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The structure of Zr-2.3%Nb and ZI-SS%Nb aIloy martensites on tempering at different temperatures in the range of 
350 to 600°C was studied by optical and transmIs~on electron microscopy. The equi~brium ~-niobium phase (&) was 
found to be the precipitating phase on tempering the Zr-2.3%Nb martensites at temperatures up to SOO’G and the Zr-5.5% 
Nb martensites at temperatures upto 450°C. Precipitation of the metastable pr phase of the monotectoid composition (Zr- 
20%~) was observed to occur on tempering the Zr-2.3%Nb alloy at SSO and 600°C and the Zr-5.5%Nb alloy at 500 and 
550°C. On tempering the latter aBoy at 6OO”C, the martensite was found to revert back to the super~turated 6 phase, 
which subsequently decomposed into a mixture of the (Y and the @r phases. These observations have been explained on the 
basis of hypothetical free energy versus composition diagrams, Thkorientagon relation of the pr precipitates with respect 
to the o phase was found to be as follows: (OOOl), II{01 1 j8i ; (1 I2B)o ilfl ll+r . It was also seen that a pt precipitate 
forming at a twin boundary maintains equivalent orientation relations with the two adjacent twin refsted portions. 

I.a structure des martensites des aliiages Zr-2,3% Nb et Zr-5,5% Nb apres revenu a differentes temperatures dans Pinter- 
vaIle 3SO-600°C a 6th Btudiee par microscopic optique et Bectronique. La phase d’equilibre &niobium (&) a 6th trouvee 
comme &ant la phase pr&pitant au tours du revenu des martensites de Zr2,3% Nb aux temperatures attendant 500°C et 
les martensites de Zr-S,S% Nb aux temp~rat~es allant jusqu’a 450°C. La pr~cipi~tion de Ia phase Br metastable de com- 
position monotectofde (Zr-20% Nb) s’est &v&e se produire par rcvenu de l’alliige Zr-2,3% Nb a 500 et 600°C et de l’al- 
liage Zr-S,S% Nb a 500 et 550°C. Par revenu du dernier aIliage a 6OO*C, la martensite subit sa reversion en la phase p sur- 
sat&e, qui se d~~rnpo~ ult~rieurement en un m&ange des phases Q et &. Ces observations sont expIiqu&s en se basant 
sur Ies diagrammes hypoth~tiques d&e&e Iibre en fonction de la composition. La relation d’orientation dcs precipites & 
par rapport B .la phase (Y s’est rev&e Btre la suivante: (0001),11{01 I }fl1 ;(l 1301, rlcli~~p,. 11 a 6th &galement observC qu’un 
precipitd & se formant sur un joint de macle maintient des relations d o~entation kuivalentes avec ies deux portions de 
macle adjacentes. 

Die Struktur der Zr-2,3% Nb- und Zr-5,596 ~-M~ten~te w&rend der W~ebeh~dl~g bei verschiedenen Tempera- 
turen zwischen 350 und 6OO“C wurde licht- und ~ansm~sion~Iekt~onenmikroskopis~ untersucht. Nach den Beobachtun- 
gen ist die &NbGleichgewichtsphase 8s die sick ausscheidende Phase w&rend der Wamebehandlung des Zr-2,5% Nb-Mar- 
tensits bis zu 500°C und des Zr-5,546 Nb-M~te~~ts bis zu 450°G, Die Ausscheidung der me~stabilen &*Phase in der mono- 
tektoiden Zu~mmen~tzun~ @r-20% Nb) tritt w&rend der W~rm~be~andlung der Zr-2,3% Nb-Legierung zwischen 550 und 
600°C und der Zr-55% Nb Legierung zwischen SO0 und 550°C auf. W&end der W~mebehandlu~ der letzteren Legierung bei 
6OO”G erfolgt eine Riickumwandlung des Martensits in die iibersilttigte &Phase, die anschiiessend ein Gemisch aus der o- und 
&-Phase zerf&Ilt. Diese Beobachtungen werden mit dem hypothet~chen Diagramm der freien Energie in Abh~ngigkeit von 
der Zu~mmen~tzung~rk~rt. Die O~enti~ungsbeziehungen der auf die o-Phase bezogenen ~~-Ausscheidu~gen lauten: 
~oooi~,i~{oii }B,;m20+pii~I. Es wurde femur beobachtet, dass eine Pi-Ausscheidung, die an einer ZwiBingsgrenze 
entsteht, die JiqutvaIenten ~rientre~n~~zie~~n~n mit den beiden Grossen des angrenzenden Zwillings beibehiilt. 

* This forms a part of the Ph. D thesis submitted by S. Banerjee to the Indian Institute of Technology, Kharagpur in September, 
1973. 
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1. Introduction 3. Results 

Zirconium-2.5 percent * niobium alloy is increasing- 
ly being used as a material for pressure tubes in nuclear 
reactors. The heat-treatment used for strengthening 
this alloy involves quenching from the ((u t /I) phase 
field followed by tempering at 500°C. The microstruc- 
tural changes that occur during the tempering of Zr- 
2.5% Nb alloys have already been investigated by Wil- 
liams and Gilbert [l] and by Sabol [2] using the trans- 
mission electron microscopic (TEM) technique. It has 
been reported that the equilibrium beta niobium phase 
is precipitated during tempering at temperatures ranging 
from 400 to 600°C. A similar observation has been 
made by Heheman [3] on Zr-5% Nb alloy. This paper 
reports some new results obtained during the course of 
a study of the precipitation behaviour in Zr-2.3% Nb 
and Zr-5 5% Nh alloys. The latter alloy was chosen be- 
cause the solution heat treatment in the (or t @) phase 
field, as practised industrially, enriches the /3 phase of 
the Zr-2.5% Nb alloy to about 5 to 6% niobium con- 
tent. 

3.1. B-2.3% Nb alloy 

3.1.1. Optical microscopic observations 
The structure of the samples tempered at tempera- 

tures up to 500°C was not distinguishable from that of 
the as-quenched martensite, even for tempering times 
of 10 000 min. but precipitates could easily be detected 
in samples tempered at 550 and 600°C. The volume 
fraction of the precipitate phase (14%) as measured by 
the point count method was found to be much more 
than that expected from the phase diagram, suggesting 
that this was not the equilibrium beta niobium phase 
(denoted by p2) but was of a composition relatively less 
enriched in niobium. The accuracy in the estimation 
of the volume fraction of such fine precipitates is ex- 
pected to be poor due to the formation of etching ar- 
tifacts. In view of this, the volume fraction was also 
measured quantitatively from TEM observations as des- 
cribed later. 

3.1.2. TEM observations 

2. Experimental 

Alloys were prepared from iodide purity zirconium 
and high purity niobium by electron beam melting. The 
homogenized buttons were cold rolled to about 0.2 
mm. thick strips without any intermediate annealing. 
Samples for heat treatment were sealed in evacuated 
silica capsules back-filled with helium. The solutionizing 
treatment was carried out in the /3 phase field (at 1000” 
C) for 15 min followed by quenching in water. Tem- 
pering was carried out at 350,450,500,550 and 600°C 
for periods of 10, 100, 1000 and 10000 min. Speci- 
mens for TEM investigations were chemically polished 
in a solution containing 5 parts HF, 45 parts I-NO3 and 
50 parts water and subsequently electropolished at 
-50°C in a solution containing 6 parts perchloric acid, 
34 parts n-butanol and 60 parts methanol. 

The precipitation process was found to be extreme- 
ly sluggish at temperatures lower than 500°C. The 
presence of very fine precipitates could be detected 
only in the samples tempered at 450°C for 1000 min. 
or more. The fine dispersion and the small volume frac- 
tion of this precipitated phase precluded its identifica- 
tion by X-ray or electron diffraction. 

At 500°C, the precipitation reaction was found to 
be relatively faster. Tempering for 100 minutes at this 

* All compositions are given in weight percent. 

Fig. l. Zr-2.3% Nb, beta quenched, tempered at 500°C for 
100 min. The micrograph shows a distribution of fine preci- 
pitates along the twin boundaries. No matrix precipitate is 
visible. 
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Fig. 2.Zr-2.3%Nb, beta quenched, tempered at 600°C for 
10 min. (a) shows fit precipitates along the twins which are 
partially annihilated. On the left hand side of this micro- 
graph, ah precipitate plates are confmed to the twin inter- 
faces which are oriented normal to the foil plant. The volume 
fraction of the precipitate phase in this region has been found 
to be 13%. (b) is a (1 lo}& dark field micrograph showing a 
lamellar distribution of the precipitates, volume fraction of 
the ‘edge on’ precipitates being 18%. (c) shows complete re- 
moval of internal twins. 

temperature produced clearly resolvable precipitates 
along the twin boundaries (fig. 1) while precipitation 
in the matrix was observed only occasionally. Analy- 
ses of the SAD patterns revealed the precipitate phase 
to be the niobium rich p2 phase. This is in conformity 
with the phase diagram of the Zr-Nb system [4,5] and 
with the previous TEM investigations [ 1,2]. 

In the samples tempered at 55O’C and at 600°C, the 
average volume fraction of the precipitate phase as 
measured from the regions where precipitate plates were 
normal to the foil plane, was found to be about 1.5% 
(fig. 2). In order to identify the precipitate phase, SAD 
from thin foils and X-ray diffraction from bulk samples 

were taken. Analyses of the results indicated that the 
precipitate phase has a bee structure with a lattice pa- 
rameter of 3.52 A which is significantly different from 
the lattice parameter (3.34 A) of the pt phase [6,7]. 
This value of the lattice parameter matches that of the 
zirconium rich beta phase (denoted by /31) close to 
the monotectoid composition. Moreover, this observa- 
tion agrees well with the fact that the volume fraction 
of the precipitates as obtained from both the optical 
and the electron microscopic observations was fairly 
close to that predicted (10%) by co~t~ction of the 
tie line between the (Y and the /II phases. 

In addition to the precipitation of a second phase, 
annihilation of internal twins was noticed in the sam- 
ples tempered at 550 and 600°C. In many regions, 
internal twins were found to shrink or completely dis- 
appear leaving behind either a discontinuous array of 
precipitates along the “ghost” (pre~xist~g) twin boun- 
daries or a set of parallel lamellae of the precipitate 
phase which appeared to have grown at the expense 
of the twin portion of the martensite plate (fig. 2). A 
similar observation has been made in the case of Ti-Ta 
alloys by Bywater and Christian [8] . 

3.2. 2~5.5% Nb alloy 

3.2.1. fecal ~ic~os~~ic o~se~~rions 
These observations were similar to those made on 

the Zr-2.3% Nb alloy except for samples tempered at 
600°C. The typical structure produced on tempering 

Fig. 3. Zr-5.5% Nb, beta quenched, tempered at 600°C for 
1000 min. The micrograph shows that the light etching 
phase (a) is distributed in a Widmanstatten pattern in the ma- 
trix (8). At the grain boundaries of the beta phase, a thick 
band of the light etching phase is seen sandwiched between 
regions of the dark etching phase. 
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the Zr-5.5% Nb alloy at 600°C (fig. 3) shows the ma- 
jor phase (light etching) distributed in a Widmansta- 
tten pattern in a matrix of the minor (dark etching) 
phase. A thick grain boundary region consisting of a 
band of the major phase sandwiched between regions 
of the minor phase is also seen. The major and the mi- 
nor phases were identified as o-zirconium and /3l respec- 
tively by X-ray diffraction. From the relative intensi- 
ties of the X-ray diffraction peaks corresponding to 
the (0002), and the { 110 }@r reflections, a quantitati- 
ve estimation of the weight fraction ratio of these two 
phases was made. Since the texture co-efficient of the 
(0002), reflection was close to unity, the inaccuracy 
caused by the texture effect is not expected to be very 
significant. It was seen that the ratio of the weight frac- 
tions of the /I1 and the CY phases was close to 1 : 3, a 
value predicted from the construction of a tie line 
joining the cr and the /3l phases. 

The samples tempered at 550 and 500°C showed 
precipitates which could be resolved under the optical 
microscope. Morphologically these structures were si- 
milar to that of the Zr-2.3% Nb martensite tempered 
at 550 and 600°C. No precipitates could be detected 
in samples tempered at lower temperatures. 

3.2.2. TEM observations 
As in the case of the Zr-2.3% Nb alloy, TEM obser- 

vations on samples tempered at 450°C and below 
showed extremely fine /12 precipitates, while extensive 
precipitation of the 01 phase was noticed in samples 
tempered at 500 and 550°C. Precipitation in the matrix 
as well as along the interfaces was found to occur to a 
larger extent than in the Zr-2.3% Nb alloy (fig. 4). 

Samples tempered at 600°C for a period of 100 
minutes or more revealed that the Widmanstatten 
plates (major constituent) in the two phase structure 
of these samples were of the (Y phase and were distri- 
buted in a continuous matrix of the & phase (minor 
constituent) (fig. 5). These metallographic features, 
revealed by optical and electron microscopy observa- 
tions, suggest that the at phase was precipitated in the 
fir matrix, which appeared to have originated by a re- 
version process. This is supported by.the observations 
made on samples tempered at 600°C for a short time, 
within which, the reversion of the martensitic CY’ phase 
to the supersaturated /I phase was not complete. At 
several places (Y’ plates were found to be partly con- 

Fig. 4.Zr-5.5% Nb, beta quenched, tempered at 550°C for 100 
min. (a) shows extensive precipitation of the 01 phase at the 
twin and the plate interfaces as well as within the matrix. (b) 
and (c) are the bright and dark field ((110) reflection) micro- 
graphs showing a large volume fraction oft e: e 81 phase. 

Fig. S. Zr-5.5% Nb, beta quenched, tempered at 600°C for 
1000 min. The morphology shows a distribution of alpha plates 
in a continuous matrix of the pr phase. 
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sumed by the advancing /3 phase boundaries. Subse- 
quent to the reversion, the newly formed supersatu- 
rated fi phase decomposed into a mixture of the (Y and 
the metastable PI phases. 

3.3. Matrix-precipitate orientation relationship 

The orientation relations in the case of the twin 
boundary precipitates were determined from SAD p Iat- 

Fig. 6.Zr-2.3% Nb, beta quenched tempered at 600°C for 10 min. The bright field micrograph (a) shows a distribution of plate 
shaped precipitates along the twin interfaces. The dark field micrograph (b) is obtained by imaging (OTl),, reflection. The SAD 
pattern and its key ((c) and (d) respectively) show a superimposition of three reciprocal lattice sections. The stereographic projec- 
tion (e) represents the relative orientations of the pair of twin related OL crystals and of the 01 precipitates. The (i1O)81 plane is 
seen to be parallel to the (ilO1) twin plane. 
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terns taken from regions containing these precipitates. 
These patterns consisted of three superimposed reci- 
procal lattice sections, corresponding to the precipi- 
tate crystal and to a pair of twin-related (Y crystals. 
Fig. 6 shows a typical SAD pattern from which the 
orientations of the fll precipitate and of the two twin 
related (Y crystals were determined. Orientations of all 
the three crystals were drawn on the stereogram with 
the (0001) plane (basal plane of the major twin com- 
ponent of # e ar phase) as the plane of projection. The 
orientation relation between the major twin compo- 
nent (orM) and the precipitate could be expressed as 
follows: 

- - 
(0001),l(01 l)or ; [11201 Q II [llllp,; 

a typical Burgers’ [9] relation for the bee + hcp trans- 
formation. It was also seen that the orientation of the 
minor twin component (crT) could be obtained by re- 
flecting the poles corresponding to the major twin on 
the (i-101), plane, suggesting that twinning was 
along the 1 l’y11) plane. This was confirmed by single 
surface trace analysis of the composition plane of the 
twin. It could also be seen from the stereogram that 
the precipitate maintains an approximately equivalent 
orientation relationship with the minor twin compo- 
nent ((YT) as described in the following: 

- - 
(0001)~ ll(101)8, ; [1120& 

-- 
11 P1llpl 

This was also evident from the fact that the (i-101) twin 
plane was approximately parallel to a (110) type mir- 
ror plane of the & crystal. 

The orientation relation between the homogeneously 
nucleated fll precipitates and the matrix (Y was found 
to be the same and this is illustrated in fig. 7. 

Fig. 7.Zr-2.3% Nb, beta quenched, tempered at 550°C for 100 
min. Brigh 

% 
field micrograph in (a) shows fine needle like pre- 

cipitates al ng several directions. In addition coarse precipitates 
are seen along the twin interfaces. The dark tleld micrographs 
(b) and (c) show bright contrast from sets of precipitates 
marked A and B respectively. In both cases the imaging reflec- 
tions were of (110 }al type. The corresponding SAD pattern 
and the key are given m (d) and (e). The stereographic projec- 
tion in (f) shows the orientation relationmbetween the ‘A’ pre- 
cipitates and the matrix. The ‘B’ precipitates and the twin 
boundary precipitates follow identical variant of orientation 
relation. 
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4. Discussion 

4.1. PLecipitation reactions 

The present experimental observations can be sum- 
marised as follows: 

(i) During the tempering of the Zr-2.3% Nb and 
the Zr-5.5% Nb alloys at temperatures up to 500 and 
450°C respectively, the 02 phase was found to be pre- 
cipitated. 

(ii) the precipitation of the PI phase was found to 
occur in Zr-2.3% Nb, tempered at 550 and 6OO”C,and 
in Zr-5.5% Nb tempered at 500 and 550°C. 

(iii) On tempering the Zr-5.5% Nb alloy at 6OO”C, 
the supersaturated (Y’ phase reverted back into a super- 
saturated p phase which subsequently decomposed into 
a mixture of the ar and the PI phases. 

These observations can be rationalised on the basis 
of hypothetical free energy-composition diagrams. At 
the monotectoid temperature (61O”C), PI is in equili- 
brium with a mixture of OL and fi2. The miscibility gap 
in the fl phase at temperatures above the monotectoid 
is suggestive of a maximum in the free energy-compo- 
sition curve for the 0 phase. In fact, experimental evi- 
dence for the occurrence of a spinodal decomposition 

lb1 

Fig. 8. (a) Hypothetical free energy-composition diagram at 
600°C. @) Free energy change for nucleation versus composi- 
tion of the nucleus as derived from fii. 8(a). 

in fl-Zr-Nb alloys at temperatures above and below the 
monotectoid temperature have recently been provided 
by Flewitt [lo]. The hypothetical free energy-compo- 
sition diagram for 600°C is shown in fig. 8(a) in which 
the free energies of the supersaturated martensites (01’) 
of the Zr-2.3% Nb and the Zr-5.5% Nb alloys are re- 
presented by the points A and B respectively. The G, 
and the Gg curves are made to intersect at a point D 
corresponding to a composition represented by xd . 
This means that for the alloy composition xc, 600°C 
is the temperature, TO, at which the free energies of the 
(Y and the fl phases are equal. From Kaufman’s work 
[ 1 l] it is known that the temperature To is usually a- 
bout 50°C higher than the MS temperature for zirco- 
nium and titanium base alloys. Thus a rough estimate 
of values of To for the present alloys can be made from 
known MS temperatures [12]. For Zr-5.5% Nb, the tem- 
perature To turns out to be about 580°C and so the 
composition xd Will correspond t0 a VdUe which iS 
slightly lower than 5.5% Nb. Hence, a reversion of the 
Zr-5.5% Nb ahoy from the (IL’ phase to the supersatu- 
rated 0 phase will be possible at 600°C and the driving 
force for such a reaction is given by AG,,!. This super- 
saturated fi phase subsequently transformed into a me- 
tastable structure containing the (Y phase distributed 
in a Widmanstatten pattern within the PI matrix. The 
free energy of the mixture of the OL and the & phases 
is represented by the point B”. Though the most stable 
configuration (represented by B”‘) corresponds to a 
mixture of the (Y and the f12 phases, a transformation 
leading to the formation of (a! + p2) was not found to 
occur at 600°C even after 10 000 min of tempering. 

The process of tempering at 600°C was found to be 
entirely different for the Zr-2.3% Nb alloy. The tem- 
perature To for this alloy is much higher than 600°C 
and consequently a reversion into the /3 phase is not 
possible. In this case, the excess solute atoms were 
thrown out of the cr’ lattice to form precipitates. Pre- 
cipitation could take place in either of the following 
ways depending on the magnitudes of the driving and 
the restraining forces for the respective precipitation 
reactions. 

(i) Supersaturated Q’ + (Y + p1 

(ii) Supersaturated o’ + cy + f12 

At 600°C AC a 1, the net driving force for reaction 
(i) would be smaller than AGAA”, that for reaction 
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(ii), only by a marginal extent. But these changes in 
free energy per atom of the whole assembly do not re- 
present the driving forces for the initial nucleation of 
the /I1 and the & precipitates. When a small /3 nucleus 
~~es~nd~g to a composition Xc forms in an of ma- 
trix of composition X,, the matrix remains essentially 
unchanged in composition and the free energy change 
for nucleation per atom of the @nucleus is given by 
TC where TC is the vertical distance between the free 
energy curve of the fl phase and the tangent to the 
curve of the a phase at A. If AG&Xar X,), the change 
in free energy per atom of the nucleus is plotted as a 
function of the composition of the nucleus, one can 
see that the two minima corresponding to the forma- 
tion of the /31 and the oz. precipitates are separated by 
a maximum. It is also to be noted that AGorf3r is much 
smaller than AG* , the mourn driving forces for 
the nucleation oft ?I e fl1 and the p2 precipitates respec- 
tively. Thus from the consideration of the driving force 
for nucleation, one would expect that the nucleation 
of the /I2 precipitates would be more favoured. How- 
ever, this is contrary to the experimental observations. 
In order to explain this discrepancy, one should also 
consider factors like the size barrier and the compo-’ 
s&ion barrier which tend to inhibit the formation of a 
precipitate nucleus. It can be seen from the AC&X,, 
Xc) versus composition diagram (fig. 8(b)) that the nu- 
cleation of the fi phase can occur only when the eompo- 
&ion of the nucleus lies within any of the following 
two ranges: 

Xl <Xe <X2, Xc ‘X3 

Nucleation of both @l and /I2 precipitates essentially 
involves two processes: (i) a segregation of niobium a- 
toms and (ii) a transformation from the hcp to the 
bee structure. Whether the process of niobium enrich- 
ment would precede or follow the nucleation of the fl 
phase would be determined by the relative magnitudes 
of AG, and n,AG& (Xa, Xc), where AC, is the activa- 
tion energy necessary for the formation of the inter- 
face of a critical nucleus of composition X,, containing 
n, number of atoms and n,AG,(Xa, X,) corresponds 
to the free energy, increase accompanying the forma- 
tion of an a-segregate of ~om~sition Xc [13,14], It 
is evident that the magnitude of AGJX,, X,) would be 
extremely large for Xc > X3 and thus a segregation in 
the (Y phase to this extent would correspond to a very 

large potential barrier. The only alternative mode of 
/I2 nucleation would then consist of the formation of 
@nuclei having compositions in the range Xl <XC <X2 
and a subsequent enrichment of these nuclei with nio- 
bium atoms. But the latter process would again in- 
volve a large free energy barrier as shown in fig. 8(a). 
In contrast, the free energy of a nucleus in this range 
of composition drops continuously as its composi- 
tion approaches that of a /ll precipitate. 

In addition to this free energy barrier associated 
with compositions ~uctuations, energy must also be sup- 
plied to form the precipitate-matrix interface in the 
case of a non-coherent nucleus or to provide for the 
strain associated with the formation of a coherent 
precipitate. This surface energy is again constituted of 
two components, one resulting from the structural 
and the other from the compo~tion~ diss~~ties 
across the interface. The magnitude of the composi- 
tional part has been shown to be proportional to 
(AXJ2, where Mis the difference in the solute con- 
centrations of the matrix and the precipitate [IS]. 
Therefore, considering this part of the surface ener- 
gy, the requirement would be more for the fi2 than 
for the /31 precipitates. The other part of the surface 
energy as well as the strain energy are essentially de- 
pendent on the degree of structural disregistry at the 
interface. The requirement with respect to these would 
also be more for a-p2 nucleus for which the misfit at 
the adjoining { loll), and (110 lp planes is larger 
than that for a /31 nucleus (as shown in the next sec- 
tion). Thus the overall size barrier associated with 
the nucleation of the p2 phase would be larger than 
that in the case of the @l phase. 

In view of the preceding discu~ions it is evident why 
the nucleation of the @l phase is favoured in preference 
to that of the p2 phase, even though the driving force 
for the nucleation of the former is much smaller than 

Nb%+ Nb X- 

Fig. 9. Hypothetical free energy-composition diagrams at 
500’ and 45O’C. 
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that for the latter. The precipitation of the /II phase 
would also be favoured from the point of view of the 
growth kinetics as the extent of the long range trans- 
port of niobium atoms required for the growth of a 
/II precipitate is much smaller than that in the case of 
a f12 precipitate. 

This metastable p1 phase has a tendency to trans- 
form into a mixture of the a and the p2 phases, but 
such a transformation would again encounter a large 
free energy barrier (AGprp, as shown in fig. 8(a)) and 
would consequently be extremely sluggish. Aldridge 
and Cheadle [ 16 ] have shown that the /I1 phase does 
not decompose even during the furnace cooling of a 
Zr-2.5% Nb alloy sample from the a + ~3 phase field. 

On tempering at 55O”C, the Zr-5.5% Nb as well as 
the Zr-2.3% Nb alloys were found to behave in a simi- 
lar fashion because the To temperatures for both of 
these were.above the tempering temperature. The for- 
mation of the /I1 precipitates in preference to the fi2 
precipitates could be explained on lines similar to those 
followed in discussing the tempering behaviour of the 
Zr-2.3% Nb alloy at 600°C. 

The precipitation of the PI phase would be thermo- 
dynamically impossible if the free energy corresponding 
to the mixture of the a and the /.I 

b 
phases were to ex- 

teed that of the supersaturated a phase. This could 
happen at lower temperatures where the common tan- 
gent to the G, and Ggi curves touches the G, curve at 
a composition level higher than the a’ composition. It 
appears from the present experimental results that the 
common tangent touches the G, curve at a composi- 
tion X, where X lies between 2.3 and 5.5% Nb at 500” 
C and above 5.5% Nb at 450°C (fig. 9). In such a si- 
tuation the equilibrium p2 phasewould directly preci- 
pitate out during tempering. 

4.2. l’bin-boundary precipitation 

It has been mentioned earlier that a fll precipitate 
forming at a twin boundary maintains equivalent orien- 
tation relations with the two adjacent twin-related 
crystals. This is possible since a (110 }@i type mirror 
plane is parallel to a {ioii }a type twin plane. The 
plate shaped precipitates were seen lying along the twin 
plane with their flat faces, (1 10),sl, parallel to the twin 
interface. This is schematically shown in fig. 10. For 
this particular variant of the orientation relation, the 

two orthogonal directions [l lzb], and [ liO21 a are 
parallel to the [lil],r and the [ 11218r directions re- 
spectively. In order to make an estimate of the degree 
of misfit at the precipitate-matrix interface, the repeat 
distances along these directions are compared in table 
1. It is evident from these values that mismatch be- 
tween the (ilol), and the (1 lo)01 planes is quite 
small and thus the interface separating these two planes 
is coherent to a reasonable extent. Since a precipitate 
has equivalent orientation relations with both the twin 

components, the same degree of coherency is main- 
tained on both the flat faces of the plate shaped pre- 
cipitate. For such a condition the surface energy re- 
quirement for nucleation would be very small and 
thus those variants of the Burgers’ relation in which a 
{ 110 )pl type mirror plane lies approximately parallel 
to the twin interface would be predominantly opera- 
tive. There can be six different orientations of the p1 
crystal which can have a (110 } type plane parallel to 
a given (lOi1) twin plane, but these orientations are 
crystallographically equivalent and are not distinguish- 
able from one another. For this reason the orienta- 
tions of the fll precipitates nucleating separately on a 
set of (lOi1) twins would be identical and these preci- 
pitates could join together resulting in. a lamellar dis- 
tribution of the p1 phase, 

The formation of the precipitate morphology along 
twin boundaries (fig. 11) can be explained in terms of 
the following growth mechanism. Since atom transfer 
across the coherent interface is rather slow, the thicke- 
ning of a twin boundary precipitate would occur at a 
slow pace. In contrast, the growth of these precipi- 
tates along their habit plane would be accomplished by 
absorption ofnew atoms at the precipitate edge and 
this would be facilitated by a process consisting of 
the diffusion of solute atoms towards the twin inter- 
face followed by a short circuit diffusion along the 
twin. boundary. As a result, thin plate shaped precipi- 
tates would form at the twin interface. In some in- 
stances, where the successive twin interfaces are close- 
ly spaced, precipitates of identical orientation, growing 
from adjacent twin boundaries may join and thereby 
produce a non-coherent boundary between the precipi- 
tate and the twin segment (fig. 1 lc). A sidewise move- 
ment of this incoherent interface would result in a fur- 
ther growth of the precipitate at the expense of the 
twin segment. Finally the precipitate would occupy a 
portion of the twin segment, with the coherency be- 
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Fig. 10. (a) A schematic diagram showing the geometry of a plate shaped precipitate along (ilOl>, twin plane. The chosen variant 
of orientation relation: 

is the same as that shown in fig. 6. (b) Hard sphere model of the (110) 
of the paper. (c) Hard sphere model of the (flOl)o plane. Centres of & 

plane. Centres of all the spheres are lying on the plane 
e spheres lying along afternate close packed rows are placed 

above and below the plane of the paper. 

Fig. 11. Morphology of precipitates along twin boundaries. (a) Zr-5.5% Nb, beta quenched, tempered at 500°C for 100 min. Dark 
field micrograph showing discrete precipitates along twin boundaries. (b) Zr-2.3% Nb, beta quenched, tempered at 600°C for 10 
min. Thin sheet bke precipitates along the twin interfaces appear to have grown by agglomeration of discrete precipitates. (c) Zr- 
5.5% Nb, beta quenched, tempered at 550°C for 100 mm. Micrograph shows precipitates nucleating at adjacent twin interfaces 
join up and grow at the expense of the twin segment. Volume fraction of the ‘edge on’ precipitates is 24%. 
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Table 1 
Degrees of misfit at the interface between the (TlOl), and the (1 lO)81 planes 

o-Z1 pl(Zr-20% Nb) 81 (Zr-85% Nb) Misfit Misfit 

for Pl for @.a 

Interatomic distances 
and degres of misfit 
along [llllp II [llZO], 

Distance between con- 
secutive close packed 
rows and degrees of 
misfit along 
[iio2],~~[ii21a 

a = 3.22 A 

4 (ia* + c2)1 
= 2.81 A 

&?2ao 
= 3.05 A 

mae 
= 2.87 A 

2.91 A 5.3% 9.7% 

2.73 A 2.1% 2.8% 

tween the precipitate and the matrix across the (lOi }a! 
and the (1 10}p, planes still being maintained. 
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