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Abstract

The effect of Mo on the crystal texture of Zr-Nb and Zr-Nb-Mo alloys was studied. Molybdenum addition reduced
the average sizes of the equiaxed o grains and the packets considerably. In the Zr—Nb alloy specimens free of Mo, the
intensity of the normal basal texture increased with the initial grain size, which was attributed to the enhanced
probability of twinning in coarse grains. Molybdenum also reduced the intensity of the normal basal texture of the Zr
alloys, indicating a possible change in the mode of deformation caused by Mo addition. Moreover, the texture shift of
the Zr alloys from ND-TD to ND-RD during annealing heat treatment was accelerated by Mo addition. Weakening of
the normal basal texture in the cold-worked Mo-containing alloy, therefore, was attributed to the microstructural
refinement and the change in the deformation mode. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 81.05.Bx; 61.72.Mm; 81.40.Ef

1. Introduction

Zr-based alloys are widely used as core materials for
nuclear reactors. Being a HCP crystal structure, the Zr-
based alloys retain a high intensity of crystal textures
created by deformation and heat treatment during pro-
duction into either tubular or plate shape. The crystal
texture has a large influence on the anisotropic me-
chanical strength, radiation-induced growth, creep and
stress-induced delayed hydride cracking of the alloys
[1-4]. For the case of pressure tubes in heavy water
reactors, a strong radial basal texture is preferred for
improving the resistance to delayed hydride cracking
whereas a tangential basal texture is more favorable
under irradiation-induced growth and creep circum-
stances. For the case of fuel cladding in light water
reactors a radial basal texture is desirable for the

* Corresponding author. Tel.: +82-32 860 7537; fax: +82-32
862 5546.
E-mail address: skhwang@inha.ac.kr (S.K. Hwang).

anisotropic strength and the resistance to iodine stress
corrosion cracking. Therefore control of texture is im-
portant in optimizing the performance of the Zr-based
alloys.

In an earlier study, we reported a beneficial effect of
Mo addition on the yield strength of Zr-Nb and Zr—
Nb-Sn alloys. This effect was attributed to solid solution
hardening and retardation of grain growth during re-
crystallization annealing treatment, which resulted in a
remarkably fine microstructure [5-7]. These effects of
Mo were accompanied by a substantial change in crystal
texture. Thin plate Zr-alloy samples in general showed a
reduced normal basal texture with Mo addition [6].
Crystal texture in Zr-alloys is known to be sensitive to
materials processing parameters, particularly during
plastic deformation [8-10]. Deformation twins, for ex-
ample, are cited for the prime reason for texture for-
mation. Due to the lack of the independent slip systems,
twinning accommodates plastic strain in Zr-alloys [11].
Since twinning involves lattice rotation it is surmised
that the crystal texture is closely related to the twinning
propensity [12]. There is a lack of study, however, that
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correlates the effect of alloying elements, Mo in partic-
ular, with the crystal texture in terms of twinning. The
present work was aimed to find the relationship between
the change in microstructure and twinning tendency
caused by Mo addition in Zr-Nb alloys so as to explain
the effect of Mo on crystal texture.

2. Experimental procedure

Experimental materials of four different alloy com-
positions were prepared: Zr—1Nb, Zr-1Mo, Zr-1Nb-
0.7Mo and Zr-2.5Nb. The first three compositions were
experimentally designed compositions to study the effect
of Mo with or without Nb co-present, and the last
composition is that of the commercial alloy used for the
heavy water reactor. Nuclear grade sponge Zr and pel-
let-shape Mo and Nb in 99.95% and 99.9% purity, re-
spectively, were used for the alloy preparation. These
elements were alloyed by plasma arc re-melting (four
times) and cast into buttons of 300 g in weight. The
chemical compositions of the experimental alloys are
shown in Table 1. Buttons were forged at 1100°C by
40% in thickness and B-annealed at 1000°C for 30 min,
and then water-cooled. Prior to cold rolling, another
annealing heat treatment was conducted to improve the
workability: 1000°C for 10 min and then furnace-cooled.
Compression testing was conducted at room tempera-
ture. Test specimens were shaped into 6 mm x 6 mm X
9 mm square pillar and gage length was 9 mm, height of
square pillar. A crosshead speed of 1 mm/min was
maintained during test.

For the analysis of the crystal texture, an X-ray dif-
fractometer attached with a goniometer was used. Dif-
fraction was made by Mo-K, beam activated under 40
kV and 30 mA. Schulz reflection method was used to
obtain (0002) direct pole figures within the range of
0-70° by measuring the diffracted beam intensity at an
interval of 5°. The direct pole figures were standardized
using randomly oriented Zr powder sample. Inverse pole
figures were also obtained, from which the Kearns

Table 1
Chemical compositions of experimental alloys

Nominal Analysis (wt%)

Nb Mo Vig
Zr-1Mo - 1.10 Bal.
Zr-2.5Nb 2.60 -
Zr—-1Nb 1.01 -
Zr—-1Nb-0.7Mo 1.02 0.75

#The nuclear grade sponge Zr used in present study contained
38 ppm carbon, 533 ppm oxygen, 422 ppm Fe, 44 ppm Hf and
10 ppm Si prior to melting. During melting and subsequent
treatment, the residual oxygen content of these alloys increased
to approximately 1000 ppm.

number f was calculated [13]. Since the specimens for
this analysis were prepared from the cold-rolled plate the
Kearns number in this paper refers to the intensity of the
basal poles aligned to the surface normal direction, i.e.,
fa-

The etching solution used for the optical microscopy
consisted of hydrofluoric acid, nitric acid and water in
the volume ratio of 5:45:50 whereas the electro-thinning
solution for the transmission electron microscopy
(TEM) consisted of hydrochloric acid and methanol in
the volume ratio of 1:9. Electro-thinning was conducted
at —40°C under the condition of 5 V and 20 mA.

3. Results and discussion
3.1. Effect of cold reduction on texture

The Kearns numbers of cold-rolled experimental
alloys were obtained. For the case of Zr—INb alloy,
the Kearns numbers were obtained as a function of the
amount of cold work varying from 10% to 82% and the
result is shown in Table 2 and Fig. 1.

In the B-annealed condition, the alloy showed a
random texture, as indicated by the f, value close to
0.33. The intensity of the normal basal texture rapidly
increased with cold work, reaching to f, = 0.73 at 65%
of cold work. A saturation of the texture intensity oc-
curred at about 82% of cold work, at which point the 1,
value was about 0.76. The abrupt increase of the texture
during the initial phase of cold work and the saturation
of the texture intensity at a large amount of cold work is
a general phenomenon in Zr-based alloys reported in
literatures [14].

Variation of the texture intensity as a function of the
amount of cold work can be explained in terms of the
mechanism of plastic deformation. In the beginning of
deformation when the deformation is small (0-50%),
twinning primarily governs the texture formation
[6,12,14]. Twinning causes an extensive rotation of

Table 2

Variation of the normal basal texture, f,, of as cold-rolled Zr—
IND alloy as a function of the amount of cold work and the
through-thickness depth of specimen plates

Materials condition  fi
Surface 75% 50% 25%  Center

As B-annealed 0.32 0.35 034 031 034
As 10% cold-rolled  0.44 044 045 046 046
As 30% cold-rolled  0.58 0.65 0.66 0.63 0.62
As 50% cold-rolled  0.68 0.69 0.70 0.68 0.69
As 65% cold-rolled  0.67 0.74 073 0.73 0.73
As 70% cold-rolled  0.68 0.75 0.76 0.75 0.75
As 78% cold-rolled  0.68 0.76 0.75 0.75 0.76
As 82% cold-rolled  0.70 0.76 0.76 0.77 0.76
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Fig. 1. Variation of the surface normal basal texture as a
function of the amount of deformation and of the through-
thickness depth of cold-rolled Zr-1Nb alloy. Note the uneven
through-thickness distribution of the texture intensity at an
intermediate level of cold work.

crystal lattice in such a way that further deformation is
resisted, resulting in a strong texture formation. With
increased deformation, however, the mode of deforma-
tion shifts from twinning to slip. There are two reasons
why this occurs: first, exhaustion of grains favorably
oriented for twinning and secondly a grain refinement
due to twinning [15]. The grain refinement occurs be-
cause twinning essentially produces new boundaries due
to substantial difference in crystal orientation with those
of neighboring grains. Grain refinement, in turn, re-
stricts further twinning.

It is noted in Table 2 that the texture intensity varied
with the thickness of specimens. Kearns number showed
about 10% difference between the middle and the near-
surface region of specimens. A similar phenomenon was
also reported in tube-type Zr-based alloys [16]. The
gradient in the texture intensity in the present case was
probably caused by the difference in the amount and the
mode of plastic deformation during rolling of plate-type
specimens [17]. Interestingly, the uneven distribution of
the texture intensity was most severe in the specimen
cold-rolled by about 30%. In the as P-annealed speci-
mens and heavily cold-worked specimens, the texture
was homogeneous throughout most thickness.

3.2. Effect of alloying elements on texture

The microstructures of as fB-annealed Zr—1Nb and
Zr—1Nb-0.7Mo alloys are shown in Fig. 2. Elongated o-
platelets formed packets that filled the entire space. Each
platelet shows a crystallographic feature of directional
growth, which originated from Widmanstitten-type
transformation route of a-phase from the high temper-
ature B-phase upon cooling [18]. Although this micro-

Fig. 2. Optical micrographs of (a) Zr—1Nb and (b) Zr-1Nb—
0.7Mo alloys all in B-annealed condition. Widmanstétten-type
a-platelets, which originated from the high-temperature pB-
phase, form packets. The widths of the platelets as well as the
average size of packets decreased with Mo addition.

structural characteristic was consistently observed in all
experimental alloys, the width of a-platelets varied with
the chemical composition. For example, the widths of a-
platelets in Zr-1Nb and Zr-1Nb-0.7Mo were 1-2 um
and less than 1 pm, respectively. The average size of the
packets of a-platelets showed a similar trend: 50-200 pm
in Zr—-INb vs. 10-50 pm in Zr-1Nb-0.7Mo. Therefore
the previous report [6,7] of the present authors on the
grain-refining effect of Mo in Zr-based alloys was con-
firmed. Existence of Mo in B-phase probably retarded
the growth of a-platelets by lowering the mobility of the
o/B interface.

Since the texture variation with the amount of cold
work saturated at heavy deformation, the texture in-
tensities of the experimental alloys were compared at a
fixed amount of thickness reduction, 70%, and the result
is shown in Table 3. The heavy cold work remarkably
intensified the normal basal texture of all the alloys.
Among the alloys of different composition, Nb-con-
taining alloys resulted in greater texture intensification
than the Mo-containing alloys. Because of the lack of
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Table 3
Variation of the normal basal texture, f,, of the experimental Zr-based alloys in B-annealed condition and heavily cold-worked
condition

As B-annealed 70% cold-rolled

a-platelet width (pm)? fa a-platelet width (um) fa
Zr-1Mo 1.1£0.03 0.31 0.9 0.63
Zr-2.5Nb 1.7+£0.07 0.36 1.0 0.65
Zr-1Nb 2.240.16 0.36 1.6 0.68
Zr—-1Nb-0.7Mo 1.04+0.08 0.33 0.8 0.61

#The scatter image in the data denotes the standard error of measurements.

data on systematic variation of the chemical composi-
tion and their corresponding texture properties, how-
ever, the quantitative effect of the alloy composition on
texture is inconclusive. Nevertheless, irrespective of the
alloy composition, a consistent effect of the micro-
structural parameter on texture could be discerned as
shown in Fig. 3. In this figure, the width of a-platelets in
B-annealed state is regarded as the microstructural pa-
rameter substituting the grain size since the grain size of
the experimental alloys in the cold-rolled condition was
difficult to measure.

When the experimental Zr-based alloys were de-
formed by compression, deformation twins appeared on
the surface of test specimens, examples of which are
shown in Fig. 4. The twins appeared at a compression
strain as low as 8%. Two characteristic features of the
twins were observed: first, twins were inclined to the axis
of compression within 30-60° and secondly, twins were
also inclined, not parallel, to the axis of the a-platelet.
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Fig. 3. Variation of the normal basal texture of the experi-
mental Zr-based alloys in 70% cold-rolled condition as a
function of the width of the a-platelets in -annealed state prior
to cold rolling. Note the effect of the a-platelet width on in-
creasing the texture intensity irrespective of the chemical com-
position of the alloys.

An effect of alloying element was observed on twin
formation. In case of Zr-1Nb alloy, the length and the
width of twin plates ranged 20-200 um and 5-10 pm,
respectively. Molybdenum addition in the Zr-1Nb alloy
reduced the frequency of twins as well as the length of
individual twin plates although it did not affect the width
of twins. The length of twins in Zr—1Nb-0.7Mo alloy
was in the range of 20-50 pum.

Fig. 4. Optical micrographs of the surface of (a) Zr—1Nb and
(b) Zr-1Nb-0.7Mo alloy specimens compressed by 8% showing
deformation twins on the specimen surfaces polished prior to
deformation test. The frequency of twins and the length of twin
plates decreased with Mo addition.
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The effect of Mo on deformation twins was corre-
lated with the microstructure prior to compression
loading. Twins formed within a packet of a-platelets in
the bulk of Zr—1Nb-0.7Mo alloy are shown in Fig. 5.
The twin plates crossed a-platelets but the growth of the
twins stopped at a packet boundary. It was pointed out
above that Mo reduced the packet size of Zr—1Nb alloy.
Therefore it was concluded that the effect of Mo on re-
ducing the twin frequency and the length of twin plates
was a consequence of reduced a-platelet packet size.
This conclusion was further supported by the fact that
the average size of the a-platelet packets coincided with
the maximum size of twin plates after compression de-
formation.

It is conceivable that growth characteristics of de-
formation twins across o-platelet boundaries in Zr-1Nb
alloy may also be affected by Mo addition. In the pre-
vious work [6,7] the present authors reported that the
boundaries of a-platelets were enriched with B-stabiliz-
ing elements such as Nb and Mo. As a result, a thin layer
of B-phase frequently formed at the a-platelet bound-
aries, which was expected to hinder the growth of twins.
The twins that were blocked halfway across the packet
boundary, as shown in Fig. 4(b), probably encountered
many obstacles of the thin inter-platelet f-phases in their
wake.

Appearance of twins indicates the twinning system,
from which the effect of alloying addition on twinning
system can be deduced. For example, twins corre-
sponding to a large shear, such as {1121}(1126)
(s = 0.63, s: shear strain) are thinner than those of small
shear, such as {1011}(1012)1 (s = 0.10). The extent of
deformation may also influence the thickness of twins
[19]. In the present result, the thickness of twins formed
under a constant strain of 8% did not vary with Mo

Fig. 5. Optical micrograph of twins in Zr—1Nb-0.7Mo alloy
compression deformed by 8%, showing the growth of twins
blocked by the boundaries of a-platelet packets. The specimen
surface was pre-etched prior to deformation and photographing.

addition. Therefore it may be concluded that the effect
of Mo on the twinning system of Zr-1Nb, if any, was
negligible. It will be shown, however, that Mo addition
does affect the tendency of twinning.

With substantially increased deformation, the effect
of Mo on twinning became obliterated. The specimens
of Zr-1Nb and Zr-1Nb-0.7Mo that were compression
deformed by 18% revealed extensive amount of twins as
shown in Fig. 6. Deformation twins produced on dif-
ferent variants of twinning systems crossed each other.
A high density of twins was found in both alloys without
a clear difference in twin density between the two. In
addition, the surface relief caused by high deformation
also made it difficult to discern the effect of Mo addition
on twinning.

In order to interpret the effect of alloying elements
on crystal texture, it is essential to know their effect on
grain size. The grain size variations of all the experi-
mental alloys as a function of annealing time at 800°C

Fig. 6. Optical micrographs of the surface of (a) Zr—1Nb and
(b) Zr—1Nb-0.7Mo alloy specimens compressed by 18% show-
ing a high density of deformation twins. In contrast to the small
deformation case shown in Fig. 4, the effect of Mo is not clearly
discernible due to the high density of twins and extensive sur-
face relief.
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Fig. 7. Grain growth characteristics of experimental Zr-based
alloys during annealing heat treatment at 800°C. Increasing the
concentration of the alloying elements retarded the rate of grain
coarsening and the equilibrium grain size, Mo being of the
greatest effect.

are shown in Fig. 7. All the alloys showed recrystalli-
zation and subsequent grain coarsening to equiaxed
grains after the heat treatment. Among the four alloys,
Zr— 1INb showed the largest equilibrium grain size
whereas Zr-1Mo showed the smallest grain size, about
half of that of Zr—1Nb. The equilibrium grain size was
proportional to the average grain size established in the
early stage of recrystallization. Increasing Nb content

Table 4

Variation of the normal basal texture, f,, of the experimental
Zr-based alloys in annealed condition and subsequently cold-
rolled condition

As annealed at 800°C 55%
cold-rolled
Annealing  Grain size  f, fa
time (h) (um)
Zr—-1Mo 0.5 2.0 0.55 0.62
20 5.2 0.56 0.64
350 10.2 0.56  0.63
Zr-2.5Nb 0.5 2.5 0.61  0.61
8 5.1 0.57  0.65
75 9.9 0.56  0.70
Zr-1Nb 0.5 4.0 0.59  0.60
1 5.5 0.59  0.61
20 10.1 0.61  0.63
250 18.3 0.6 0.66
Zr—1INb- 0.5 2.0 0.57  0.61
0.7Mo
8 4.1 0.55 0.62
75 9.0 0.57  0.60
350 11.3 0.54  0.61

Fig. 8. TEM image of B-phase formed in Zr—1Nb-0.7Mo ex-
posed to 800°C for 350 h and subsequently cooled to the am-
bient temperature. Various habit planes of the transformed
plates are a result of the Burger’s orientation relationship be-
tween B and o phases, which resulted in a reduction of the
normal basal texture.

from 1% to 2.5% reduced the grain size; however, this
effect was smaller compared to that of adding 1% Mo
to Zr or 0.7% Mo to Zr—-1Nb. Addition of 0.7Mo to
Zr-1NDb alloy retarded the grain coarsening almost to
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Fig. 9. Relationship between the size of equiaxed grains formed
during recrystallization and the normal basal texture of
Zr-based experimental alloys. While Zr-Nb alloys showed a
proportional relationship between the two parameters the
Mo-containing alloys showed constant texture intensity irre-
spective of the grain size.
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the level of Zr-1Mo. As pointed out above, B-phases
forming at the boundaries of a-platelets seemed to re-
sist coarsening of microstructure through coalescence
of the platelets [20]. In the same context, the inter-
platelet B-phase also resisted abnormal grain coarsening
in Zr-Nb alloys. Therefore it may be concluded that
Mo addition increased the volume fraction as well as
the stability of the inter-platelet B-phase, thereby re-
sulted in grain refinement and suppressed abnormal
grain growth.

3.3. Effect of grain size on texture

Upon exposure to an a-annealing temperature of
800°C and subsequent cooling to ambient temperature,
the inter-platelet B-phase formed during heat treatment
in the B-phase field transformed to o platelets. This re-
sulted in a slight reduction in the normal basal texture as
shown in Table 4 which summarizes the Kearns numbers
of all the experimental alloys heat treated at 800°C. The
resultant o platelets had a variety of habit planes and

(©)
Fig. 10. Basal (0002) pole figures of (a) Zr—1Mo, (b) Zr-1Nb and (c) Zr—1Nb-0.7Mo alloys cold-rolled 70% after B-annealing.
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crystal orientations according to the Burger’s orienta-
tion relationship between B- and a-phase. Fig. 8§ shows a
TEM image of such a-platelets transformed from the B-
phase.

As stated above, the average size of equiaxed-grains
varied with the alloy composition and the heat-treat-
ment time at 800°C. A certain relationship between the
grain size and the crystal texture was sought. For this
purpose, the heat-treated alloys were cold-rolled again

(©)

by 55% and their crystal texture was studied as a func-
tion of the grain size prior to cold rolling. As illustrated
in Fig. 9, the Kearns numbers varied with the grain size
and the alloy composition in a complex way. For Zr-Nb
alloy systems, particularly the Zr-2.5Nb alloy, f, in-
creased with the grain size whereas this trend was not
present in the alloys containing Mo.

Texture development of Zr-based alloys during cold
rolling is expected to be weaker in the microstructure

Fig. 11. Basal (0002) pole figures of (a) Zr—1Mo, (b) Zr-1Nb and (c) Zr—1Nb-0.7Mo alloys annealed at 800°C for 350, 20 and 350 h,

respectively, after the condition in Fig. 10.
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consisting of smaller grains, which accounts for the
trend in the Zr-Nb alloys. The effect of large grain size
on diminishing the texture intensity in the Zr-Nb al-
loys was interpreted in terms of increased twinning
propensity. The larger the grain size, the greater the
number of pile-up dislocations, which in turn increased
the stress build-up to generate twins [21]. In fact
Doherty et al. [22,23] showed in FCC metals that the
frequency of deformation twinning increased with the
grain size. The apparent absence of the relationship

RD

(c)

between the texture intensity and the grain size in Mo-
containing alloys is mysterious. In addition to the
general reduction of texture intensity through the in-
herent grain-refining effect of Mo, there seems to be
another mechanism operating in texture formation of
the Mo-containing alloys. The texture also varied sig-
nificantly with the chemical composition, especially the
presence of Mo, of the experimental Zr alloys. Zr-
based alloys cold-rolled for more than 50% show a
bimodal basal texture that is inclined 30-40° toward

Fig. 12. Basal (0002) pole figures of (a) Zr-1Mo, (b) Zr—1Nb and (c) Zr—1Nb-0.7Mo alloys cold-rolled 55% after the condition in

Fig. 11.
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TD from ND [11]. This trend was confirmed in the
present experimental alloys cold worked 70% as
shown in Fig. 10, although Zr-1Nb alloys showed the
basal poles dispersed more evenly around ND. Since
the three alloys, Zr-1Mo, Zr—1Nb and Zr-1Nb-0.7Mo
had the same random texture prior to cold rolling
(due to PB-quenching and p-annealing) the texture
difference in the cold-rolled condition was thought to
be a consequence of the difference in the mode of
deformation.

During annealing at 800°C the texture varied with the
chemical composition of the alloys as shown in Fig. 11.
In the case of Mo-containing alloys, the intensity of the
basal poles changed from the even distribution along ND
and TD to focused peaks at 20-30° away from ND
toward RD. In contrast, Mo—free Zr—1Nb alloy showed
almost no change in the texture from the cold-rolled
condition. The difference in the two alloy groups was in
part inherited from the prior cold-rolling condition but
mostly from the relative amount of phase constituents
during annealing heat treatment.

The effect of Mo on texture should be differentiated
from that of grain size. For this purpose, the samples
were B-annealed for various amount of time, from 20 to
350 h, and then cold-rolled. During the heat treatment
the grain size was grown to about 10 um in all the
samples. Cold rolling (55%) gave these samples a com-
mon tendency of the basal pole rotation toward 30-40°
ND-TD as shown in Fig. 12. Under this situation,
however, the effect of Mo was clearly perceived in that
the basal pole intensity was still relatively strong at the
ND/RD orientation.

The effect of Mo on the texture of the experimental
alloys will be discussed in terms of the mode of de-
formation and phase stability. As stated above, the
texture varied sensitively with the processing condition
and Mo content. When a random microstructure was
cold-worked Mo—free Zr-1Nb alloy showed a tendency
of its basal poles aligning along ND. In the case of the
Mo-containing alloy, however, the tendency was sup-
pressed by Mo addition. Weakening of the normal
basal texture by Mo seems to be related to the mode of
deformation as suggested by Salinas-Rodriguez [24]. It
is deduced that Mo decreased the activity of twinning
and promoted ¢ + a slip. The texture is also dependent
on the relative stability of B-phase against f — o
transformation since it occurs according to a certain
orientation relationship. Due to the stabilizing effect of
Mo, the Mo-containing alloys are expected to have
larger amount of B prior to transformation to o. TEM
study to seek the clue was largely unsuccessful, partly
due to the coarseness of the twins. A set of TEM im-
ages of a twin formed during rolling of recrystallized
Zr—1INb-0.7Mo alloy is shown in Fig. 13. Fewer twins
were found in the Mo-containing alloy compared to
Mo-free Zr-1Nb alloy. Except for this fact, however,

Fig. 13. TEM images of a twin in Zr-1Nb-0.7Mo alloy an-
nealed at 800°C for 350 h and cold-rolled (55%): (a) bright field
image and (b) dark field image. The twins in the Mo-containing
alloy were scanty and their growth was less active than that of
Mo-free counterpart.

no significant difference was found in the shape of twins
in the two alloys. It is possible that the different roles of
Nb and Mo originated from the larger atomic size
misfit between Zr and Mo compared to that between
Zr and Nb. More study is needed to clarify this point
explicitly.
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4. Conclusions

The following conclusions were made from the study
of the effect of Mo on crystal texture and twinning in
Zr-Nb alloy:

1. Molybdenum addition results in a general grain re-
finement in Zr—Nb alloys of either beta heat-treated
condition as well as alpha recrystallization heat-trea-
ted condition. Molybdenum also reduces twinning
tendency of the Zr-based alloys during the early stage
of cold working. The two effects combine to reduce
the normal basal texture of Zr-Nb plates.

2. In Zr-Nb as well as in Zr-Nb-Mo alloys, the bound-
aries of a-platelet packets effectively blocked propa-
gation of twins, limiting the length of them.
Therefore the refinement of the packet size by Mo
was responsible for the decreased areal density of
twins.

3. In the absence of Mo, a Zr-1Nb alloy showed an in-
creasing frequency of deformation twinning with
grain size, which led to a strong normal basal texture
in the alloys of coarse grain structure. Promotion of
twinning in large grains was attributed to increased
dislocation pile-ups and consequent stress build-up
against grain boundaries.

4. The effect of Mo on the texture of the Zr alloys could
be summarized as weakening the normal basal tex-
ture and promoting a texture shift during annealing
heat treatment. These effects were attributed to the
reduced tendency of twinning and stabilization of -
phase, respectively, by Mo-addition.
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