector is flffZll and (10Ï0) 112101 is the predominant

14 lq 
-slip system--. I{i11ians et.al." have postulated that some basal

slip is necessary to.accotmt for the observed texture in cold ro1led

zirconium. Bai1ey13 h", shown that in zirconiun glide can occur on

the basal plane at sufficiently high stress, e.g. around hydride

precipitates or in the vicinity of triple points

Thus it is seen that in zirconium the slip occurs on more

than one set of crystallographically non-equivalent systens. As

such, the solute dislocation interaction on different planes cannot

be expected to be the same.

From studies on the changes in dislocation structure in

deformecl conmercial and. crystal bar zirconium Bai1ey13 proposed

that the stress for dislocatlon glide on {1010} planes increases

and glide on the basal planes becomes more difficult relative to

glide on {10T0} with increasing impurity.

If it is asstmed that the effect of aluminun on the prismatic

and the basal glicles is analogous to that of oKygen in zirconium the

observed.strengthening effect of aluminum may be elçlained as the

sun of two effects. First, the dislocation gl.ide o'n {10T0} planes

(predominant slip planes) becomes difficult with increasing aluninum.

Second, the rnotion of jogs is restricted. which in turn impede the

pïogress.of both the edge and the screw dislocations. Jogs of dis-

locations on {tOÏO} planes lie in the basal planes, figs. 19 and 20.
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If slip- is made more difficult on the basal planes then the possible

basal glide of the jogs in edge dislocations is restri.cted. Ïn the

case of screlv dislocations the jogs can move only non-conservatively

which is more difficult since the advance of the dislocations requires

the formation of point defects. Thus, the increased difficulty in

the operation of basal g1ide, which is necessary for the general

d.eformation, would cause considerable hardening of zirconium with

increasing amount of aluminum

The presence of stacking faultsl6 o., the basal plane in

zirconium is evidence that the stacking fault energy is lowered by

altuninum, photos 10 and 11. Due to this lowering of stacking fault

energy extended jogs may fonn lvhich would make a further contribution

to the hardening of this system
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CONCLUSIONS

1. Lattice parameter "4" of the zirconìun-aluninun solid. solutions

changes by the relation

a=3.2332-0.0044x

where x is alunimln in A/o.

?

3.

Parameter "c" does not change regularly with aluninum additions.

An abnormal decrease in the value of rrctr occurs at !.24 A/o

altuninum which may be attributed to the overlap of the Brillouin

zones in the c direction.

4" The c./a ratio increases very s1ow1y with the aluminurn content.

5. The solid solubility of aluninum in alpha zirconium changes

e4ponentially with the temperature like
.'_ ^-klToKÞ=e

6. On cooling the ß phase transforms pearlitic t¡rpe structure.

7. The solid solubility of aluminum in alpha zirconium decreases

very rapidly ivith the falling temperature and. belorv 400oC it
is very 1ow.

8. Sma1l anounts of aluminum raise considerably the strength of

alph3 zirconium at the roon ternperature as well as at the

higher témperatures, in comparison to the room teniperature

strength of zirconium.

9. Solute-solvent bond seems to be stronger than the solvent-solvent.

10. The size misfit nor the modulus mismatch seem to be the control-

ing factor in the strengthening of zirconiurn by aluninum.

11. Possibly short range ordering has so¡ne contribution in the

strengthening of alpha zirconium
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12. It is thought that the

effects of aluminum on

important factor in the

rnechanism related to the

{1010} and (0001) planes,

strengthening effect.

different

is the
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6 SUGGESTIONS FOR FUTURE WORK

L" Study of the effect of alwninum on the Brillouin zone of

zirconiun nray e4plain the solid-solution and compound formation

behaviour of the zirconiun aluminun systen.

2. Systematic study should be done to find the exact nature of

decomposition on cooling of the ß phase.

3. A detailed study of the zirconiun-aluninum alloys in the

conrposition ïange 0.1 + 1.0 A/o aluminum rnay e>çlain the occur-

ence of the lcree in the yield strength versus composition curve.

4. An electron-microscopic-investigation of the defornution mode

and the dislocation structure of the single crystals of

zirconiurn-aluminum solid solutions may prove the hypothesis

put fonvard in the present rvork.
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APPENDIX

The difference between the observed and calculated values

of the interplanar distance, d, for the zirconir¡n-ah¡ninun a11oys

are given below

0.555 A/o Rt - equilibrated at 850oC

. : Observed d Calculated d Difference Ad

hk1 CRI CRI Cro-s ll
100

002

101

r02

110

103

200

1r2

z0r

004

202

104

203

zn
2IT

114

212

105

204

300

213

302

20s

106

2 .777 4

2.5612

2.44sr
1. 8859

r.6r2s
r.4602
r.3979

r.s67s
r.3492

I.2870
L.2282

1.1690

1.0848

1. 0586

1.0359

r.0072
0.9782

0.9660

0.9474

0.9s21

0.900ó

0.877r
0.8284

0. 8187

52

2.798L

2.5780

2.4577

L.8932

1.6155

1.4616

1.3990

1. s6i8

1.3499

1.28ss

I.2287

1.1681

1.0838

1.0s76

1.03s9

1.0059

0.9781

0.96s3

0.9466

0.9s27

0 .9000

0.8768

0.8287

0. 8194

20.7

16. 8

L4.6

7.3

3.3

r.4
1.1

0.s

0.8

1.s
0.5

0.9

1.0

1.0

o.o
1.3
0.1

0.7

0.8

0.6

0.6

0.3

0.3

0.7



hk1

100

002

101

r02

110

103

200

L12

?OI

004

202

104

203

2I0

zTI

114

?I2

105

204

300

2r3

.302

7.0s

106

L.24 A/o A1 - equi.librated at 850oC

Observed d
o

(A)

?.7907

2.s6s4

2.4s34

1,. 8902

r.6L43

r.4603

1.3965

1. 3669

1.3488

I.2867

1.2293

1.1694

1.0847

L.0s72

1.03s4

1.0064

0.9783

0.965s

0.9478

0.932,r

q. 8ee7

0. 8764

0. 8291

0. 8160

Calculated d
o

(A)

2.7956

2. 56s1

2.4548'

1.8901

1.6141

1.4588

1. 3978

1.3661

1.s487

t.2825

r.2274

1.16s7

1.0823

1.0s67

1.0349

1.0041

0.9770

0.9637,

0.9450

0.9319

0.8989

0.8759

0.8271

0.8176

53

Difference Àd
-? o

(10 ' A)

4.9

0.3

1,4.

0.1

0.2

1.5

1.3

0.8

0.1

4.2

1.9

3.7

2.4

0.5

0.3

2.3

L.3

2.3

2.8

0.2

0.8

0.5

2.0

1.6



hk1

100

002

101

102

110

103

200

ttz
20t

004

202

104

?0s

2r0

2r1,

114

2r2

10s

204

300

2r3

302

205

106

L.g76 A/o A1 - equilibrated at 850oC

Observed d
o

(A)

2.7748

2.5ss6

2.438r

1. 885r

1.60s9

1.4579

1. 3968

1.3645

r.3466

1. 2854

L,2269

1.1679

1.0830

1.05ó4

1.0336

1.0051

0.9774

. 0.96s1

0.9461

0.9309

0. 8988

0.8760

0.8287

0.8167

Calculated d
o

(A)

2.7949

2.5670

2.4s48

1.8906

r.6L37

1.459s

1.3975

L.3662

L.3484

1. 2835

I.227 4

1.1664

r.0824

1.0564

I.0347

1.004s

0.9769

0.9638

0.94s3

0 .931ó

0.8989

0.8758

0.8275

0.8182

54

Difference Ad
-? o

(10 " A)

20.L

11 .4

16.7

5.5

7.8

1.6

0.7

r.7

1.8

1.9

0.5

1.s

0.6

0.0

1.1

0.6

0.5

1.3

0.8

0.7

0.1

0.2

I.2

1.5



hk1

2.799 A/o A1

100

002

101

r02

110

103

200

I72

2or

004

202

104

203

TO

2L1

114

272

10s

205

300

213

.302

006

20s

106

Observed d
o

(A)

2.7683

2.5s37

2.4364

1. 882s

1.6039

1.4546

1.3901

1. 3600

L.342L

I.2807

L.2227

I.7643

r.0792

1.0521

1.0295

1.0014

0.-9732

0.9619

0.943s

0.927I

0. 89s3

0.872r

0. 8s48

0. 8255

0.8178

equilibrated at 850oC

Calculated d
o

(A)

2.7834

2.56s5

2.4466

1.88ó4

1.6070

r.4572

L.3917

1.3619

1.34s2

7.2828

L.2233

1.1650

1.0795

1.0s20

1 .0506

1.002s

0.9734

0.9629

0.9432

0.9278

0. 8961

0.8725

0. 8552

0. 8259

0.8175

- Difference Âd.
-? o

(10 " A)

55

1s.1

11.8

L0.2

3.9

3.1

2.6

1.6

1.9

1.1

?.7

r.2

0.7

0.3

0,1

1.1

1.1

0.2

1.0

0.3

0.7

0.8

0.4

0.4

0.4

0.3



hk1

100

002

101

L02

110

103

200

L77,

207

004

202

104

203

2I0

2r7

114

zrz

10s

204

300

213

302

006

20s .

106

4.167 A/o A1 - equilibrated at 850oC

Observed d
o

(A)

2.7663

2.5520

z'.4349

1. 8798

1.6008

1. 4s31

1.3888

L.3579

1.3393

7.2812

I.2212

r.7629

I.0767

1.0498

r.0274

0.999s

0.9704

0.9606

0.9414

0.9258

0.8933

0.8707

0. 8544

0.8242

0.8171

Calculated d
o.

(A)

2,7762

2.5628

z.44tr

1. 8831

1.6028

1.4551

1.3881

1. 3589

1.3398

L.2814

L.2206

L.I6s4

I.0773

1 .0493

1.0280

1.0009

0.9711

0 .961 7

0.9416

0.92s4

0.8941

0. 8704

0.8s43

0.8246

0. 816s

5ó

Difference Ad
-? o

(10 " A)

9.9

10.8

6.2

3.3

2.0

2.0

0.7

1.0

0.5

0.2

0.6

0.5

0.6

0.5

0.6

I.4

0.7

1.1

0.?

0.4

0.8

0.3

0.1

0.4

0.6



hk1

5.242 A/o A1 - equilibrated at 850oC

100

002

101

LO2

110

103

200

lLz

20r

004

202

104

z0s

2L0

zTI

114

2r2

105

?,04

300

213

302

006

205

106

0bserved d
o

(A)

2.7613

2.5480

2.4313

r.8779

1.6009

r.4522

1.3880

r.s572

1.3386

L.2798

L.2200

1.1620

L.0774

1.0488

I.0276

1.0004

0.9709

0.9608

0.9413

0.92s7

0.8934

0.8703

0.8532

0.8240

0.8158

Calculated d

cRi

2.7770

2.5608

7,.4412

1.8826

1.6033

L.4544

1.3885

.1.3589

1.3401

1.2804

I.2206

1.1628

L.0772

1.049ó

L.0282

1.0005

0.97L2,

0.9610

0.9413

0.9257

0.8941

0.8705

. 0.8s36

0.824s

0. 81s9

57

Difference Ad
-?o(10 " A)

15.7

L2.8

9.9

4.7

2.4

??

0.5

L.7

1.5

0.6

0.6

0.8

0.2

0.8

0.6

0.1

0.3

0.2

0.0

o.o

0.7

0.2

0.4

0.3

0.1



.t

7.L28 A/o A1 ;

hk1

100

002

101

L02

110

103

200

ILz

20I

004

202

104

203

?n

21L

114

212

10s

204

300

213

302

006

20s

106

Observed d
o

tA)

2.7722

z.ss7L

2.4s96

I.8827

1.6029

1.4s48

1. 3876

1.3594

I.3407

r.2795

I.2217

1.1628

I.077r

1.0507

L.0?,82

1.0009

_,0.9708

0.9612

0.94L7

0.9258

0. 8938

0.8704

0. 8534

0.8246

0.8166

equilibrated at 850oC

Calculatecl d
o

(A)

2.7780

2.56?,4

2.442s

1.883s

1.6039

1.4ss1

1. 3890

1.359s

1.3406

I.2812

I.2211

1.1634

t.0777

1.0480

1.0286

1.0010

0.9716

0.9616

0.94L7

0.9260

0.8945

0.8709

0.8s41

0.8247

0.8164

58

Difference Ad.
-z O

clo " A)

5.8

5.3

?.7

0.8

1.0

0.3

1,4

0.1

0.1

1.7

0.6

0,6

0.6

2.7

0.4

0.1

0.8

0.4

0.0

0.2

0.7

0.5

4.7

0.1

0.2



hk1

100

002

101

r02

110

103

200

TTZ

201

004

7,02

104

203

?n

zr7

114

2r2

10s

205

300

213

302

006

20s

106

8.308 A/o Al - equilibrated at 850oC

Observed d
o

(A)

2.787s

2.s66s

2:445L

1. 8894

r.6102

1.4s96

I.3947

r.s64s

1. 3455

r.2830

r.27,55

L,L667

1.0816

1.05s3

1.0319

1.0033

0.9751

0 .963ó

0.9441

o.9296

0.897ó

0.8742

0. 8s61

0.8270

0. 8187

Calculated d
o

(A)

?.7896

2.5682

2.4514

1.8894

1. ó106

r.4s92

1.3948

1.3645

L.s467

r.z84I

t.2257

1.16ó5

1.0814

1.0s44

1.0328

1.0041

0.97s4

0.9ó40

0.9447

0.9299

0. 8978

0,87 43

0. 8561

0.8272

0.8184

Difference Âd.
-?o(10 " A)

59

2.r

L.7

3.3

0.0

0.4

0.4

0.1

0.2

0.6

1.1

0.2

0.2

0.2

0.9

0.9

0.8

0.3

0.4

0.6

0.3

0.2

0.1

0.0

0.2

0.3



hkl

100

002

101

t02

110

103

200

LLz

20L

004

202

104

203

2L0

211

114

2r2

l0s

204

10.198 A/o A1 - equilibrated at 850oC

Observed d
o

(A)

2.7587

2.5422

2.4260

1. 876s

1. s997

1.4s13

r.3872

1.3580

1.3394

L.278s

1.2200

1.1625

I.0773

1,0503

1.0275

0.999s

0.9710

0.9603

0 .9410

0.9259

0.8940

0.8710

0.8s41

0.8246

0.8159

Calculated d-o
(A)

- 2.7802

2.5623

2.4438

1. 8842

1.6052

1.4sss

1.3901

1.3603

L.s4L6

L.2812

L.2219

1.1636

7.0782

1.0508

I.0294

1.0013

0.972s

0.9618

0.942L

0.0268

0.8950

0.8715

0.8541

0.8250

0.816s

ó0

Difference Ad
-?o(10 " A)

21.5

20.r

L7.8

7.7

5.5

4.2

1.9

2.3

)?

2.9

1.9

300

2r3

302

006

20s

106

1.1

0.9

0.5

1.9

1.8

1.3 _-

1.5

1.1

0.9

1.0

0.5

0.0

0.4

0.6



hk1

100

002

101

L02

110

103

200

LTz

20t

004

202

104

203

2L0

zII

114

2r2

105

204

Zr-þJ, a11oy equilibrated at 700oC

Observed d
o

(A)

2,7679

2.5532

2.4359

1.8818

1.604s

1.4550

1.3913

1. 3611

r.3424

7.2816

L.2229

1.165s

1.0796

1.0517

1.0302

1. 0020

0.9750

0.96?,6

0.9431

0.9277

0.8863

0.873ó

0.8546

0. 8265

0.8159

Calculated d.-o
(A)

2.7860

2.5609

2.447 4

1. 8854

1.6085

1.4s57

1.3930

r.362r

I.3442

1. 280s

L.2237

1 .1635

r.0793

1.0530

1.0314

1.0018

0.9739

0.9614

0.9427

0.9287

0. 8962

0.8730

0. 8s36

0.82s3

0.8163

Difference Ad
-?o(10 " A)

61

18.1

7.7

11. s

3.6

4.0

0.7

r.7

1.0

1.8

1.1

0.8

2r0

0.3

1.3

300

213

302

006

205

106

r.z

0.2

1.1

I.2,

0.4

1.0

0.1

0.5

1.0

r.2

0.4



hk1

100

002

101

T02

110

103

200

LTZ

20r

004

202

104

203

2r0

2IT

114

2r2

10s

204

300

?T3

302

006

205

106

Zr-AI a11oy equilibrated at 600oC

Observed d
o

(A)

2.7646

2.s470

2'.4303

1.8788

1. 6038

r.4s44

1. 3909

1. 3589

1. 3411

:

1.2813

L.2226

T,L647

1.0786

1.052s

1.0302

1.0020

0.9743

0.9638

0.9440

0.9290

0. 8974

0.87s7

0. 85s8

0. 8269

0. 8192

Calculated <i
-o
(A)

2.79L3 '

2.57t2

2.4532

1.8911

1.611s

L.4607

1.3956

1.365s

1.3469

1.2856

L.2266

L,L677

1.0823

1,0550

1.033s

1.0050

0.97ó0

0.9651

0.94s6

0.9304

0. 8985

0. 8749

0. 8571

0.8280

0.8193

Difference Ad
-? o

(10 " A)

62

26.7

?¿, ?

22;9

L2.3

7.7

5.3

4.7

6.6

5.8

4.3

4.0

5,0

4.7

2r5

5.J

3.0

L.7

1.3

1.6

L.4

1.1

'r.2

1.3

1.1

o.'



hk1

100

002

101

l:02

110

103'

200

LTz

20r

004

202

104

203

?n

zt]-

r+4

2L2

105

204

300

zL3

.302

006

205

Zr-AI al1oy equilibrated at 500oC

Observed d Calculated d
OO(A) (A)

2.7699

2.s546

2.4370

1. 8800

1.60s4

1.454s

1. 3890

r.3614

L.3427

L.2833

r.2249

1.1661

1.0813

1.0536

1.0325

1.0037

0.97ó1

0.9622

0.9488

0.9s27

0.8983

0.8745

0.85s0

0.8272

2.7970

2.5723

2.4s73

1.8934

1 .6149

r.4620

1.398s

r.3677

1.3495

r.2862

L.2287

1.1685

1.0838

L,0572

1.035s

1.0061

0.9778

0.9657

0.9467

0.9323

0. 8999

0.876s

0.8s74

0.8288

Difference Àd
-"O(10 " A)

63

27.r

18.7

?0.3

]-3.4

8.5

7.5

8.5

6.3

6.8

2.9

3.8

2.4

?.5

3,6

3:o

?.4

r.7

3.5

2.L

0.4

1.6

2.0

2.4

1.6


