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ABSTRACT |

In the present investigation the parametric_method wés
used to determine the solvus éurve in the zirconium rich region
- of the Zr-Al system, down to temperatures lower than 700°C. It
Was found that the empirical relation log S &.;%E is obeyed in
~ this system. The lattice paramétef 'a' of the a Zr decreased
linearly with the aluminum content, while the parameter 'c' changed
irregularly. It was observed that'the hardness of the Zf-Al solid
“'solutions increased with the increasing aluminum content but it
was nearly constant in the two-phase alloys.

Tensile tests were done at room temperature,SOOOC and
500°C on polycrystalline specimens of tﬁe Zr-Al solid solutions to
develop a qualitative understanding of the strengthening behaviour
~of Al in Zr. A.probable explanation has been put forward to explain
the high strengthening effect of Al. However, 'single crystal work

understanding of the strengthening behaviour and to substantiate

the probable ekplanatiqn given for it.

based on electron microscopy 1s necessary to obtain a quantitative



ACKNOWLEDGEMENTS

I wish té express my sincere'thanks to Dr. K. Tangri,
ProfeSsor'ovaetallurgical Scieﬁces, fbr his continued help aﬁd
advice thrqughout this work. I acknowledge the help of my
colleague, R. N. Singh, in wriﬁing tﬁe computer programmes and

" thank Dr. R. T. Holt for a careful checking of the manuscript.




TABLE OF CONTENTS

INTRODUCTION AND OBJECTIVES . . « . + » o v o . & . .
EXPERIMENTAL PROCEDURE . . . + v v v v v v v v owe v .

Materials and Alloy Preparation . . . . . . . . ..
Preparation and Heat Treatment of the Alloy Samples
Powder Specimen Preparation and Its X-Ray
Diffraction Pattern . . . . . . . . . . . . . .
Metallographic Examination and the Hardness
Measurement . . . . . . . . . . .. .. . e e
2.5 Preparation of the Polycrystalllne Test Specimens .

DN DN
N N

2.

2.6 Tensile Tests . . . . . . . . v v v v v v v v ..

SOLID SOLUBILITY OF ALUMINUM IN ALPHA ZIRCONIUM

Application of the Alloying Theory
Methods for Determining the Solvus Curve

3
3.
3 Results and Discussion . . . . . . .

(PRI S )

3.3.1 Lattice parameters of the zirconium-
aluminum solid solutions . . . .

3.3.2 Solid solubility values and the solvus curve

3.3.3 Metallographic results and the hardness

values - (supporting evidence) . . . . . . . _

STRENGTHENING EFFECTS OF ALUMINUM ON ZIRCONIUM .

CONCLUSIONS '« 4 4 v v e v v e e e e e e et e e e s

Page




Figure

10
11
12
13

14

FIGURE INDEX

‘Title

Strengthening effect versus per cent element
added for various alloying elements in
zirconium at 250C . . . . . . . 0.0

Strengthening effect versus per cent element

-added -for various alloying elements in
zirconium at 5000C

Expanded diagram of the zirconium- rlch reglon

- of the zirconium-aluminum system

Tensile test specimen .

The relative proportion of o and B in an
alloy of composition Z at temperature Tl'

Schematic representation of the parameter
method

‘Lattice parameter/composition relations in

the zirconium-aluminum alloys equilibrated

_ at 8500C . - . Ld . . . . . . . . - . . .
Log S vs 1 curve for the zirconium-
: 9K
aluminum system . . . . .« o 0 v . e e e e .

Solvus curve in the zirconium-aluminum system

Hardness vs composition for the zirconium-

" aluminum solid solutions

Relationship between yleld strength and
aluminum content at room temperature and 500°C

Yield strength vs composition for the zirconium-
aluminum solid solutions . . . . . .,

Yield strength Vs test temperature for the
zirconium-aluminum solid solutions .

Tensile true stress-true strain curves for
the zirconium-aluminum solid solutions at
Toom temperature '

ii

Page

10

15

15

20

23

24

29

32

34 .

37

39



Ciiis
FIGURE INDEX (continued)

Figure ‘ Title . " DPage

15 " Tensile true stress-true strain curves for

the zirconium-aluminum solid solutions at 300°C 40

16 Tensile true 'stress-true strain curves for o
the zirconium-aluminum solid selutions at 500°C 41

17 Slope angleielat 4% strain vs temperature . . 42
18 -Slope angle 6 at 8% strain vs temperatﬁre .. 42
19 . Jog in the edge dislocation ina Zr . . . . . 45

20 Jog in the screw dislocation in o Zr . . . . 4§




Table

10

11

12

TABLE INDEX

Title '
Ingot analysis of zirconium in ppm .
Chemical analysis of aluminum .

Chemical analysis of the zirconium-

 aluminum alloys .

Equilibrating time at various temperatures

Chemical analysis of the zirconium-aluminum
alloys for tensile tests

Lattice parameters of the alloys equilibrated
at 850°C

Composition and lattice parameters of the
alloys equilibrated ar various temperatures .

Solid solubility limits of aluminum”in
alpha zirconium .

Solid solubility limits in aluminum in alpha

- zirconium at various temperatures . .

Metalldgraphic results and the hardness values
of the equilibrated (850°C) alloys . . . . ,

Meltlng methods and heat treatments in various

investigations . . . . . . . .. L

Results of tensile tests at various temperatures

iv

18
19
21,
25
26

31
33



SOLID SOLUBILITY AND STRENGTHENING EFFECT
OF ALUMINUM IN ALPHA ZIRCONIUM

1 INTRODUCTION AND OBJECTIVESk

- Alcompa?atiVe study of various binéry alloys of zirconium
reveals that aluminum is one of the most effective alloying elements
 fin raising the strength of zirconium (figs. 1 and 2L,
AApart from the marked strengfhening effect of aluminum on
' Ziréohiﬁm, another noticeable feature of the zirconium-aluminum
system is'the presence of a 'knee' in its yiéld stress vs composition
curve (figs. 1 and 2). The high strengthening effect observed in
the initial étages of aluminum additions followed by very low and
again high strengthening on further additions of aluminum suggests
that the modes of strengthening in fﬁe high and low strengtheniﬁg
regions'ofvthe curve are different. | B | '
Although no systematic study of the zirconium-aluminum
system has been reported, some data resulting from various invesf-
igations concerned with the development of zirconium alloyé are
availablel._ However, it is not possible to draw any valid conclusions
regarding the strengtheniﬁgwbehaviour of alumimum in the zirconium-
aluminum system from these data because of the variations in heat
treatment and testing conditions employed bf individual investigators.
The strengthening effect of aluminum on zirconium as seén
in thé different regions of the‘curve in figs. 1 and 2 may be
attributed to the"ﬁrécipitation of a second phase and/or strength-

ening of the matrix by solution hardéning. One of the objectives
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of the present inyestigatioh is to studyvthe contribution ef
solution strengthening towards the increased etrength of alpha
zirconium by aluminum additions. In order to separate'the effect

‘ ofvﬁrecipiration from solution hardening, the solubility_limit of

~aluminum in alpha,zirconiumvshould be known at various temperatures,
N i.e.,'fhe.solvus for the zirconium-alumiﬁum system should be

: avallable

. In the zirconium-aluminum equilibrium diagram, fig. 32
(derermined by employing metallographic techniques) the solvus has
oﬁlybbeen determined down to 700°C. There is no information in
iiterature about the solid solubility at temperatures lower than 700°C.

Because grain boundaries act as barriers to the motion of
dislocations, they are primary sites of etress concentration and
inhomogeneous deformation. Because the orientation of a crystal in
an.aggregate is, in general, different from its neighboﬁrs, each- |
crystal imposes constraints upon its neighbours. Therefore, for
fundamental studies on solution strengthenlng, it is necessary to
investigate the behaviour of alloy single crystals. Nevertheless,
work on polycrystalline samples, apart from providing technologically
usefulydata, enables one to develop a QUalitative understanding of
the strengthening mechanisms in a given alloy system.
Thus the two objectives of the present investigation are:

‘1. the detenninarion of the solid solubility of aluminum in alpha
zirconium at temperatures lower than 700°C and

2. the collection of preliminary’ strenoth data on polycrystals and -
vtﬁe development of a qualitative understandlng of the solution hard-

ening mechanism operating in the zirconium-aluminum system.




1000~

950

900F

850F

0C o~

650
600

550

S0

750

] ] [] ] 1 ! 1 1 (] L

| //‘B+
‘ Al
B [ "¥5a0

0

- “Fig. 3 -Expanded diagram of the zirconium-rich region of the zirconium -

i 2 3 4 5 6 7 8 9 0
ATOMIC PERCENT Al IN Zr ——=

aluminum system

12



2 EXPERIMENTAL PROCEDURE -

2.1 Materlals and Alloy Preparatlon
’ Accordlng to the present equlllbrlum diagram of the
zirconium-aluminum system2 the alpha solid solutlon Tregion %s widest
- at 5.8560C. As such, it was decided to equilibrate nine alioys at
SSO?C, six alloys being in the alpha region and fhe remaining in the
- two-phase (a + Zr3A1) rsgion° |
| ‘The zirconium-aluminum alloys and their chemical analyses‘
" were supplied by the Whiteshell Nuclear Research Establishment at
Pinawa.- For preparing these alldys,’reactor grade zirconium and
i ﬁery high purity aluminum (1SF grade) were qsed. The alléys were
‘argon-arc-melted witﬁ a tungsten electrode. The alloy ingots wers
2" long, 0.5" in dlameter and -weighed about 60 gms each.
The chemlcal analyses of zirconium, alumlnum and the alloys

are given in tables.1l, 2 and 3 respectlvely

TABLE 1
Ingot Analysis of Zirconium in ppm

To Bottom ‘ bTo ' Bottom
1op DOLLOM . 9P

Al . < 25 < 25 N .45 28
B <0.2 <0.2 ' Ni < 10 < 10
C < 40 <40 -0 140 - 120
Cb <100 <100 Pb < 5 < 5
Cd <0.3 - <0.3 S < 40 < 40
Co < 5 <5 - - 6n 10 10
Cr < 10 <10 Ta <200 <200
Cu < 25 < 25 Ti < 20 < 20
Fe 105 105 \'% ‘ < 5 < 5
H 7 7 - W ’ ' < 25 < 25
‘HE 125 ' 140 Zn <5 . <50.
Mg <10 < 10 U <0.5 <0.5
Mn <10 < 10 ' _—

Mo < 10 <10




i TABLE. 2 : - TABLE 3

Chemical Analysis of Aluminum Chemical Analysis of Zirconium-
L : : ' Aluminum Alloys

. S o Alloy Al 0,

- Fe ‘ : 0.40% " No. W/o A/o p.p?m.
Si o - 0.25% 1 0.165 0.55517 84
_ : " 2 0.370 1.23971 332
- Other. Impurities 0.15% 3 0.593 1.97621 211
R o ' 4 0.845 2.79981 107
~Balance Aluminum 5  1.270 4.16688 217
' ' - 6 1.610 5.24216 485
7 - 2.220 7.12800 150
8 2.610  8.30756 72
9 3.250 10.19837 174

,';2;2 'Pfeparation and Heat Treatment of the Alloy Samples

| R The alloy ingots were surfaée gréund;to remove the
_ oxide layer, thus eliminating the poséibilify of further oxygen °
diffusion into the metal during subsequent heat‘treatments. After
grinding, the ingots were chemically cleaned in (45% HNO3, 45% iactic
acid and 10% HP) acid solution and then washed with water and alcohol
and driea. | |

- The ingots were given v 5-10% reduction by cold rolling (to

help in the homogenizing treatmenf). The iﬁgots'were cleéned and
wrapped in pure clean zirconium foil t& 0.004" thick) and then sealed
in a silica tube, after flushing three fimes with argon and evacu-

ating to a pressure of 1 X'IO"S

Torr. The sealed specimens'were

kept atAIOOOOC (B region) for 5 hours to homogeniie the whole speci-
men; The specimens were quenched iﬁlWater bflneaking the tube after:
homogenizing.

Small pieces were cut from the homogenized specimens, marked,

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




wére held at 1000°C for 5 hours after which time the.fufnace temper-
atufe ‘was reduced to v SSQOC and then sétﬁat 850 + iOC. The alloyi
, specimené were equilibrated at 850°C for lZQ hoﬁrs and qﬁeﬁched.

_The temperature.was checked every 12 hours duriﬁg the equilibrating

i freatment.

For determihing the solid solubility at temperatures lower

- "than 850°C, an alloy in the twoéphase (o + ZrSAl) region was selected.

It does not matter which composition.is chosen as.loﬁg as it is in
thé twb—phase (a %AZrSAl)bregion becéuse at any temperature only the
proportion of o and erAl changes with compdsitidn but the lattice
'.paraméters of o remain the same. Thé parameters of o change with
b-temperature for the same composition of the alloy.

The equiiibrating procedure was repeated to equilibrate .
samples at 700, 600 and SbOOC. -The equilibrating time at various

temperatures (after'S hours at IOOOOC) is given in table 4.

TABLE 4

.'Equilibrating Time at Vérious Témperatures

7 ‘Equilibrating Equilibrating
- . Temperature Time (hours)
o _ : Water
850°°C - 120 ~ Quenched
700°C 298 . M-
.600°C 350 -

500° 500 S

2.3 Powder Spétimen Preparation and Its X-Ray Diffraction Pattern

After cleaning, the equilibrated alloy samples were

deeply filed under CCl4 by a hard steel file. The samples were then




transferred to another pot containing CCl, and were filedvagain under
) ,;CCl4r This procedure minimized the possible‘oXidation of the surface
of the fine‘particles durihg their preparation. After producing the
requisite amount of powder the CCl4 was drained and the powder dried
in air. A magnet was Tun over the dried powder to remove any 1ron
.partlcles produced durlno the flllng operation. ThlS powder was
-.51eved and -200 mesh powder was used as this was considered fine
eﬁoogh to obtain.sharp and continuous diffractlon lines. This pro:
cedure of powder making was repeated on all the alloys.
| - The fine powders were put in zirconlum-foll capsules and
eealed in silica tubes. The sealed powder samples were pot in
furnaces at their respective equilibrating temperatures, i.e., 8500C,
7000C, 600°C and SOOOC, to relieve the stresses_developed during |
filing;‘ After one hour the samples were quenched ih water without
hreaking the tube. ' .

The powders were placed in 0,25 mm glaas capillary tubes
which were then mounted in avll4.§ mm diameter Deb?e—Scherrer cawera;
The x-ray film was wrapped in aluminum foil to miniwize the scatter-
ing effect on the f11m and to get a sharp diffraction pattern The
camera was loaded by the Straumanls method and the samples were
exposed.to copper K-alpha radiation for S.S.hours. During exposure
the room temperature was 22 * 1°¢. |

l Measurements on all the films were made 24 hours after ’
processing them. This step minimized errors whdch could be caused

by the measurement of films not yet completely dry. Distancee up

to 0.005 cm could be measured with the Phillips film measuring unit.




Cohen's least square methods'was used to calculate the lattice

parameters of the alpha phase.

2.4 Metallographic Examination and the Hardness Measurements

After equilibfating (120 hours at 850°C) and water
quénching, the allbys weré cold mounted and-mechanically pollshed.
Affer etchlng-with (45% HNO., '
solution the-sampleé were examined metallographically. The hardness

45% Lactic Acid and 10% HF) acidic

of these cold mounted samples was determined using the Vickers

Pyramid hardness tester with a load of 1 kildgramme.

2.5 Preparation of Polycrystalline Tensile Test Specimens
The zirconium-aluminum alloys selected for the tensile

tests are given in table 5.

TABLE 5

- Chemical Analysis of the Zirconium-Alumihum Alloys for Tensile Tests

Sample AL Oﬁygen Remarks
No. W/o - AJo . ppm :
1 0.161  0.5416 423 . Argon-arc-melted
2. om0 1237 s e
s, 0.593  1.9726 211 -
4. o0.83 27770 209

The alloy ingots were surface ground and cleaned. They were
heated in é neutral salt bath (liquid heat ND1000 from Houghton Co.)
maintained at ~ 875°C and hotlrolléd to v 1/8" sheets. Two or three
passé;.were given before reheating. The rolled sheéts were cleaned

in hot water and then in an acidic solution- (30% HNOS, 30% HZSO4,
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ZO and 10% HF - all by volume). These were cold rolled to.

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

30% H

pressure of 1 x 10—5 Torr. These alloys wefe equilibrated for 120
 hours at 850°C and water quenched.
Tensile test specimens of the size shown in fig. 4 were

machlned in a standard jig.

e ) 03 iz:;.:j o' —

N & 1 N a
— W 0125"R | \_ —4\5—
| No-ol{5”

i %_” > e DiA

Fig. 4 Tensile Test Sbecimen

Small pieces from.the eduilibrated alloys were agéd at 300,
500 and 700°C for 10, 20, 40 and 60 minutes_aﬁd quenched in water.
The aged alloys were examined metaliographically to determine if
précipitatioﬁ took place in any of the aged specimens. Preéipitation

was not detected.

2.6 Tensile Tests

, A floor médel Instron machine was used to perform the
tensile tests at room temperature; 300°C and 500°C. Tests at 300
and 500°C were carried’out in a dynamic vacuum (10#2 Torf.). In all
cases duplicate specimens were tested. The crosshead speed was 6.02
inches per minute and the recorder chart speed was set at 2 inches

per minute.
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The high temperature tests lasted for 50-55 minutes which
comprise the time the specimen took t6 reach the temperature and the

time to cavry out the test till the fracture occurred.

5
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3 SOLID SOLUBILITY OF ALUMINUM 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 zirconium and aluminum
are 3.20 X and 2.86 X respectively. This size difference of 10.5%
| between the solvent\énd’solute atoms is well within the favourable -
 size factor of *15% as postulated by Hume-Rothery. Thus, on the basis
»'6f the size factor alone, considerable Solubility of aluminum in alpha
zirconium would be expected.
| Aluminum crystallizes in the f.c.c. structure, and the curves
of Mott and Jones (1937)6 show that with 3 eléétrons pef atom, there
is a moderate overlap across the {200} planes. When the overlap is
present the atomic diameter, i.e. the closest distance of approach
in pure aluminum is 2.86 X. Jones6a has shown that Brillouin zone
overlap produces expansion‘gt this lattice in the same direction as
that of the overlap. In aluminum alloy structures where no overlap
o ,

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

Thus, the size factor is 15.5% rather than 10.5% 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 polarizability

Since zirconium is strongly electropositive (electro-
negativity of zirconium is 1.6), many of the elements which on size
factor grounds'aldﬁe might form extensive solid solutions will tend

. to form stable intermetallic compounds instead. This is the behaviour
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to.be ekpectéd with electrbnegative and weakly élétfopositive elements.
Aluminum‘Which has an electronsgativity of 1.5,,whicﬂ is close to 1:6,
will have a2 lesser tendency fo form compounds than solid solutibns.
But it is known from the zirconium-aluminum equilibrium diagram thét

- compounds are formed and the solid solubility of aluminum in alpha

© zirconium is restricted. ‘

' 'Alfhough polarizability usually does hof play a significanél
role in intermetallié compounds, it should be noted that the poléri;—
ability of zifcbnium is about twice fhat of titanium. From this
'_ point of view,‘zircopium will show a strongér tendency to compound
formation than titanium. This is revealed in the relative solid
.solubilities of aluminum in alpha titanium and alpha zircoﬁium,
whereas alpha titanium has an extensive solid solution (max. solid
solubility over 40 ‘A/o), o zirconiuﬁ has restricted area of solid

solution (maximum &'10 A/0).

c. Relative valency effect

A metal of higher valency is mbre likely to aissélve

to a large extent in one Qf lower valency than vice versa. This
rule is a general one bnly for univalenf solvent metals but not so
_'general for solvent metals of higher valencies.

Since the stability of a compound increases with the valence
of the sblute; electronegativity and size being constant, it would
be expected that aluminum which is a trivalent element will have a
Iimited‘solid 501ufion range in alpha zirconium. |

Thus, it would seem that sizé factor and electrochemical

factors are relatively unimportant in determining the extent of solid
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solution of aluminum in zirconium and that the electron concentration

plays a more important role than the above factors.

3.2 Methods for Determining the Solvus Curve

| 1. Microscopical methqa - The great advantége of the micro-
scopical method is that it enables a relatively large area to be.
“examined so that evidence of uneven composition is readily obtained.
Chemical analysis cén 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 crystéls
~ present are not too small, and the>a110ys are such that phaseé do not
decompose on qﬁenching,'it'is quite easy to detect one percent of a
.phase‘present in a'two phase alloy. |

| In determination of a solvus curve where the ekﬁent of the
o phase diminishes With the falling temperatufe, it is common practice
to homogenize specimens by.gnnealing at a high temperature, and then
‘to reanneal at a lower temperature, after which microscopical examin-
ation is,usédhto defermine if precipitation of the second.phase hasb‘
océurred. In every alloy there is a.temperature below which the
‘grSWth of the precipitafed particles to an observable size is so slow
that'extremely long times of annéaliﬁg are required. In such cases
there is always a dangér that alloys examined microscopically may be
classed as homogeneous when they would really contain two or more

phases under equilibrium conditions.

2. X~ray\methods4 -

a. Disappearing phase method - This method is based on the

"lever' law. Thus with reference to figure 5 the relative proportion
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of o ahd 8 ih an alloy of COmpositiOnvZ at.temperatﬁre Tl is given
by the relative lengths of the line ZY and ZX | |

Thus we see the weight fraction of B in the'alloy varies linearly

~ with composition from 0 at point X to.1 at point Y. The intensity
of any diffractien line frem the B phase_also varies from zero at

X to armaximum at Y; (but the variation with_weight percent is not -
generally linear). This variation may be used to locate the peint X.
. A series of alloys in the two-phase regien is brought to equilibrium»
at temperature T1 and quenchea From diffraction patterns made at

~ Toom temperature the ratlo of the 1nten51ty IB of a promlnent line
of B phase to the intensity I of a prominent line of the o phase is
Aplotted as a function of weight percent B. The composition at which
the ration IB/I extrapolates to zero is taken as the point X. Other

' points on the solvus curve are located in similar ways from alloys

quenched froem other temperatures

b. Parametric method - This method depends upon the fact
that the 1attice?parameter'of a soiid'solution generally chahges
with comp051t10n up to the saturatlon 11m1t and then remains constant
beyond that p01nt flgure 6. This method was used in the present
investigation.

For a given accuracy of lattice parameter measurement, the

- accuracy with which the solvus 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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iparameter, then the composition as determined from the parameter

will be Subject to consideréble error and so will the location of
the solvus. However, if the curve is steep, just the éppbsite is
true. | / |

In most cases, the parametric method is more accurate'than
h  1the,diSapbearing—phase method (whether based'on X-Tay measurements or

‘ miscrpscppic examination) in the determination of solvus curves at

' 1dw;ﬁemperatures, as'both may faiirto diéclose the presence of smali
‘amoﬁnté of a sécond phase, aithough for different reasons. When
this occurs, the dis?ppearing—phase method aiways results.in a
ﬁeasured extent of solubility higher than the gctual extent. But
the‘parametric method, since it is baséd on the measurements made
on the phase whose range of solubility is being determined (a), is
not influenced by any property of the éecond.phase (S). |

jThe advantage of the parametric measurements method is that
powder specimens‘can be used without any concern of reducing the
propdftion of one phase, (usually the brittle phase) after sieving
and thus in turn affecting the intensity of that phase in the dis-
kappearing—phase method. .Thgs the pérametric method is suitable for
alloys having phase which differ greatly inlﬁrittieness;>‘

On comparing the three methods discussed, it is clear that
the parametric method is superior to the other two methods and in
the present case is very §uitable to the Zr-Al system as the two
phases (o and ZrSAl) differ greétly in hardness (thé hardﬁess of
zirconium is ~ 100 VPN and that of erAl is 390-445 VPN). Mofeover,

the lattice parameters of the o phase of Zr-Al alloys in the single
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'phase région could be used in relating the change in the lattice
parameters to the étrengthening effect of Al on a Zr which is one

of the objectives of the present investigation.

. 3.3 Results and Discussion '

3.3,1 Lattice parameters of the zirconium-aluminum solid

solutions |
Lattice parameters of the alpha phase of the
r'5116YS éqﬁi1ibrated at 850°C are given in table 6.

TABLE 6

Lattice Parameters of the Alloys Equilibrated at 850°C

Sample : Lattice Lattice
No. - Al Parameger Parameger
W/o ~AJo a A ¢ A c/a

1 © 0.165 0.552 3.23091 5.14194 1.59149
2 0370 1.240 3.22813 5.13017 1.58921
3 0.503  1.976 . 3.22731 5.13406 1.59082
4 0.845 2,800  3.22117 - 5.13645 ©1.59459
5 1.270 4.167 3.21397 5.13103 1.59648
6  1.610 5.242 ~ 3.21034 512469 1.59630
7 2220 7.128 3.20668  5.12581  1.59848
8 2.610 ~8.308 3.20666  5.12123 ~ 1.59706

9 3.250  10.198 3.20772 . 5.12473  1.59762

Compositions and lattice parameters of the alpha phase of the

alloys equilibrated at 700°C for 298 hours, at 600°C for 350 hours
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and at 500°C for 500 hours” are shown in table 7.

- The decrease in 1§t£ice parameter "a" of the alpha solid
_éoiution,.figure 7, is very hearly 1ineér‘with aluminum content and
fhus obeys the Vegard's law at 1éast for "a". The change in ""a!
with aluminum content can be expressed by the relation

‘a = 3.2332-0.0044 x

. ‘ . o) ‘
.- where a = lattice parameter of the alpha phase in A
x = aluminum content in A/o.

TABLE 7
Composition and Lattice Parameters of the Alloyé Equilibrated at

Various Temperatures

Aluminum Equilibrating Lattice lLattice
- Parameger Parameger
A/o Temp. °c a A c A c/a
50242 700 | 3.21696 5.12185  1.59214
S 600 - 3.22307 5,14236  1.59549

- 500 3.22972 . 5.144e61 1.59289

From figure 7, the extrapolated value of "a" for pure zir-
: 0. , 7
conium (h.c.p.) is 3.2332 A which is in close agreement with the re-

ported value 3.2326 X 5.

| The value of ''c'" also initially deéreases with aluminum
content but increases in the range 1.24-3 A/o aluminum and then
decreases again up to the solubility iimit. This abnormal decrease

and then increase of the ''¢'"" values could possibly be attributed to

_the overlap of the third or fourth Brillouin zones in the ¢ direction
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(second Brillouin zone contains two.éleetrons pér atomj. Jone§6ahas
shown that overlaé produce§ éipansion of the lattice in the same
difection és that of the ovérlap. The postulated oVerlap based on

. break at 1.24 A/o Al takes place at.e/a = 3,987 (Zr-tetravélent,~.

; Al-trivalent). B |

Since "'a"" varies linearly with composition the c/a ratio,

 .based on the "c" and "a" values from their respective curves in

. figUie’7,,shows the same abnormality at 1.24 A/o Al.‘vIn the two

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

3.3.2 Solid Solubility Values and the Solvus Curve

The solid solubility of aluminum in alpha zirconium
at 850°C, as determinéd by the inflection point in the ﬁa" versus -
composition curve in figure 7, is 5.95 A/o which is in close agreement
with the previous2 result, 5.8 A/o. |

'In>figure 7, the compositions corresponding to the lattice
parameters ”af‘of the alpha of the alloys equilibrated at'700, 600
- and 500°C are.reSpectively the solid solubility limits at'tﬁose

~ temperatures. The results are'given in table 8.

TABLE 8

Solid Solubility Limits of Aluminum in Alpha Zirconium

Serial No. Temp. °C Al Ao

1 850 5.95
2 w 700 3.70
3 | 600 - 2.35
4 S50 0.80
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The solvus curve drawn on the basis of the above values
is shown in figure 9, (heavy line). : a

"In many'systems where a solid solution is in equilibrium
‘-with a phase of fixed composition, a stfaight line is obtained by
plotting log S against'l/ToK, where S is A/o of solute at the limit
10f-théiso1id solution. This relation does not have a conclusive
’ thermodynamic basis, but is sufficiently general‘for any'marked
' déﬁiétion to be taken as a strong hint that the solubility curve
| is in error“7.

o The curve between log S and 1/T°K from the first five values

of table 9 is shown in figufe 8. fhe point$ lie very close to a
straight line indicating that there is no serioos error in the
solubility values. Maximum solid solobilities at temperatures lower
~ than SOOOC were determined by extrapolating the curve. These Values'
are given in table 9. The solvus curve drawn down to temperatures
lower than 700°C is shown in figure 9, (heavy iineAto 5006C and
dotted line beiow SOOOC)._

It io seen that the solubility limits at;temperatufeé lower
than 850°C determined in the earlier investigation2 (based on~meta1—k'
lographic methods) are much lower than found in the presentvwork._

The lower limits in the previous work2 could be possibly due to
- incomplete homogenization. Due to the same possibility, the alloys

reported as being in the two-phase region might have appeared fo

be so, thoogh in fact they were in the single-phase region.
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~ TABLE 9

Solid Solubility Limits of Aluminum in Alpha Zirconium at Various

Temperatures
Serial ol " Solid :
No. Temp. C 1/T°K Solubility Log S Remarks
' ' S  AJo -
_ o : Published
1 940 0.00082 ~ 10 1.0 result (2)
2 850 © 0.00089 5.95 0.7745  Found exper-
, S imentally -
3 700 0.00102 3.70 0.5682 -
4 600 0.00114 2.35 0.3711 Na
5 . 500 0.00128 0.80 0.9031 BiE
6 400 0.00148  0.31 T.q900  Extrapolated
4 value
7 300 . 0.00174 0.069 7.8400 e
8 200 0.00211 ~ 0.001 2.1000 LA
9 100 0.00268 very small -- M.

10 Room Temp.  0.00333 -t -- R

3.3.3 Metaliographic Results and the Hardness Values

(Supporting Evidence)

Photomicrogfaphs of the equiiibrated alloys (120
" hours at 850°C are numbered in the increasing order 6£ alumihﬁﬁ :
content. Phofos 1 to 6 show only Qné‘phése while photo 7, 8 and 9
show precipitate. The alloy in photo 7 has 7.128 A/o aluminum, i.e.
beyond the solid solubility‘limit at 850°C. Thié result is consistent .
with the x—fay result. |
. The number of phases present.in the alloys areAgiven in

table 10, the hardness values of these alloys are also shown. The
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" curve between the hardness (VPN) and the aluminum content, figure
- 10, also shows that the hardness increases iﬁ the siﬁgle phase (alpha)

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

‘ TABLE 10
Metéllographic Results and the Hardnes$,Vélues of the Equilibrated
~ (850°C) Alloys

| :Sample Al Phase(s)
"~ No. ‘W/o A/o ) Present VPN (1KG)
1  1 ~ 0.165  0.555 One %63
2 0.370  1.240 One 103+ 2.5
3 0.593  1.97%6 One 113 + 3
4 - 0.845 2.800 | One 114 £ 3
5 1270 4.167 " One 203 £ 7
6 1610  5.242 One = 218 %15
7 _ 2.220 7.128 Two 250 * 8
8 2,610 8.308 Two 250 + 11
9 3250 10.198 CTwo 241 £ 5

Photomicrographs 7, 8 and 9 show a pearlitic structure.
Peérlltlc precipitation was notlced by Keeler8 also in alloys w1th
more than 10 A/o alumlnum Wthh were treated near the transformatlon
temperature. In the present case the alioys with 7.128, 8.3 and
10.2 A/o aluminum were held'at‘10000C'(B region)vfor 5 hours and then
cooled in the furnace to 850°C, held for 120 hours énd then water

duenched.‘ When the alloys were furnace cooled from 1000°C (B region)




6. 5.242 A/o Al

Photo. -6 Zr- Al alloys equilibrated at 850°C for. 120 hrs. and then water
= quenched. All are single-phase. X 250.
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the time taken in passiﬁg thrbugh thé;(a + B) and o regions migﬁt be
very small and practically no phase—tfénsformaﬁion from B to o phaée
could occur; 'Therefore, the alloys were neérly single phase-and had
B structure when cooled to 850°C. This Bﬂtransformed to a completely
pearlitic structure in the case of the 10.2‘A/d aluminum allof.. |
These observations suggest that B'phase decomposes into a pearlitic

: tyPe{structuré composed of alternate layers of er

Al and alpha
zirconium. '
The results obtained may be summarized as beldw’— (for

alloys equilibrated at 850°C) .

Al A/o| . . ~ , .
Method 0.55 1.24 1.976 2.8 4.167 5.242 |7.128 8.308 10.198
X-Ray * Parameter "a'' decreases "a" remains constant
Metallography Single phase - Two-phase
Hardness ~ | - Increases , - Remains almost
: ' constant
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4 STRENGTHENING EFFECT OF ALUMINUM ON ALPHA ZIRCONIUM

Results and Discussion

No systematic investigation of‘thevsoiution hardening

... effect of aluminum on aiphé zirconium has been made. There are

| incidental Teports avéilable on the strengtﬁening effect of aluminum
on 2ircbnium but they are not really comparable due to the different

. metéllurgical history of the specimensg’10 and a lack of uniform te;t
conditions. Theréfo%e, it is difficﬁlt to correlate_the results of
various investigations. However, thé curves between yield strength

~and compositioﬁ are drawn in fig.'il,'based_bn the results of pre-

.. °1,9,10
vious works .

The curves based on the results of the present
‘investigation (solution hardening effect) are also shown in fig. 1l.
The melting methqu and heat treatment given in the earlier, as well

as présént investigation; are given in table 11.

TABLE 11

Melting Methods and Heat Treatments in Various Investigations

Investigator ; _ Heat Treatments
Reference - Melting Method of the Samples Remarks
_ AnéérsonAet al 9 High purity sponge : Contained
: melted in the C up to
atmosphere As cast . _ 0.14%
Schowpe et al 10 Induction melted Cold rolledAandO Contained
' in graphite cru- annealed at 700°C ~ 0.3% C
cibles in vacuum for 1-3 hours

Keeler 1 ' ‘ Cold rolled andé
. ' annealed at 800°C
forvone hour

Present work Argon-arc melted ~ Homogenized at 850°C
for 120 hours and Reactor grade
water-quenched Zr was used
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. Results of Tensile Tests at Various Temperatures

‘ T Yield Strength Ultimate Tensile
Sample Test Al 0.2% offset Strength Elongation

_-No.‘ Tgmp. W/o A/o ) 103 psi 103 psi 5
C ~ : .
1 Room  Pure Zr 17.00 39.00 26.0
(200C) |

2 ©0.161  0.542  24.15 32.834 . 17.5
3 0.370. 1.240  24.76 38.51 17.5
4 0.593  1.976 129.53 44.02 17.5

5  0.838 2,777 38.20 5340 20.0

6 300  Pure Ir 10.00 18.00 27.0

7 0.6l 0.2 16.36 20,38 23.0
8 0.370 1.240  15.10 21.32 - 24.0
9 0.593 1.976  21.46 26.33  15.0
10 0.838 2.777  26.64 . 34.89 200
11 500  Pure Ir 8.9 13,30 52,0

’ .
|

12 0161 0.542  12.38 15.19 13.0
13 0.570 1.240 13.76  17.57 _ 15.0
14 0.503 1.976  17.34 21.91 - 16.0
15 0.838 2.777  23.61 3042 17.0
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» Because it was difficult to draw smooth curves through
~the points (four for each test temperature) and»secoﬁdly,_in the
case of'the curve without a knee the yield strength'value for the
. lowest aluminﬁm content alloy i.e. 0.542 A/o, will be very much lower
than the observed yield strength in each case the curves were drawn
with a 'knee5, fig.viZ. This knee wés noticed in the curves of an
earlier work! also, fig. 11, but the composition range of the knee
is different in the two investigations. At present the presence of
a knee in the curves is not well undérstood. Probably it can be
" related to the observed variation in the C/é ratio with the increasing
 aluminum content, fig. 7, and the relative increase in the stress
-requirea for dislocation glide on the (0001) planes as compared with
the glide on the {1010} planes13 with increase in impufity (aluminum) .
In h.é.p. structures having a c/a ratio lower than the ideal value,
1.63, the prismatic glide i.e. {1010} is favoured to the basal glide.
As the c/a ratio increaées,'the tendency for the basal glide increases.
kIn the present case the increase in aluminﬁm content will render two
opposing effécts - one isvthe increase in tendency for the basal
glide.through the increase in c/a ratio and the other is the increased
restriction oﬁvgééal glide with inéreasing aluminum content. It
seems that in the composition range 0.542 to 1.24 A/o aluminum botﬁ
these effects balaﬂce each other and practically no hardening effect
is observed, giVing rise to the presence of the 'knee'.

Further investigation wiéh the electron microscope and a
more detailed study of the effect of aluminum for the cdmposition

range 0.1-1.0 A/o may reveal the reason.
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The'yield strengths of the zirconium~aluminum solid solutions
are lower than the values for the cast or annealed alloys, fig. 11.

1,9,10

From the heat- treatments of the alloys and on the basis of the

solvus curve determined in the present work it seems that the alloys
were two-phase ‘at the time of the test in the ear11er 1nvest1gat10ns1 9,10,
_Possibly, prec1p1tat10n hardening took place in these alloys which 1s
-ia more effectlve mode of strengthening than the solutlon hardening.
| After the abnormal increase in the yleld strength by the

initial addition of aluminum the yield strength of the zirconium-
aiuninum solid selutions increase almost lihearly with the aluminum
‘content beyond the knee. The rate of increase in the yield strength
with compositions beyond the knee is nearly the same in both the
earller1 and the present work. |

The yleld strength versus temperature curves for the solld
solutions are shown in fig. 13. The yield strength decreases w1th
the increasing test temperature because 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 SOlld solutlons

It was found that the yield strength of the alpha zirconium
at 500°C was raised nearly equal to its yield strength at room temp-
erature by the addition of about one A/o aluminum. At the room |
temperature itself‘an“addition of 2.77 A/o aluminum 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
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figs._14, 15 and 16. Itlis seen that af all the test temperatures
the slope of the linear portion éf the curveé i.e. Young's modulus
(here qualitativé in nature and ﬁot the ébsoluterfor the alloys
tested), increases with th¢ increase in aluminum content in the solid
solutions. This may be due to the solvent-solute binding being
stroﬁger than the‘solvent—solventl This conclusion is also indicated
'by the occurrence of humefbué intermetallic compounds in the zirconium-
"aluminum sysfemz. | i

The slope in the parabolic region of thé trﬁe stress-true
strain curves, figs. 14, 15 and 16, indicates the work-hardening
rate of the solid SOlutionszIIroom temperature, 300°C and 500°C. At
higher temperatures.the thermal activation helps cross slipping which
reduces the rate of work hérdening. This is shown in figs. 17 and 18
by the decrease in the slope-angle, 8, (at 4% and 8% strain) with a
rise in the testing temperature. |

The'slopé'ih the péfabolic 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 strengthening effect of aluminum on alpha zirconium may
be the resglt of several factors. According to the Mott and Nabarro's11
theory the fribtional force due to the sizé;factor effect contributes
towards the increase in the yieid strength. But, in the.present case
due to the fact that fhe'size misfit value is very small its contri-
bution in raising the yield strength is expected to be rather small.
Thus, it seems that the size-factor effect is not an important factor

in the strengthening of alpha zirconium by aluminum.
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, Due to the absence of the value of mddqlus mismatch, the
role of modulus effect (Fleischer's'theorylz) iﬁ'incfeasing the
yield strength could not be estimated. However, a rough estimation
. by using the change iﬁ hardness with Composifion (fig. 10) revealed
* that thé predicted yield sffength values are 5-10 timesvsméller than
the observed.ones.
-On the basis of the observation that the solute-solvent
bond is stronger than the solvent-solvent and the fact that numerous
‘ intermefallic compounds occur in the'zirconium-alumiﬁum system 1t
seems that po;sibiy short range ordering also has some contribution
in the strengthening of alpha zirconium.
The critical resolved shear stress of single crystals is
pefhaps the only satisfactoryiparameter which can be used for a
quantitative comparison with the theoretical predictions wi thout any
adjustable pafameters (spé;ialiy in the éase of h.c.p. metals as they
" contain non—equiValent crystallographic planes). In the case of |
polycrystalline aggregates such adjustable parameters become important,
- because of the constraining conditions imposed by the grain boundaries.
However, the hardening'effect of aluminum in the zirconium--
aluminun solid solutions may be qﬁélitativély explained on the basié
of Bailey'513 observations on the effect of impurities on the Basal
and prismatic slip in zirconium,"However, further study of surface
replicas and thin films by electron microscopy will be necessary to
substantiate ﬁhis hypothesis.
| In zirconium the c¢/a ratio is lower than 1.633. Therefore,

the interplaner spacing of the prism plans, d{lOTD} is more than the
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 the interplanar distance of the basal planes, (0001) i.e. the ratio
{1010}/d(0001) is more than unity, so that {1010} have the lower

Peierl's stress than the basal planes and are the favoured slip planes.

: '-.AThe Burgers Vector is %{11?0] and (10710) [IZEb]'is the predominant

slip SYstem14. Williams et.al.'15 héve postulated that some basal
- slip is necessary to account for the obsérvéd téxfure in cold rolled
- zirconium. Bailéyl3 has shown that in zirconium glide can occur on\
| the basal plane at sufficiently high stress, e.g. around hydride
‘precipitatésvor 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 systems. As
such, the solute dislocation interaction on differént pianes cannot
' be‘expeéted to be the same.
From studies on the changes in dislocation structure in
. deformed commercial and crystalkbar zirconium.Baileyls proposed
‘that the stress for dislocation glide on {1010} planes increases
and glide on the basal planes becomes more difficult relative to
glide on {1010} with intreasing impurity.

B | If‘it is assumgd that the effect of aluminum on the prismati¢rm_
and fhé basal éii&és is ahalogous.td that of oxygen in zirconium the
observed‘strengthenihg effect of.aluminum may be explained as the’
sum of fwé effects. First, the dislocation glide on {1010} pianes
(predominanf slip:planes) becbmés difficult with increésing aluminum.
Second, the motion of jogs is reskricted ﬁhich in turn impede the
progress. of bothvthe edge and fhe'screw dislocations. Jogs of dis-

~locations on {1010} planes lie in the basal planes, figs. 19 and 20.
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Fig. 19 Jog in the Edge Dislocation in a Zr

[1zol

Fig. 20 Jog in the Screw Dislocations in a Zr
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If slip is made more diffiéult‘on the basal planes then}the possible
basal glide>of the jogs in edge disloéations is festéicted.» In the'
éase of scvew dislocations the jogs can move only non-conservatively
‘, whi§h is‘more difficult since the advance of the dislocations requires
| the formation of point defects. Thus, the.incréased difficulty in
- the operation of basal glide, which is ﬁecessary for the general
. deformation, WOuld cause considerable hardening of zirconium with ‘
~increasing amount.ofbaluminum.. )
| | The presence of staéking fault516 on the basal plane in
A zifcpnium is evidence that the sfacking fauittenergy is lowered by
aluminum, photos 10 and 11. Due to this 1ow¢ring of stacking fault

-energy extended.jogs may form which would make a further contribution

to the hardening of this system
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Photo. 10 & I1 - stacking faults in Zr +5.24 Ao Al dlloy equilibrated

at 1000°C (/3 region) for Shrs and then water -
quenched. | |
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5 CONCLUSIONS
1. Lattice parameter "a" of the zirconium;aiuminﬁm solid solutions
| changes by the relation .
~a = 3.2332 - 0.0044x
ﬁhere X is alﬁminuﬁiin Afo.
2. -Parameter '"'c''"does not change regularly with aluminum additions.
3. “An abnormal decrease in the value of ''c" oécurs at 1.24 A/o ‘
aluminum wﬁich may.be attributed to the overlap of the Brilléuiﬂ |
_zones in the ¢ direction. -  -
4. The c/é'ratio increases very slowly with the alaminum content.
. 5. The solid solubility of aluminum in alpha zirconium changes
eprnentially with the temperatﬁre like
5 o KTK .
6."On cqoliﬁg the B phaée transforms to a pearlitic type structure.
7. The solid solubility of aluminum in alpha zirconium decreases
very rapidly with the falling temperature and below 400°C it
is very low. ‘ |
8. OSmall amounts of aluminum raise considerably the strehgtﬁ of
------ alpha.zirconium'at the room temperature as well as at the
Higher Eéﬁberétures, in cqmparison to the room temperature
strength of zirconium.
9. Solute—sélvent bond seems to be stronger than the éolvent—soivent;
- 10." The size misfit nor the modﬁlus mismatch seem tévbe the control-
. ing faétor in the strengthéning of zirconium by aluminum.

11. Possibly short range ordering has some contribution in the

strengthening of alpha zirconium.
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1z. It is thought that the mechanism related to the different

j effects of aluminumioh {1010} and (0001) planes, is the

important factor in the strengthening effect.
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6 SUGGESTIONS FOR FUTURE WORK

1. étudy of the effect of aluminum on thé Bfilloﬁin zéne of
zirconium may explain thé solid—soluﬁibn and compound formation
béhaviour of the zirconium aluminum system.

2. Systematic étudy should ‘be done to find the exact nature of
decomposition:on cooling of the B phase.

3. A detailed study of the zirconium-aluminum élloys in the
compositioh range 0.1 - 1.0'A/o aluminum may éxplaiﬁ the océ;r—

“ence of the knee in the yieldvstrength versus compésition curve.
-4, An electron—microscopic-inVeétigatioﬁ of the deformation mode
and the dislocation structure of the single crystals of

zirconium-aluminum solid solutions may prove the hypothesis

put forward in the present work.
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. APPENDIX

. Thé difference between the observed and calculated values
of the intefplanar distance, d, for the zirconium-aluminum alloys
are given below -

0.555 A/o Al - equilibrated at 850°C

S Observed d Calculated d Difference Ad
ChK ) @) a0
100 2.7774 2.7981 20.7
002 2.5612 2.5780 . 16.8
101 2.4431 2.4577 14.6
102 1.8859 1.8932. 7.3
110 1.6125 - 1.6155 3.3
103 1.4602 1.4616 1.4
200 1.3979 - 1.3990 1.1
112- 1.3673 '1.3678 0.5
201 1.3492 1.3499 0.8
004 " 1.2870 1.2855 1.5
202 1.2282 ©1.2287 0.5
104 1.1690 1.1681 | 0.9
203 1.0848 1.0838 1.0
210 1.0586 1.0576 T 1.0
211 1.0359 1.0359 | 0.0

114 1.0072 1.0059 1.3
212 0.9782 0.9781 0.1

105 0.9660 0.9653 0.7
204 0.9474 0.9466 0.8
300 0.9321 0.9327 0.6
213 0.9006 0.9000 0.6
302 0.8771 0.8768 ° 0.3
205 0.8284 0.8287 0.3
106 0.8187 0

.8194 0.7
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1.24 AJo Al - equilibrated at 850°C

~ Observed d Calcu%ated d Difference Ad

hkl | o3 o o3 &)
100 2.7907 2795 4.9
02 2.6 - 2.5651 03
101 2.4534 - 2.4548° | 14
102 ©1.8902 ©1.8901 0.1
110 o 1.6143 1.6141 | 0.2
103 1.4603 - 1.4588 <15
200 1.3965 1.3978 1.3
12 1.3669 13661 | 0.8
201 1.3488 | 1.3487 o1
004 1.2867 11.2825 4.2
202 11,2293 O Lam 1.9
104 1.1694 © 1.1657 3.7
203 . 1.0847 - 1.0823 | 2.4
210 1.0572 - 11.0567 05
211 1.0354 1.0349 { 0.3
114 1.0064 1.0041 2.3
212 0.9783 0.9770 1.3
105 - . 0.9655 - .0.9632 | 2.3
204 0.0478 0.9450 2.8
300 0.9321 . 0.9319 o 0.2
213 . 0.8997 " 0.8989 0.8
sz 0.8764 08759 o
205 0.8291 0.827 2.0

106 - 0.8160 0.8176 1.6




©1.976 AJo Al - equilibrated at 850°C

. . insegved d | Caléu%ated d  Diffefgnge Ad
bk W W (107 &)
100 2.7748 2.7949 \ 20.1
0z | 2,5556 | 2.5670 11.4
101 2.43%1 0 2.4588° 1607 .
102 o 1.8851 1.8906 5.5
110 o 1;6059 1.6137 o 7.8

103 1579 1.4595 1.6
200 ©1.3968 - 1.3975 _ 0.7
112 | 1.3645 | 1.3662 ©O1.7
201 1.3466 1.3484 1.8
004 ~1.2854 ' 1.2835 1.9
202 | 1.2269 | 1.2274 0.5
104 1.1679 | 1.1664 1.5
203 ©1.0830 - . 1.0824 0.6
210 1.0564 1.0564 0.0
211 | 1.0336 | 1.0347 1.1
114. 1.0051.  1.0045 0.6
212 oot ©0.9769 0.5
105 . 0.9651 - 0.9638 | 1.3

204 ~0.9461 0.9453 0.8
300 -0.9309 0.9316 - | 0.7.
213 | 0.8988 ©0.8989 | 0.1
1302 0.8760 0.8758 0.2
205 '. . 0.8287 0.8275 1.2

106 _ 0.8167 0.8182 A 1.5
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2.799 A/o Al - equilibrated at 850°C

. Observed 4 Calculated d - Difference Ad.

Chkl &) ; @A) | 1073 &)

100 1 2.7683 2.783. 15.1
002 - 2.5537 2.5655 s
101 - 2.4364  2am6 10.2
102 1.8825 1.8864 ' 3.9
10 Leose O 1.6070 | 3.1
103 1.4546 1.4572 | 2.6
200 1.3901 1.3917 16
112 1.3600 C 1.3619 1.9
201" 1.3421 | 1.3432 1.1
o004 1.2807 1.2828 21
202 1.2221 12233 1.2
104 1.1643 1.1650 - 0.7
203 1.0792 ' 1.0795 0.3
210 10521 1.0520 0.1

21 1.0205  1.0306 T1a

14 1.0014 -~ 1.0025 11
212 ©0.9732 S 0.97% 0.2
105 0.9619 0.9629 1.0
205 0.9435 " 0.9432 0.3
300 0.9271 0.9278 0.7
213 0.8953 . 0.8961 0.8
302 0.8721 0.8725 0.4
006 0.8548 0.8552 0
205 0.8255 ©0.8259 0.4

106  0.8178 0.8175 0.3




4.167 A/o AL - equilibrated at 850°C

56

Difference AdA

_ _ Observed d Calculated d
hkl @) ® 073 R
100 2.7663 2.7762 9.9
002 2.5520 2.5628 10.8
101 24349 2.4011 6.2
102 i’ 1.8798 1.8831 , 3.3
110 1.6008 1.6028 2.0
103 1.4531 1.4551 2.0
200 1.3888 1.3881 0.7 -
:112 1.3579 1.3589 1.0
201 1.3393 1.3398 0.5
004 1.2812 1.2814 0.2
202 1.2212 1.2206 0.6
104 ' 1.1629 1.1634 0.5
203 11.0767 1.0773 . 0.6
210 1.0498 1.0493 0.5
211 1.0274 1.0280 0.6
114 0.9995 1.0009 1.4
212 0.9704 1 0.9711 0.7
105 0.9606 0.9617 1.1
204 0.9414 0.9416 - 0.2
300 0.9258 0.9254 0.4
213 0.8933 0.8941 0.8
302 0.8707 0.8704 0.3
006 0.8544 0.8543 0.1
205 - 0.8242 10.8246 0.4
106 0.8171 0.8165 0.6




5.242 A/o Al - equilibrated at 850°C

57 .

106

, Observed d Calculated d Differeﬁce Ad
Bkl @A) &) a3 %)
100 2.7613 '2.7770 15.7
002 2.5480 2.5608 12.8
101 2.4313 2.4412 9.9
102 1.8779 1.8826 47
110 1.6009 1.6033 2.4
103 1.4522 1.4544 2.2
,zod 1.3880 1.3885 0.5
112 1.3572 1.3589 1.7
201 1.3386 1.3401 1.5
004 1.2798 ©1.2804 0.6
202 1.2200 1.2206 0.6
104 1.1620 1.1628 0.8
203 1.0774 1.0772 0.2
210 1.0488 1.0496 0.8
211 1.0276 1.0282 0.6
114 1.0004 1.0005 0.1
212 0.9709 0.9712 0.3
105 - 0.9608 0.9610 0.2
204 10,9413 0.9413 0.0
300 0.9257 0.9257 0.0
213 0.8934 0.8941 0.7
302 0.8703 0.8705 0.2
006 0.8532 0.8536 0.4
~ 205 . 0.8240 1 0.8243 0.3

0.8158 0.8159

0.1



7.128 A/o Al - equilibrated at 850°C

Observed d Calculated d -~ - Difference Ad-
Y DUy DN I A oty
100 2.7722 2.7780 5.8
o002 2.5571 25624 5.3
0 2ases 2.4423 2.7
102 1.8827 1.8835 | 0.8
10 1.6029 | 1.6039 1.0
103 1.4548 1.4551 0.3
200 1.3876 1.3890 1.4
112 1.3594 o 1.3595 0.1
201 1.3407 1306 0.1
004 1.2795 1.2812 1.7
202 1.2217 | C1.2211 | 0.6
104  1.1628 - 1.1634 0.6
203 11,0771 S A 0.6
210 1.0507 1.0480 2.7
211 | 1.0282 1.0286 0.4
114 ' 1.0009 1.0010 0.1
212 " 0,9708 0.9716 | 0.8 -
105 0.9612 o 0.9616 o
204 0.0417 09417 0.0
300 0.9258 0.9260 | 0.2
213 0.8938 0.8945 | 0.7
302 0.8704 0.8709 0.5
006 . 0.8534 | 0.8541 | 0.7

205 0.8246 0.8247 0.1
- 106 0.8166 0.8164 0.2
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8.308 A/o Al - equilibrated at 850°C

~ Observed d Calculated d . . Difference Ad.

W & @ PR
100 2.7875 2.7896. 2.1
00z 2.5665 | 2.5682 | L7
101 a8 2.4514 3.3
102 1.8894 1.8894 0.0
10 1.6102 1.6106 | 04
105 1.4596 1.4592 0.4
200 1.3947 | 1.3948 0.1
112 1.3643 13645 0.2
201 - 1.3455 | 1.3461 0.6
- 004 ~1.2830 | 1.2841 1.1
202 1.2255 C o 1.2257 0.2
104 - 1.1667 1.1665 - 0.2
203 1.0816 - ©1.0814 | 0.2
210  1.0553 ) 1.0544 0.9
211 - 1.0319 1.0328 0.9
114  1.0033 | 1.0041 | 0.8
212 - 0.9751 0.974 0.3
105 0.9636 . 0.9640 0.4
205 , | 0.9441 - - 0.9447 0.6
300 0.9296 | ~0.9299 0.3
213 0.8976 ~0.8978 0.2
1302 . 0.8742 0.8743 fvo;l’
006 .0.8561 0.8561 0.0

205 0.8270 0.8272 0.2
106 0.8187. 0.8184 | 0.3




10.198 A/o Al - equilibrated at 850°C

60 .

.. Observed d Calculated d Difference Ad
Rkl @A) IRNG (1073 &)
100 2.7587 -2.7802 21.5

- 002 ©2.5422 2.5523 20.1
101 A‘2:4260 2.4438 17.8
102 »1.8765 1.8842 7.7
110 | 1@5997 1.6052 5.5
103 1.4513 1.4555 4.2
200 1.3872 1.3901 1.9
112 1.3580 1.3603 2.3
201 1.3394 1 1.3416 2.2
004 1.2783 1.2812 2.9
202 1.2200 1.2219 1.9
104 "1.1625 1.1636 1.1
203 1.0773 1.0782 0.9
210 1.0503 1.0508 0.5
211 1.0275 1.0294 1.9
114 0.9995 ©1.0013 1.8

212 0.9710 0.9723 1.3~

1105 0.9603 0.9618 1.5
204 '0.9410 0.9421 1.1
300 0.9259 0.0268 6.9,
213 0.8940 0.8950 1.0
302 0.8710 0.8715 " 0.5

006 0.8541 0.8541 0.0
205 0.8246 0.8250 0.4
106 0.8159 0.8165 0.6
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Zr-Al alloy equilibrated at 700°C

Observed d Calculated d o Difference Ad

Bkl N @ . 1073 §)

100 2.7679 2.7860 18.1
002 ' 2.5532 2609 7.7

101 | ‘2:4359 . 2.4478 - 11.5

102 1.8818 1.8854 3.6

110 - 1.6045 ' 1.6085 4.0
- 103 ~ 1.4550 | _ 1.4557 0.7

200  1.3913 . 1.3930 1.7

12 1.3611 1.3621 1.0

201 1.3424 1302 1.8

004 1.2816 1.2805 1.1

202 1.2229 I 1.2237 0.8

104 ©1.1655 1.1635 2.0

203 . 1.0796 | 1.0793 0.3

210 1.0517 1.0530 1.3

211 1.0302 | 1.0314 1.2

114 1.0020 | 1.0018 0.2

212 0.9750 C0.973%9 RN

105 ~0.9626 0.9614 1.2
204 0.9431 | 0.9427 0.4

300 0.9277 0.9287 1.0

213 ©0.8863 . 0.8962 | 0.1
"302 0.8736 0.8730 0.5

006 0.8546 | 0.8536 1.0

205  0.8265 0.8253 1.2

106 - 0.8159 0.8163 0.4




Zr-Al alloy equilibrated at 600°C

62 .

. Obsegved d ‘Calcq%ated.d . Diffgfgnge Ad

hk1 (A) (A) (10 A
100 2.7646 2.7913 26.7

- 002 .~ 2.5470 2.5712 . 24.2
101 2.4303 2.4532 , - 22:9
102 1.8788 1.8911 12.3
110 16038 1.6115 7.7
103 1.4544 1.4607 5.3
200 1.3909 1.3956 4.7
112 1.3589 1.3655 6.6
201 1.3411 1.3469 5.8.
004 1.2813 1.2856 4.3
202 1.2226 1.2266 4.0
104 - 1.1647 1.1677’ 3.0
203 1.0786 1.0823 4.7
210 1.0525 1,0550 2,5
211 1.0302 1.0335 3.3
114 1.0020 1.0050 3.0
212 0.9743 0.9760 1.7 - —
105 0.9638 0.9651 1.3
204 1 0.9440 0.9456 1.6
300 0.9290 0.9304 1.4

a3 0.8974 0.8985 1.1
302 0.8737 0.8749 1.2
006 0.8558 1 0.8571 1.3
205 0.8269 0.8280 1.1
106 0.8192 0.8193




 Zr-Al alloy equilibrated'atASOOOC
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Observed d Calculated d Difference Ad
ki @ @) o3 X
100 2.7699 2.7970 27.1
002 2.5546 2.5723 18.7
100 2.4370 | 2.4573 20.3
102 1.8800 1.8934 13.4
‘110'4 1.6054 1.6149 8.5
1103 1.4545 1.4620 A 7.5
200 1.3890 1.3985 8.5
112 1.3614 1.3677 6.3
201 1.3427 1.3495 6.8
004 1.2833 1.2862 2.9
. zozj 1.2249 1.2287 3.8
104 " 1.1661 1.1685 2.4
203 1.0813 1.0838 2.5
210 ' 1.0536 11,0572 3,6
211 1.0325 1.0355 "3.0
114 1.0037 1.0061 2.4
212 0.9761 " 0.9778 1.7
105 0.9622 0.9657 3.5
204 0.9488 0.9467 - 2.1
300 0.9327 0.9323 0.4
213 0.8983 0.8999 1.6
1302 0.8745 0.8765 2.0
" 006 0.8550 0.8574 2.4
205 0.8272 0.8288 1.6




