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is justifiable when consideration is made with respect to the position 

of the 8/a + 8 phase boundary due to the residual oxygen content of the alloy. 

6.2 X-ray Analyses 

In the high temperature range, two forms of oxide were observed. 

X-ray powder patterns of both the grey and the white oxides revealed 

virtually no differences in crystal structure between the two forms. The 

colour differences between tne two oxides are due to changes in stoichiowetry, 

the white form being near stoichiometric. X-ray diffractometer measurements 

provided a more detailed method for identification purposes. The main 

reaction product was identified as monocHnic zirconia (Zro2). The extra 

reflection at a d-spacing of 2,97 was attributed to the presence o"f the 

mixed oxide, 6Zr02·Nb2o5 wh1ch has a strong refiection at 2.95 R. It is 

believed that the extra diffraction peak 'is also a result of the mixed ox·icie 

rather than tetragonal zirconia because certain observed peaks corresponding 

to the monoclinic structure had larger intensity ratios (I/I
0

) than expected; 

these particular peaks (see Table II) correspond to the more intense reflections 

of the mixed oxide, 6Zro2 • Nb2o5• ihe of 6Zro2 • No2o5 1n oxides 

formed on Zr-Nb alloys at high tempel"aturcs nas a lzo been confi l"'iiCd by 

Zmeskal and Brey< 43} and Guerlet and Lehr< 48). 

Examination of the oxide at the metal/oxide interface revealed 

that only monoclinic Zr02 is present. The intensity ratios do not 

all correspond to those given in the powder data file (see Table III); 

however, this can be expected since the specimen was a solid oxide scale 

rather than a powdered form, and the effect of preferred orientations would 

alter the intensity Tile absence of the extt·a reflection corresponding 



to the mixed oxide indicates that the latter is present in the oxide but 

not in the vicinity of the metal/ozide interface. Thus in the oxide 

adjacent to the metal/oxide interface only monoclinic Zro2 is present 

whereas away from the interface both monoclinic Zro2 and the mixed oxide 

6Zro2 • Nb2o5 exist. 

6.3 Oxidation of a Zr-2~ w/o Nb Alloy at l000°C 
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Oxidation of alloy spheres resulted in the extension of the period 

of parabolic behaviour up to approximately 12 hours due to the minimization 

of the edge effect which is characteristic of rectangular plate samples. The 

slight reduction in the value of KP for the spherical specimens is attributed 

to the non-existing edge effect. 

At short times (1 hour) a black adherent oxide was formed which 

progressively transformed to a compact pearly grey oxide at longer times. 

The white form of Zro2 was only observed on specimens in the breakaway 

region and was concentrated around the region where breakaway occurred. 

As pointed out before, the colour changes are associated with changes in 

stoichiometry, 

The cross-sections of the oxidized samples are characterized by: 

(i) a compact scale exhibiting a columnar morphology containing more than 

one oxide and showing devi ations in stoichiometry, 

(ii) a zone of internal oxidation comprised of the a-Zr phase plus an 

oxide, 

(iii) a zone of internal precipi t ation where the a-Zr phase is precipitated 

in a matrix e-Zr resulting in a columnar-plus-isolated-precipitate 

two-phase zone, 



(iv) and a region of t ransformed e-Zr extending to the interior of the 

sample. 
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An idealized schematic representation of the above description 

resulting from metallographic observations i s shown in Fi g. 3lb. Fig . 3la 

is the Zr rich position of the Zr-Nb-0 ternary i sotherm at 1500°C as 

constructed by Wyder and Hoch(Sl) . (The ti e lines i n the two-phase regi ons 

have been drawn by the author for illustrati ve purposes only and are not 

a resu l t of actual determinations.) Since a ternary isotherm at l000°C was 

not available in the li terature~ the isotherm o·f Wyder and Hoch will be 

used to qualitatively discuss the observed microstructures,. assuming 

that the two isotherms are relative~y similar, differing only in slight 

compositional changes of t he respective pnases . This assumption appears 

to be valid since the phases across the respective binary phase diagrams 

at l000°C coincide with the binary representation on the ternary phase 

diagram at 1500°C. 

The identity, order and struc~ure oi ternary diffusion layers have 

been studied in diffus i on couples ana the sequence of layers always 

corresponds to consecutive regi o~s in tr.a appropriate terna,ry ·; sotherm of 

the phase diagram. Us ing diffusion 'layer ·formation in the Al-lt.g-Zn !:lys.tem, 

Clark and Rhines(SZ) proposed a set of rules governing the course of the 

composition path in multi- layered ternary aiffusion structures which was 

later modified by Kirkaldy and Brown( 53), supported by observations in the 

Cu-Zn-Sn system. In simple binary d&ffusion couples only single phases are 

present since the phase ru le defines a unique compositi on path corresponding 

to a tie-l ine in two-phase fields . In ternary systems, because of the extra 

degree of freedom, the composition path may cross tie lines in two-phase 
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fields resulting in a diffusion layer having two phases. 

A composition path can be qu~litatively constructed on the iso­

therm of the ternary phase diagram to account for the observed microstructure 

of the oxidized alloy. We essentially have a diffusion coup le consisting 

of pure oxygen and a Zr-2~ w/o Nb alloy. The terminal points of the composition 

path are thus defined by these compositions and the resulting phases~after 

oxidation,can be described by the consecutive regions wh i ch are traversed 

by a path having the above termina1 compositions . Fig. 31 a shows the com­

position path constructed on the ternary phase diagram and how the successive 

regions along the path correspond to the observed microstructure. 

The composition path emerging into the 13 region from the Zr-Nb 

side of the ternary defines the prese~ce of the a pnase at the interior of 

the specimens. Upon emergence into the "i:wo-phase a + a region, the crossing 

of tie-lines results in the precipitation of a-Zr producing a two-phase 

a + 13 layer. The zone of internal oxidation consists of a-Zr and an cxiae. 

The only oxide which can exi st in equ1hbrH.1m with a-Zr is Zr02• For the 

composition path to continue through the 'i:~Jv-phase a + Zro2 reg'icn of the 

phase diagram, it must do so by cross·ing the ·chree phase a + a •r Zro2 region 

upon emergence from the a + 8 t•egion. Cu'cting through the three phase 

field defines the interface between the ~ + s and the a + Zr02 layers where 

the three phases, a+ s + Zro2, are ·in eqLrilibrium. The three phase 

equilibria is supported by meta11ographic observations in Fig . 26. For 

the formation of Zro2 as an internai oxidation product, the composition 

path crosses tie lines in the two-phase a + Zr02 region before entering the 

Zro2 phase field. The Zr02 layer, adjacent to the zone of internal oxidation, 

meta 11 ographi ca lly appears as if it \'JOre a t~w-phase zone. Since X-ray 
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examinations of the underside of t he scale revealed only the presence of 

monoclinic zirconia with no reflections corresponding to the mixed oxi de or 

lower oxides of niobium, i t is bel i eved t hat the dark constituent of this 

layer corresponds to Zro2 with Nb dissolved in i t t hus al t eri ng the stoi chio­

metry. Electron micro-probe analysis of t he dark constituent revea led a 

Nb enrichment in these regi ons and the sequence of events leadi ng t o the 

formation of the oxide explains the observed enri chment. In the a+ s ' 

regiOA aear the a + S/a + Zr02 interface, the 8 phase is en~iched in Nb 

due to Nb rejection from a-Zr as the latter is precipitat ed . It is these 

Nb enriched 8 regions whi ch subsequently oxidize internally t o form Zro2 
with Nb dissolved in it. These da1 .. k stringers of Nb enri ched zirconia 

extend continuously across the alloy/ox~de interface into the adjacent oxide 

layer. Hence the two-phase appearance of the zro2 layer is due to the No 

segregation in the oxide wh1cn consequently influences the stoichiometry; 

the presence of the Zr02 layer coincides with the composition path cuttins 

through the Zro2 phase fie ld. 

Emergence of the diffusion path into the two phase fieia of Zro2 + 

6Zro2 • Nb2o5 at an ang le inci<ient to the ti.a-lines results in a two phase 

layer consisting of z·lrconia and the ITI~xed ox·;de. The thickness cf tl1e b1o 

phase layer is approximately 6/7 that of the entire oxide; the remairnng 

l/7 corresponds to the zi rconia layer . Th~ preseflce of the mi xed oxide has 

been confirmed by X-ray diffraction. 

The two-phase region of the oxide, above the zirconia layer, does 

not extend to the surface of t he oxide as shown in the schematic . This can 

be expected because of t he fa ct that for the two-phase columnar structure to 

exist in the oxide,it is necessary that 't11e alpha struct ure be stabilized 
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beneath the oxide scale . Since the oxide grows by the inward di ffus i on of 

oxygen, the initial oxide whi ch is formed i s that whi ch exists at the surface 

of the scale. At the initial stages of oxidation the alpha structure is 

not yet stabilized as a columnar structure and thus the oxide formed 

in i tia l ly would not have t his characteristic morphology , and, as a result, 

appears as a thin homogeneous region of Zr02. 

It is evident from Figs. 21 to 23 and Fig. 25a that the zone of 

internal oxidation has a finer structure than the coarse a + e region 

beneath it. With the al loy/internal oxidation interface parabolically 

advancing inwards and the coarse a plates acting essentially as markers, one 

would expect the zone of internal oxidation to have a coarse columnar 

structure not unlike that of the a+ ~ region. However, the fine structure 

observed in the a + Zro2 layer is a result of the nucleation of secondary 

a plates in the e phase bet ween the existing codrse a plates. The nuciea~ion 

and growth of these new plates in the ~ + e region anead of the advancing 

internal oxidation front results in a finer structure of the latter. 

Metallographic evidence of this secondary nucieation of a-plate5 is shown 

in Fig. 32. 

When a-plates are i ni tially stabilized beneath the oxide scale, 

certain plates will tend to grow faster than others resulting in a fine 

structure in the internal oxidation zone while the a + 8 region would 

appear coarse. The faster growing plates would retard the growth of the 

slower ones by eventually growing around tnem. Thus the fine structure of 

the internally oxidized layer would only be evident at short times while at 

longer times, the advancement of the a+ 8 + Zro2 interface across the 

• 



Figure 32 . Cross Section Showing Secondary Nucleation of a Plates 
in the a + B Precipitate Region 
(Magnification 400X) 
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coarse a+ s region would result in a coarse a+ Zro2 region as well. 

However, as pointed out before, the existence of a fine structured a + Zro2 
layer over all times can be attributed to the nucleation of new a-plates. 

The nucleation of new plates between the existing columnar a structure can 

be justified by the slope of the 8/a + B phase boundary of the Zr-Nb-0 

isotherm. From the phase diagram it is apparent that the oxygen solubility 

in the 8 phase decreases with increasing Nb concentration. As the a-Zr 

plates are growing, Nb is being segregated into the intercolumnar regions 

of 8-Zr, thus decreasi~g the oxygen solubility. As a result, areas of 

oxygen supersaturation are created, the supersaturation being relieved by 

the nucleation and growth of secondary a-pl~tes. Hence the fine structure 

of the a + Zro2 diffus ion layer is maintained at longer times by con~inued 

nucleation and growth of new p iates re 1 ieving d1e supersaturated conditions 

which are created in the coarse columnar region as the a + 13 + Zi"02 inter­

face advances inwards; this is shown schematically in Fig. 31b. 

Internal oxidation in the Zr-Nb system has been observed by Rapp 

and Goldberg( 4S) in Nb-Zr alloys, up to 40 a/o Zr, oxidized at 1000°C in 

oxygen. Alpha zirconiu1J1, stabiliz,:d ahead of the advancing internal oxidation 

zone, was oxidized internally to Zro2• In u re~ent investigation by Guer1et 

and Lehr( 48), to which reference has already been made, the columnar a.1pha 

structure was observed beneath a columnar oxide scale, not unlike that 

observed in th~s-investigation. However, there was no evidence that an 

internal oxidation zone was formed nor did they observe any variations in 

the colour of the oxide in the intercolumnar regions of the scale. While 

no micrographs of the metal/oxide interfac~ at high magnifications was 



presented by Guerl et and Lehr, it was from metallographic evidence such as 

this that the presence of these zones was confirmed in this work. 

Guerlet and Lehr argued that the intercolumnar regions of the 
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metal near the metal/oxide interface was primarily e-Nb and that a-Zr and 

e-Nb oxidized simultaneously to form Zro2 and Nb2o5 respectively, while a 

solid-solid reaction taking place between the latter to form 6Zr02 • Nb2o5 
accounted for the mixed oxide reflection in the X-ray results. Because of 

the difficulty in assessing the micro-probe data for the intercolumnar 

regions of the metal near the interface, due to the size limitations of the 

system, the author is unable to accept the conclusion that these areas are 

s-Nb but can accept the fact that there is niobium enricnment in a s-Zr 

phase. It is believed that the enriched e-Zr phase oxidizes to form the dark 

stringers of Zro2 enriched in Nb, wh1ch will be designated as Zr02(Nb). 

It is the Zro2(Nb) which oxidizes to 6Zro2 • Nb2o5 when ·a sufficient oxyg~n 

level is attained in the sca le. This reaction is represented by the con­

version of the dark Zr02(Nb) in the zil'"conia layer to the white 6Zro2 • Nb2o5 
in the two-phase oxide layer. 

It is believed that the prot~c~ive qualities of the grey oxide 

scale can be attributed to the struc·cu·..-a1 r.atu¥\~ of the internal oxide 

precipitates. The fact that the oxide stringers of Zro2(Nb) extend continuously 

from the zone of internal oxidation across the metal/oxide interface into 

the oxide scale, may account for the exceptional adherence which the 

oxide displays, in the region of parabolic behaviour. 

6.4 Breakaway Oxidation 

Breakaway oxidation is a very complex phenomenon that is not well 



understood. It has been previously pOinted out that certain factors such 

as changes in stoichiometry, crystallographic changes or induced stresses 

in the oxide as a result of volume changes may promote fractures leading 

to the breakaway phenomenon. It is not tne purpose of this section to 

propose a mechanism to explain breakaway but to discuss some of the obser­

vations related to it. 

Breakaway to a more rapid reaction kinetics was most pronounced 

in the high temperature range. Stoichiometric white Zro2 appearing along 
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the edges of rectangular samples and a white network superimposed on the 

compact grey Zro2 of the surfaces are characteristic of a Zr-2~ w/o Nb 

rectangular specimen oxidized in the breakaway region at high temperatures(4l). 

Using the spherical samples , breakaway was characterized by rapia attac~ 

at localized areas resulting in the fonnat~on cf the white stoichiometric 

Zro2 at these points. A cross section of a region of localized attack 

resulting in breakaway kinetics is shown in Fig. 33b. The oxide over1ying 

the columnar structure is the compact grey Zr02 while the cracked and 

massive scale growth above the cavity produced at the metal surface is the 

white stoichiometric Zro2• The interesting feature associated with this 

localized attack is the difference in alloy microstructure beneath the 

respective oxides. At the metal/oxide interface bordering the cavity, the 

columnar structure has broken down and a more rapid attack is tolerated in 

this region whereas a compact grey adherent scale exists only in those 

areas where the columnar structure is ma,ntained. 

Since the Pilling-Bedworth ratio for zirconia/alpha-zirconium is 

larger than unity (-1.56) large stresses may be generated in the oxide. 

As a result, fissures in the oxide may be initiated by shearing, a process 



(a} 160X 

(b) sox 

Figure 33 . (a} Initiation of Localized Attack 
(b) Cross Section of a Region of Localized Attack 

(Breakaway} 
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which would be favourab le in this system due to the columnar morphology which 

the oxide exhibits. Cracks such as shown in Fig. 33a may be generated 

from small fissures under the influence of stresses in the oxide resulting 

in the initiation of localized attack. Once the crack propagates to the 

metal interface, OxYgen supply would come in direct contact with the metal 

and the oxidation reaction would become catastrophic. As a result, this 

may lead to the situation shown in Fig. 33b where the columnar structure 

has been consumed and the protective qualities have been lost. Since the 

oxidation rate is very rapid in the region of localized attack, almost all 

of the oxygen may be consumed in forming the oxide leaving an insufficient 

amount available to stabilize the columnar structure; that is to say, that 

due to the cracked and porous nature of the scale in the breakaway zone, 

the reaction may occur to such a rapid extent, that the metal/oxide 

interface may advance at a faste~ rate tnan the rate at which a-2r n~y 

be stabilized ahead of the moving front. Under these conditions, tapid 

reaction kinetics would pers ist untii all of the metal was consumed. 



CHAPTER VII 

Cone 1 us ions 

{i) The oxidation of a Zr-2~ w/o Nb alloy ini tially obeys a parabolic 

relationship over t he range 650° - 1000°C. Paraboli c behavi our was 

followed by a trans ition to a more rapid reaction kinetics, In the 

range 650° - 885°C , the parabolic region extends over relatively 

brief time periods as comparea to the high temperature t•cmge (937° -

1000°C). The acti vatfon· energy for l)arabolic oxidation f-rom 650° -

885°C is 38 kcal/mole. Oxidation in the low temperature range is 

characterized by a transition to esscntiaUy linear kinetics, wher~as 

in the high temperature range, parabolic oxidation is fo11owea by a 

breakaway transition to an increasing oxidation rate. The ac'tivadon 

energy for parabolic oxidation from 937° - 991°C is 30 kcal/mo1e . 

(ii) The break in the Arrhenius plot of the pal"aboli c rate constants, between 

the temperatures 885°C and 937°C, is related to the a + S/8 phase boundary 

of Zr-Nb phase diagram. In the range 650° - 885°C, the alloy is oxidized 

in the two phase a + e region whereas at and above 937°C, the alloy is 

fully in the e region. 

{iii) During parabolic behavi our in the high temperature range 9 the a-Zr, 

exhibiting a columnar morphology, is stabilized below the oxide scale 

by inward di ffusing oxygen. In tne region of breakaway oxidation, 

Q? 
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the a layer breaks down and rapid oxidat i on of the e-Zr takes place. 

(iv) In the high temperature range a multi phase oxi de scale is fo"ned. 

The inner oxide layer, adjacent to t he all oy/oxide i nterface, consists 

of columnar grains of monoclini c zirconia with intercol umnar regi ons 

of niobium enriched zi rconia. The outer layer and main bulk of t he 

oxide scale consists of a multiphase oxide of columnar gra ins of mono­

clinic zirconia with intercolumnar regions of t he mi xed oxi de, 6Zro2 • 

Nb2o5• 

(v) A zone of internal oxidation of a + Z'I'02(Nb) is formed beneath tile oxide 

scale. The zirconi a precipitates containing niobium occurred a·c ·cne 

boundaries of the oxygen stab)lized a plates. They formed as stringers 

extending continuous ly into the external scale and they appeareG to 

exert a pinning acti on of the protective scale to the metal substrate. 

(vi) The fine columnar structure of the internal oxidation zone is a result 

of the nucleation and growtn of secondary a plates in the a precipitate 

region ahead of the advancing internal oxidation front. lhis pnenomenon 

is attributed to the slope of the S/a + e phase boundary of the ternary 

isotherm which indicates a decreasing oxygen solubility with increasing 

niobium content. Thi s yie1ds sufficient oxygen supersaturation of 

a-Zr, in the a+ e region , to allow precipitati on of secondary plates 

of a-Zr. 



94 

(vii} The morphological development of the layered structure during parabolic 

kinetics at high temperatures is consistent with the available phase 

diagram data. The sequence of the observed layers is defined by a 

composition path crossing consecutive regions of the ternary isotherm 

between two terminal points defining a diffusion couple. 



APPEN DIX 

TABLE I 

PARABOLIC OXIDATION RATE CONST~~TS 

Oxidation Temp. (°C) Sample Kp(gm2cm-4 min - 1) 

1000 sphere 12.5 X 10- 7 

II 14.0 X 10- 7 

991 plates 13.6 X 10-7 

II 15.3 X 10-] 

II 13.8 X 10-7 

937 II 8.17 X 10-7 

II 7.88 X 10-7 

II 8.89 x w-7 

885 II 11. l X 10-] 

II 13.6 X 10-7 

832 II 7.25 X 10-l 

n 8.14 X 10-7 

800 II 3.11 X w-7 

750 II 1.54 X 10-7 

700 II 0.78 X 10-7 

650 II 0.17 X 10-7 
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TABLE II 

X-RAY DIFFRACTOMETER DATA 

SPECIMEN: Oxide formed at 991°C (powdered) 
1 .542~ RADIATION: CuK FILTER: Ni 1.: 

a 

Peak 2e Rpecimen Mo~oclinic Zirconia (ASTM) 
d( ) I/I

0 
d( ) I/I

0 

1 17.33 5.108 4- 5.036 6 
2 24.00 3.708 15 3.690 18 
3 24.42 3.641 13 3.630 14 
4 28.12 3.170 100 3.157 100 
5 30.10 2.970 11 
6 31.40 2.846 73 2.843 65 
7 34.14 2.623 23 2.617 20 
8 34.25 2.608 2G 2.598 12 
9 35.22 2.545 18 2.538 "14 

2.488 4 
10 38.50 2.336 7 2.328 6 
11 39.33 2.288 1 2.285 2 

2.252 4 
12 40.67 2.215 17 2.213 i4 
13 41.27 2.184 8 2.182 6 
14 44.74 2.023 8 2.015 c 
15 45.40 1. 995 7 1.989 8 
16 49.22 1.849 25 1.845 18 
17 50.10 1.819 35 1.818 12 
18 50.50 1. 805 21 1 ,801 12 
19 51.16 1.783 11 1 .780 6 
20 54.00 1.696 "!7 i. 691 14 
21 55.27 1.660 20 1.656 1£1, 
22 55.85 1.644 13 l.640 8 
23 57.16 1.610 10 1.608 8 
24 57.88 1.591 7 1.591 4 
25 58.08 1.586 8 i.58~ 4 
26 59.84 1.544 17 ~.541 10 
27 61.30 1.510 8 1.508 6 
28 61.88 1.498 8 1 .495 10 
29 62.74 1.479 14 1.476 6 
30 64.23 1.448 3 1 .447 4 
31 65.62 1.421 11 1.420 6 
32 68.85 1.362 1 1.358 2 

1.348 2 
33 71.13 1.324 6 1. 321 6 
34 72.18 1. 307 3 1. 309 2 

1.298 2 
35 75.06 1.264 6 1.269 2 
36 78.95 1.211 3 + 34 peaks 

to 0.885 
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TABLE II I 

X-RAY DIFFRACTOMETER DATA 

SPECIMEN: Oxide at the metal/oxide irterface at 991°C (.scale intact) ~ 
RADIATION: CuK FI~.TER: Ni A: 1.542 

a 

Peak 26 R)ecimen Mo~oclinic Zirconia (ASTM) 
d( I/I

0 
d( } I/I

0 

5.036 6 
1 24.06 3.694 l1 3.690 18 
2 24.45 3.623 3 3.630 14 
3 28.22 3.158 100 3.157 100 
4 31.48 2.838 16 2.843 65 
5 34.14 2.623 10 2.617 20 
6 34.40 2.600 6 2.598 12 
7 35.28 2.540 2 2.538 14 
8 35.85 2.501 .; 2.488 4 
9 38.60 2.329 4 2.328 6 

2.285 2 
2.252 4 

10 40.75 2.212 5 2.213 14 
11 41.45 2.176 l ( 2.182 6 
12 44.85 2.014 ~ . 2.015 8 .J 

13 45.52 1.990 iS 1.989 8 
14 49.26 1.847 lc. i .845 18 
15 50.15 1.816 7 1.818 12 
16 50.58 1.802 21 1.801 12 
17 51 .27 1. 780 ly 1.780 6 
18 54.10 1.693 ? L691 • L!. ... ' ' 19 55.40 1.656 10 1.656 14 
20 55.58 1.651 12 1.640 8 
21 57.20 1.608 2 1.608 8 
22 57.48 1.601 2 ·; .591 4 
23 58.30 1.580 6 1 .58'1 4· 
24 59.94 1.541 4 i. 541 10 
25 60.14 1.536 4 1.508 

,.. 
0 

26 61.99 1. 495 8 1. il95 10 
1.476 6 

27 64.32 1. 446 5 1.447 4 
28 65.64 1.420 3 1.420 6 

1.358 2 
1.348 2 

29 71.20 1. 322 7 1.321 6 
1.309 2 
1.298 2 

30 75.30 1.260 3 1. 269 2 
+ 34 peaks 

to 0.885 



TABLE IV 

OXYGEN DISTRI BUTION AT VARIOUS TEt~PERATURES 

Temperature (OC) W/0 02 (in oxide) w/o 02 {in alloy) 

1000 64% 36% 

885 88% 12% 

800 93% 7% 

750 94% 6% 

. 700 95% 5% 

650 97% 3% 



ELECTRON fv1ICRO-PROt3E RESULTS 

l 

DISTANCE--

The above is the result of a transverse scan across 
the columnar structure of the a+ B precipitate region 
showing the variation in niobium concentration. The large 
peaks were generated from the B-Zr areas between the 
columnar a-Zr plates, indicating niobium segregation in 
these regions, The lower limits of the scan were generated 
fl-om the a-Zr plates indicating a lowe r solubility of Nb 
in a-Zr. 
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