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Abstract

Feasibility of using Mo as a crucial alloying element in Zr-based alloys is addressed in terms of grain growth

characteristics, texture and mechanical properties. In binary Zr±1Nb alloy, addition of Mo retarded recovery and

recrystallization of cold worked microstructure and suppressed grain coarsening. Mo also prevented abnormal grain

growth that occurred in the binary alloy. The grain re®nement e�ect of Mo was explained in terms of b-phase forming

at the interface of a-phase plates. Yield strength and ultimate tensile strength of heat-treated Zr±1Nb and Zr±1Nb±ySn-

0.1Fe alloys were also enhanced by Mo addition due to solid-solution hardening and persistent cold-worked dislocation

substructure. As cold-rolled Zr±1Nb alloys showed a rather high basal texture along the normal direction of plate

surface and this was relaxed by Mo addition, which was attributed to grain re®nement and promotion of b-phase. The

present work indicates that Mo can be a valuable addition in Zr-based alloys particularly under extended high tem-

perature exposure. Ó 1999 Elsevier Science B.V. All rights reserved.

PACS: 81.05.BX

1. Introduction

In accordance to the high burn-up requirement in

water reactors [1,2] demands arise for better core ma-

terials based on Zr. High strength as well as high creep

resistance are sought in addition to the corrosion resis-

tance for fuel cladding or pressure tube applications.

For this purpose, the target chemical constituents of

advanced zirconium alloys have been centered around

Zr±Nb and Zr±Nb±Sn with possible addition of Mo.

Many alloys have been already developed based on Zr±

Nb±Sn system: for example, ZIRLO [3] and E635 [4]. In

case of EXCEL [5], a noticeable amount of Mo was

added to enhance creep resistance and solid solution

hardening. Although the usage of Mo as a major al-

loying element in advanced zirconium alloys has been so

far rather limited particularly because of a concern on

formability, it deserves more attention when creep situ-

ation is seriously considered.

The role of Mo in zirconium alloys is not fully un-

derstood. According to Williams et al. [6] and Carpenter

et al. [7] Mo promotes solid solution hardening and

precipitation hardening in Zr±Nb±Sn or Zr±Al alloys. In

addition, Hwang et al. [8] reported a grain-re®ning e�ect

and a texture-relieving e�ect of Mo. As a b-stabilizer,

Mo also a�ects phase transformation of Zr. In the

present work, we attempted to answer the questions on

how and why Mo-containing zirconium alloys resist

grain growth and also, on whether Mo addition is to be

favorably considered in the future alloy development.

2. Experimental procedure

Plasma arc melting with water-chilled copper hearth

was used to prepare experimental alloys. Basically two
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groups of experimental alloy compositions were pre-

pared: Zr±1Nb±xMo group to study the basic e�ect of

Mo on grain growth characteristics and Zr±1Nb±ySn±

xMo±0.1Fe group to evaluate the mechanical properties.

Nuclear grade sponge Zr and Nb and Mo 99.9% and

99.95% in purity, respectively, were used for melting.

The alloys of the chemical compositions as shown in

Table 1 were made into buttons of 300 g in weight, and

were forged at 1100°C to reduce the thickness by 60%.

Hot rolling was conducted at 800°C to give 50% re-

duction in thickness. Prior to hot rolling buttons were

enwrapped with stainless steel sheets and soaked at

1000°C for 20 min, followed by water quenching. Final

deformation was conducted at room temperature by

cold rolling the hot-rolled plates into thin plates of 3 mm

in thickness, which was equivalent to a reduction of

25%. For Zr±1Nb±ySn±xMo±0.1Fe alloys, additional b
heat treatment of 1000°C for 10 min and air cooling was

conducted prior to the ®nal cold rolling.

For texture analysis, Kearns numbers of experimen-

tal alloy plates were measured by X-ray di�raction

method according to the procedure described elsewhere

[9]. Relative amount of b-phase in the a-matrix was

measured also by the X-ray di�raction method as sug-

gested by Gazzara [10]. Tensile testing was conducted at

room temperature and also at 385°C. Flat tensile test

specimens (ASTM E8 sub-size, 10 mm in gage length)

were cut from the cold rolled plates such that the

tensile loading axis was parallel to the rolling direction.

A crosshead speed of 2 mm/min was maintained dur-

ing testing. Etching solution for optical microsco-

py and electropolishing solution for TEM were

composed of HF:HNO3:H2O� 5:45:50 in volume and

HClO4:CH3OH� 1:4 in volume, respectively.

3. Results and discussion

3.1. Grain re®ning e�ect of Mo

An optical micrograph of experimental Zr±1Nb alloy

in the as cold-rolled condition is shown in Fig. 1. Grains

consisted of basket-weave type elongated plates, the

details of which were not clearly resolved because of the

low magni®cation. As for the e�ect of Mo, there was no

clear di�erence in the optical micrographs of as cold-

rolled samples regardless of Mo content. The micro-

structural features in the as cold-rolled condition were

similar to those of commercial Zr±2.5Nb alloy [11] and

of Zr±Nb±Sn alloy (ZIRLO).

TEM micrographs of as cold-rolled samples of Zr±

1Nb and Zr±1Nb±0.7Mo alloys are shown in Fig. 2. In

both samples, a high density of dislocations was ob-

served. A signi®cant di�erence in the two alloys was in

the distribution of the second phase b. The b-phase in

both alloy systems existed predominantly along the

boundaries of a-laths as a platelet shape. However, the

morphology of b-phase was di�erent in that the phase

was more continuous in Zr±1Nb±0.7Mo alloy. Despite

the morphological di�erence detectable by TEM, it was

not as great as to be discernible by XRD analysis in the

as cold-rolled condition. Only after extended recrystal-

lization annealing treatment, variation in the amount of

b-phase became substantial: 2% vs. 11% for Zr±1Nb and

Zr±1Nb±0.7Mo alloys, respectively, after 16 days of

annealing at 700°C. Evolution of b-phase during ex-

tended heat treatment of both alloys is shown in Table 2

and Fig. 3. The amount of b-phase increased with Mo

content, which was most signi®cant for the alloys con-

taining more than 0.3 wt% of Mo.

Table 1

Chemical compositions of experimental alloys

Nominal Analysis (wt%)

Nb Sn Mo Fe Zr

Zr±1Nb 1.01 ) ) )
Zr±1Nb±0.1Mo 1.07 ) 0.11 )
Zr±1Nb±0.3Mo 1.02 ) 0.33 )
Zr±1Nb±0.5Mo 0.94 ) 0.51 )
Zr±1Nb±0.7Mo 0.96 ) 0.68 )
Zr±1Nb±0.5Sn±0.1Fe 0.99 0.50 ) 0.13

Zr±1Nb-0.5Sn±0.2Mo±0.1Fe 0.98 0.51 0.21 0.14

Zr±1Nb±0.5Sn±0.5Mo±0.1Fe 0.95 0.50 0.51 0.16

Zr±1Nb±0.5Sn±0.7Mo±0.1Fe 0.92 0.50 0.71 0.15 Bal.

Zr±1Nb±0.7Sn±0.1Fe 0.95 0.66 ) 0.13

Zr±1Nb±0.7Sn±0.2Mo±0.1Fe 0.89 0.68 0.22 0.15

Zr±1Nb±0.7Sn±0.5Mo±0.1Fe 0.98 0.70 0.53 0.15

Zr±1Nb±0.7Sn±0.7Mo±0.1Fe 1.06 0.69 0.74 0.15

Zr±1Nb±1Sn±0.1Fe 1.02 0.94 ) 0.15

Zr±1Nb±1Sn±0.2Mo±0.1Fe 0.97 0.92 0.19 0.14

Zr±1Nb±1Sn±0.5Mo±0.1Fe 1.00 0.92 0.50 0.16

Zr±1Nb±1Sn±0.7Mo±0.1Fe 1.00 0.90 0.67 0.16
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Details of microstructural development of Zr±1Nb

alloy during heat treatment at 700°C are shown in the

TEM micrographs of Fig. 4. In this alloy recovery oc-

curred in 1 h at the temperature, resulting in subgrains

within dislocated a-laths as shown in Fig. 4(a). As the

heat treating time was prolonged, the dislocation sub-

structures in the cold-rolled samples underwent a con-

siderable change, leading to recrystallization.

Apparently the rate of recrystallization was unin¯uenced

by the presence of Mo. Instead, the microstructural

change of a laths during recrystallization was accom-

panied by decomposition of b-phase at the lath bound-

aries. Because of the stabilizing e�ect of Mo, the b-phase

in Zr±1Nb±xMo alloys better resisted against the de-

composition than that in the binary Zr±1Nb alloy did.

While the evolution characteristics of the substruc-

ture during recrystallization, except for the b-phase,

were more or less the same for the all alloy composi-

tions, a peculiar feature was observed in the Mo-free Zr±

1Nb alloy during extended annealing. Abnormal grains

were observed as shown in Fig. 4(b), the size of which

ranged from 5 to 20 lm in diameter compared to 0.5±1

lm of normal recrystallized grains. The abnormal grain

size distribution was established at about 1 h of heat

treatment at 700°C and lasted up to 20 h, when normal

grain growth took over. When the abnormal grains ®rst

appeared, the distribution of the grain size became bi-

modal. As the heat treating time was prolonged, how-

ever, small grains were coalesced into neighboring large

grains. The large grains then ®lled the entire space and

started normal grain growth. Inside the abnormal

grains, resided many particles of b-phase that probably

resulted from decomposition of thin b-platelets at a-lath

boundaries. During recovery and recrystallization of a-

laths, the continuity of the thin b-phase was broken

presumably due to spheroidizing of the phase itself.

Several factors contribute in abnormal grain growth

of metal alloys, the most prominent one being the

presence of a restraining force against grain growth [12].

Typical origins of the restraining forces are second phase

particles, free surface and crystallographic texture. In

case of the second phase particles, abnormal grain

growth may occur when the areas constrained by the

particles, usually less than 10% in volume, and uncon-

strained areas are co-present [13]. This theory is appli-

cable to the present case, considering the role of b-phase

as the constraint second phase. A mere presence of b-

phase, however, does not fully explain the case of ab-

normal grain growth. There is a complexity associated

Fig. 2. TEM micrographs of as cold-rolled (a) Zr±1Nb alloy and (b) Zr±1Nb±0.7Mo alloy. While Zr±1Nb contained b-phase dis-

continuously scattered along the lath boundaries Zr±1Nb±0.7Mo alloy exhibited continuous b-platelets, as marked in the photograph,

covering lath boundaries.

Fig. 1. Optical micrograph of as cold-rolled Zr±1Nb alloy.
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with the transformation route and the stability of this

phase, which is explained below.

Abnormal grain growth in Zr±1Nb alloy is presum-

ably is a result of either unrestrained fast movement of

a-lath boundaries or coalescence of two closely oriented

a laths. The ®rst mechanism is as follows. During hot

rolling at 800°C, samples are exposed to a + b range

and a-laths form at b boundaries during subsequent

cooling. Due to the solubility di�erence a and b, Nb is

expelled from the newly formed a to the lath boundaries.

Since Nb is a b-stabilizer this results in thin layers of b-

phase at lath boundaries. If the amount of Nb is insuf-

®cient to cover every lath boundary then some bound-

aries will be short of the restraining force against the

curvature-driven movement toward coarsening. As a

result, a few unconstrained grains grow fast during the

last stage of recrystallization. Blockage of lath bound-

aries may also become ine�ective if the b-phase at the

boundaries spheroidizes.

The coalescence mechanism of abnormal grain

growth in Zr±1Nb alloy is active when there are two

adjacent a-laths of the same crystal orientation. During

hot rolling process a-laths form from pre-existing

b-grains. The a-laths generally assume di�erent crystal

orientations each other. If two adjacent laths acciden-

tally have the same crystal orientations as a result of the

phase transformation then they tend to coalesce. The

situation may become complex when martensitically

transformed a0 phase and di�usionally transformed a
phase co-exist [14].

Presence of Mo in the alloy composition e�ciently

suppressed the abnormal grain formation as shown in

the optical micrographs of Fig. 5. All the samples for the

microscopy, Zr±1Nb±xMo in composition, were heat

treated for 20 h at 700°C. While the samples containing

up to 0.3 wt% Mo showed abnormal grain growth in

some areas the samples containing higher amount of Mo

showed only normal grain growth.

The role of Mo in suppressing abnormal grain

growth in Zr±1Nb alloy may be attributed to two

Table 2

Amount of residual b phase (in vol%) of experimental Zr±1Nb±

xMo alloys annealed at 700°C

Alloys Time at 700°C

54 h 148 h 398 h

Zr±1Nb 1 1 2

Zr±1Nb±0.1Mo 1 3 3

Zr±1Nb±0.3Mo 1 5 3

Zr±1Nb±0.5Mo 7 7 10

Zr±1Nb±0.7Mo 6 10 11

Fig. 3. Variation in the amount of b-phase of heat-treated ex-

perimental Zr±1Nb±xMo alloys.

Fig. 4. TEM micrographs of Zr±1Nb alloy heat treated for 1 h at 700°C showing (a) subgrain formation in a-laths and (b) an abnormal

grain, showing debris of b-phase particles inside.
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factors, stability of b-phase and solute dragging e�ect.

Being a b-stabilizer, Mo increases the amount as well as

the stability of b-phase. Like Nb, Mo is expelled from a-

lath interior to the lath boundaries, promoting b for-

mation at the lath boundaries. With the aid of Mo,

therefore, b-phase becomes more stable and uniformly

distributed. In this respect, there seems to be a critical

amount of Mo to be e�ective. From the results shown in

Fig. 5, the critical amount appears to be 0.5 wt%.

In addition to the suppression of abnormal grain

growth, addition of Mo into Zr±1Nb also resulted in

general grain re®nement as shown in Table 3 and Fig. 6.

The general grain re®ning e�ect of Mo may also be ex-

plained on the grounds proposed above. As shown in

Table 3, Zr±1Nb±0.7Mo alloy showed no signi®cant

grain growth even after 148 h of exposure at 700°C.

Moreover the e�ect was persistent in the single b ®eld at

higher temperature. The microstructures of Zr±1Nb and

Zr±1Nb±0.7Mo alloys obtained by b-annealing at

1000°C are shown in Fig. 7, which demonstrates again

the grain re®ning e�ect of Mo. In this case, however, the

mechanism of grain re®nement in the Mo-containing

alloy is di�erent from that at 700°C case. Since there is

only the equilibrium b phase at 1000°C, a restraining

force against boundary movement is not expected. In-

stead, it is possible that a solute-dragging e�ect of Mo

was responsible for the retarded boundary movement.

In fact, a possibility of Mo segregation on grain

boundaries was raised by Heritier and Jonas [15].

3.2. Texture relaxation e�ect of Mo

E�ect of Mo on crystallographic texture was mea-

sured by the Kearns number, the variation of which are

shown in Table 4 and Fig. 8. for experimental Zr±1Nb±

xMo alloys and Zr±1Nb±1Sn±xMo±0.1Fe alloys. The

Fig. 5. Optical micrographs of (a) Zr±1Nb alloy (b) Zr±1Nb±0.1Mo alloy, (c) Zr±1Nb±0.3Mo alloy, (d) Zr±1Nb±0.5Mo alloy and (e)

Zr±1Nb±0.7Mo alloy, all heat treated at 700°C for 20 h. Note the abnormal grain growth in the alloys with the lean content of Mo.
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alloys without Mo showed a strong basal texture along

the direction normal to the surface of plate. In both

alloy systems Mo decreased the normal basal texture

under all heat treatment conditions as shown in Fig. 8(a)

and (b). The texture variation with the heat treatment

was such that the normal texture increased and then

either saturated or decreased with time at temperatures

as shown in Fig. 8(c). Generally the annealing texture of

Zr sheets is a function of heat treatment. Strengthening

of the basal texture during recrystallization annealing

heat treatment occurs in Zircaloys. For example Rog-

erson [16] reported that the Kearns number along the

radial direction of Zircaloy-2 tube, which is equivalent

to the normal direction of thin plates, increased from 0.4

in cold worked condition to 0.7 in recrystallization an-

nealed condition. Development of the non-basal texture

along the surface normal direction has been also re-

ported by Cheadle et al. in thin plates of EXCEL alloy

[17].

Crystallographic texture in Zr-based alloys develops

during plastic deformation due to insu�cient slip system

[18,19]. In case of plate rolling, the deformation consists

of compressive strains in the normal direction and large

tensile strains in the rolling direction. The basal poles

tend to orient toward the axis of the compressive strain.

Twinning on {1 0 �1 2} planes is an important mecha-

nism of deformation at room temperature particularly

when the amount of deformation is small (up to about

20%) [20±22]. A consequence of twinning is to orient

[0 0 0 2] basal poles toward the surface normal direction

of plates. At larger degree of deformation hc� ai slips

become active and re-orient the basal poles, resulting in

biomodal peaks inclined along the normal-transverse

direction.

Among many factors a�ecting the texture of Zr-

based alloys, such as the chemical composition and the

mode of working [23], the texture variation with Mo

content in the present study seems strongly related to the

grain size. The grain size e�ect on the texture of Zr±

2.5Nb alloy was reported by Salinas-Rodriguez [24].

Large grain size induces twinning during plastic defor-

mation whereas small grain size promotes slip, with the

consequence of a strong [0 0 0 2] texture and interme-

diate h1 1 �2 0i ®ber texture, respectively. In the present

case, Mo-addition resulted in grain re®nement as de-

scribed above, which weakened the normal basal tex-

ture.

Another factor a�ecting the texture of the present

experimental alloys is the presence of b-phase. As shown

above, the amount as well as the stability of b-phase

increased with the amount of Mo added. Upon cooling

from high temperature, the low temperature matrix

phase a inherits its texture from the high temperature b-

phase according to the Burgers relationship [25]. Re-

tention of b-phase in the a-matrix will randomize crystal

orientations because a-laths maintain crystal orientation

relationships with b-phase randomly located at bound-

aries of a-laths. Therefore it is possible to control texture

by controlling phase transformation routes. For exam-

ple, a strong basal texture can be obtained by a con-

trolled step cooling heat treatment from the b-phase

[14,26] in which di�usional transformation of b to a
predominates over martensitic transformation.

In addition to the reasons given above, there may be

yet another e�ect of Mo on texture through modifying

the high temperature deformation mechanism. As sug-

gested by Povolo et al. [27], the distribution of the

[0 0 0 2] component varies during creep in the way that

the location of the bimodal peaks of the basal compo-

nent rotates from the tangential-normal direction to-

ward the normal-rolling direction. Although it remains

to be con®rmed, there is a good possibility of Mo af-

fecting the mode of deformation during hot rolling that

occurs mainly by the prism slip and hc� ai slip.

Depending on applications, Zr-based alloys require

di�erent degree of the basal texture. For Zircaloy fuel

cladding tube application, a high radial texture is de-

sirable to minimize the susceptibility to iodine-induced

stress corrosion cracking [26,28,29]. For pressure tube

application of heavy water reactors, on the other hand, a

Table 3

Grain size (mean diameter in lm) of experimental Zr±1Nb±

xMo alloys annealed at 700°C

Alloys Time at 700°C

54 h 148 h 398 h

Zr±1Nb 9.1 10.2 16.1

Zr±1Nb±0.1Mo 7.1 8.7 12.5

Zr±1Nb±0.3Mo 5.4 6.0 9.8

Zr±1Nb±0.5Mo 4.5 5.9 9.8

Zr±1Nb±0.7Mo 4.1 4.7 6.4

Fig. 6. Grain size variations of experimental alloy with an-

nealing time at 700°C.
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strong transverse basal texture, such as that in Zr±2.5Nb

alloy [30], is more resistant to diametrical strain induced

by irradiation creep and growth [23].

3.3. Strength enhancement e�ect of Mo

The tensile properties of experimental Zr±Nb±ySn±

xMo±0.1Fe alloys are presented in Table 5 and those of

Zr±1Nb±1Sn±xMo±0.1Fe alloys are illustrated in Fig. 9

as a function of Mo content. Addition of Mo increased

the yield strength and the ultimate tensile strength re-

gardless of the alloy system. Tensile ductility at room

temperature decreased with Mo content while that at

elevated temperature was less sensitive to Mo content.

Solid-solution hardening e�ect and stabilization of dis-

location substructure due to Mo are responsible for the

strength enhancement in the Zr±1Nb±1Sn±xMo±0.1Fe

alloys.

For the purpose of strengthening, Mo addition is a

valuable addition in Zr-base alloys. In case of PWR fuel

cladding or HWR pressure tubes, the ®nal process step

of Zr-based alloys involves cold working that serves as

shaping method as well as strengthening technique.

Excessive amount of cold working, however, is detri-

Table 4

Variation of the basal texture (measured by the Kearns number) of experimental Zr±1Nb±xMo alloys and Zr±1Nb±ySn±xMo±0.1Fe

alloys

fn (as cold-rolled) fn (annealed at 700°C)

54 h 148 h 398 h

Zr±1Nb 0.62 0.56 0.58 0.61

Zr±1Nb±0.1Mo 0.59 0.54 0.57 0.58

Zr±1Nb±0.3Mo 0.54 0.49 0.52 0.50

Zr±1Nb±0.5Mo 0.54 0.51 0.50 0.42

Zr±1Nb±0.7Mo 0.46 0.51 0.43 0.46

fn (as cold-rolled) fn (annealed at 600°C)

1 h 4 h 8 h

Zr±1Nb±0.5Sn±0.1Fe 0.56 0.56 0.55 0.56

Zr±1Nb±0.5Sn±0.5Mo±0.1Fe 0.52 0.56 0.55 0.54

Zr±1Nb±0.5Sn±0.2Mo±0.1Fe 0.44 0.50 0.47 0.47

Zr±1Nb±0.5Sn±0.7Mo±0.1Fe 0.45 0.47 0.48 0.52

Zr±1Nb±0.7Sn±0.1Fe 0.49 0.51 0.53 0.49

Zr±1Nb±0.7Sn±0.2Mo±0.1Fe 0.51 0.59 0.56 0.56

Zr±1Nb±0.7Sn±0.5Mo±0.1Fe 0.45 0.52 0.49 0.48

Zr±1Nb±1Sn±0.7Mo±0.1Fe 0.48 0.50 0.49 0.50

Zr±1Nb±1Sn±0.1Fe 0.55 0.58 0.57 0.58

Zr±1Nb±1Sn±0.2Mo±0.1Fe 0.51 0.55 0.55 0.54

Zr±1Nb±1Sn±0.5Mo±0.1Fe 0.48 0.50 0.51 0.51

Zr±1Nb±1Sn±0.7Mo±0.1Fe 0.47 0.52 0.50 0.48

fn: Kearns number for the surface normal direction.

Fig. 7. Optical micrographs of (a) Zr±1Nb alloy and (b) Zr±1Nb±0.7Mo alloy, all heat treated at 1000°C for 30 min and furnace

cooled.
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mental for irradiation growth and creep resistance

[31,32]. Mo addition in Zr-based alloys results in solid

solution hardening, increased rate of work hardening

due to lowered stacking fault energy [15] or possible

precipitation hardening. Therefore it can be used to

substitute work hardening, which can lead to reducing

unnecessary cold working.

The strengthening role of Mo may be particularly

useful at high temperature. During steady state creep

deformation, for example, the rate of dislocation gen-

eration is balanced by dynamic recovery. As is known in

some high temperature alloys [33±35], Mo is expected to

enhance the creep resistance in Zr-base alloys. It is

conjectured that increased creep resistance will be real-

ized probably because of the e�ect of Mo in decreasing

the rate of dynamic recovery of recrystallization. Since

generation and annihilation of dislocations govern the

steady state creep, this implies a sluggish di�usion in

Mo-containing alloys. The most probable cause of the

retarded di�usion is perhaps the solute dragging e�ect of

Mo, which also contributed in restraining grain coars-

ening in the Zr±1Nb±xMo alloys as described above.

Another possibility is clustering of Mo atoms that may

stabilize dislocation substructure e�ciently. In fact,

`anneal hardening' was observed by Jonas et al. [36] in

Zr±(2.5±20)wt% Nb alloys, which was attributed to

clustering of Nb atoms. A similar phenomenon may

occur for Mo atoms also, and furthermore, an interac-

tive bonding between Mo and Nb may also occur and

increase the stability of clusters.

4. Conclusions

The present study suggests that Mo be wisely utilized

as an important alloying element in designing Zr-base

alloys. Mo addition suppresses general grain coarsening

as well as abnormal growth during extended exposure at

high temperature, which is important in materials pro-

cessing. Relaxation of the normal basal textures by Mo

addition may be an attractive merit for pressure tube

application. Solid solution hardening e�ect of Mo can

substitute work hardening so that the excessive amount

of plastic work for the purpose of strengthening can be

avoided. At a proper amount of Mo content, therefore,

adequate strengthening can be achieved with minimal

Fig. 8. Variation of the surface normal texture (Kearns no., fn)

as a function of Mo of (a) Zr±1Nb±xMo alloys, (b) Zr±1Nb±

1Sn±xMo±0.1Fe alloys, and (c) as a function of heat treating

time at 600°C of Zr±1Nb±1Sn±xMo±0.1Fe alloys.

Fig. 9. E�ect of Mo on the tensile properties of Zr±1Nb±1Sn±

xMo±0.1Fe alloys annealed at 600°C for 8 h.
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sacri®ce of ductility and the favorable combination of

the mechanical properties is expected to yield a better

creep resistance also.
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