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A knowledge of the elastic properties of zirconium alloys is required in the mathematical modelling of cladding and
pressure tubing performance. Until recently, little of this type of data was available, particularly at elevated temperatures.
The dynamic elastic moduli of zircaloy-2, zircaloy-4, the alloys Zr~ 1.0 wt% Nb, Zr-2.5 wt% Nb and Marz grade zirconium
have therefore been determined over the temperature range 275 to 1000 K. Young's modulus and shear modulus for all
the zirconium alloys decrease with temperature and are expressed by empirical relations fitted to the data. The elastic
properties are texture dependent and a detailed study has been conducted on the effect of texture on the elastic properties
of Zr-1.0 wt% Nb over the temperature range 275 to 775 K. The results are compared with polycrystalline elastic constants
computed from single crystal elastic constants, and the effect of texture on the dynamic elastic moduli is discussed in detail.

1. Introduction

One result of the thermomechanical processing
used in the manufacture of zirconium alloy tubing
for nuclear reactors is the development of a strong
preferred crystallographic orientation, or texture. This
texture produces anisotropic mechanical properties,
and a great deal of work is underway in the nuclear
industry to understand the relationship between tex·
ture and properties. The aims of this type of study are
to better control the initial properties of the fuel
sheathing or pressure tubing and also to be able to
predict accurately and reliably the in-service behaviour
of these materials.

The elastic constants of zirconium alloys are one
such property that is texture dependent. An initial
study by Northwood et al. [I] of three dilute :zirco
nium alloys showed that differences in elastic con
stants were not due to differences in alloy cornposltion
but to texture effects. Northwood et al. put forward
a method whereby, using the single crystal elastic
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moduli of zirconium and the pole figure as determined
by X-ray diffraction, the elastic properties of the zir
conium alloy tubing could be calculated for different
directions in the tubing. Agreement between experi
mental and calculated (from texture and single crystal
values) elastic constants was excellent, being better
than ±5% over a temperature range of measurement
of 293-773 K. A slight modification of this method
was put forward later by Rosenbaum and Lewis [2]
and again the agreement between calculated and experi
mental results was excellent.

It is the aim of this paper to report further results
of elastic constant measurements on a number of zir
conium alloys, and to compare these experimental
results with those calculated using the method originally
proposed by Northwood et al. [I]. Of particular note
are the results for a Zr-I wt% Nb alloy slab, where
for the first time we have been able to make elastic
constant measurements in three mutually perpendicu
lar directions in the same material.
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2. Experiental procedure

2.1. General details ofapparatus and techniques f07
elastic constant measurements

The free~free resonant beam technique was em~
played to measure dynamic Young's and shear moduli.
Contemporary methods and equipment have been
described by Ritchie [3], Rosinger and Ritchie [4],
Rosinger et aJ. [5-7] and Spinner and Tefft [8]. In
this technique, a suitably shaped test specimen was
excited into mechanical resonance by means of a fine
coupling wire connecting the specimen to a driver,
usually a pieza-electric crystal, and a variable oscillator.
For measurements at ambient temperature, a nDE-con·

tacting optical transducer was used to detect the
resonant frequency via a frequency or period counter.
For tests at higher temperatures, it was necessary to
employ a fine wIre-coupled pick-up transducer to
measure the resonant frequency. Testing was done in
a constant temperature zone (±2 K) of a commercially
available furnace. Heating rates were kept at approxi
mately 2 K/min with periods of 4-5 min required to
equilibrate the temperature before measuring the fun
damental flexural frequency. An argon flow was main
tained through the furnace to reduce the oxiBation of
zirconium at higher temperatures.

The appropriate modulus was calculated by using
the value of the resonant frequency, the mass and

dimensions of the test specimen and the appropriate
equations from the theory of elastic vibrations.

The coefficient of thermal expansion was measured
in a simple Antar Laboratories alumina push-rod dial
gauge dilatometer using two samples, 2.5 em long by
0.5 em in diameter, stacked end·to-end. The samples
were heated in an argon atmosphere in steps of a 100
K with a 45 min soak allowed for equilibrium. The
dilatometer was varefully calibrated with platinum and
tungsten standards.

2.2. Texture detenninations

The inverse pole figure method was used for the
determination of textures. A general description of the
procedures can be found in ref. [9] and the relation
ship between the inverse pole figure and the direct
pole figure is discussed in ref. [10].

2.3. Ma terials

Details of the composition and initial fabrication of
the test materials are listed in table I. The specimens
of zircaloy-2, zircaloy4 and Zr-2.5 wt% Nb were all
taken from stock material and will be referred to as
'as-received'. For the zircaloy4 and Zr-2.5 wt% Nb
strip material, rectangular specimens were cut both
longitudinally and transversely to the rolling direction.
In addition, fuel cladding of these two materials, as
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Fig. L Inverse pole figures for the normal, transverse and longitudinal sections of the hot-rolled Zr-l wt% Nb slab.
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Table 1
Chemical analyses and fabrication details of test specimens

Alloy

zircaloy-2
(2r-2)

zircaloy-4
(2r-4)

zirconium-l.S wt% Nb
(2r-2.5 Nb)

Crystal bar zirconium
(Marz grade)
Zr

zirconium-l.O wt% Nb
(2r-1.0 Nb)

Composition

1.49 wt% So
0.149 wt% Fe
0.124 wt% Cr
0.058 wt% Ni

1I00ppmO

1.20-1.70 wt% So
0.18-0.24 wt% Fe
0.07-0.13 wt% Cr

900-1500 ppm 0

2.40-2.80 wt% Nb
900-1500 ppm 0

Major impurities
200 ppm Hf

30 ppm Fe
30 ppm 0

0.98 wt% Nb
800 ppm 0

Fabrication details

(a) plate, 20% cold-worked;

(a) strip, 20% cold-worked. Rectangular specimens cut in
transverse and longitudinal directions;

(b) fuel sheathing 1.524 em (0.600 in.) outside diameter,
60 to 70% cold-worked and stress relieved;

(a) strip, annealed 838 K/6 h. Rectangular specimens cut in
transverse and longitudinal directions;

(b) bar stock of nominal! em diameter;

(c) fuel sheathing, 1.524 em (0.600 in.) outside diameter,
60 to 70% cold-worked and stress relieved;

(a) Marz * grade bar stock electron zone melted and cold
rolled from 1.27 em diameter to 0.100 cm strip.
Annealed at 1073 K/8 h;

(a) plate, hot rolled at 1123 K. Rectangular specimens cut
longitudinal, transverse and normal to the rolling direction.

well as cylindrical rod of Zr-2.5 wt% Nb, were tested.
The rectangular specimens of crystal bar (Marz grade)
zirconium were cut from severely cold-worked and
then annealed (1073 Kj8 h) material. The rectangular
specimens of Zr-1.0 wt% Nb were cut from hot·rolled
(at 1125 K) material in the three principal directions,
Le. longitudinal (parallel), transverse and normal to the
rolling direction. The inverse pole figure, fig. 1, showed
that the transverse specimens had a high proportion of
c-poles along the specimen length, longitudinal speci
mens had very few c-poles oriented along the speci
men length and the shorter normal specimens had an
intermediate c-pole condition.

2.4. Testing sequence

The testing sequence for ail the rectangular speci
mens of zircaloy-2, zircaloy-4, Zr-2.5 wt% Nb and
crystal bar Zr was as follows: a) determine the elastic

moduli, Young's (E) and shear (G), at room tempera
ture for the 'as-received' condition; b) heat treat at
1073 Kj48 h; this condition is referred to as annealed';
c) determine the room temperature moduli,E and G,
for the 'annealed' condition; and d) determine Young's
modulus variation with temperature. Young's and
shear moduli were determined for the Zr-I.O wt% Nb
alloy in all three principal directions.

In addition, Young's modulus of both zircaloy-4
and Zr-2.5 wt% Nb fuel clad, Zr-2.5 wt% Nb cylindri
cal bar stock and Zr-I.O wt% Nb were determined as
a function of temperature. For the Zr-I.O wt% Nb,
the variation ofE with temperature was measured in
all three principal directions.

3. Results

The effect of texture on the room temperature
elastic moduli of Zr-I.O Nb is shown in table 2. E I
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Table 2
Room temperature elastic moduli of Zr-l.O wt% Nb

Position of specimens Speci- Test Moduli
relative to the men direction
roIling direction No. E, E2 E, G,

Longitudinal B2 flatwise 92.61 92.76 92.93 34.52
edgewise 91.91 92.02 92.2~

B, flatwise 92.00 92.31 92.72 33.96
edg(~wise 91.92 92.04 92.43

B. flatwise 92.19 92.35 92.74 33.94
edgewise 92.74 92.73 92.96

Transverse As flatwise 96.16 94.13 94.81 34.33
edg€,wise 96.42

A7 f1atwise 95.51 36.26
edgewise 95.4 7

As flatwise 95.43 35.68
edgewise 95.31

Normal C, flatwise 99.20 35.39
edgewise 97.70

C,o flatwise 97.38 35.18
edgewise 95.51

CIl flatwise 97.09 36.71
edgewise 96.76

C12 flatwise 98.88 36.95
edgewise 97.58

textured Zr-1.0 Nb, the moduli for the other Zr alloys
tested have two features worthy of note: a) the values
of £ and G in the transverse direction are slightly

50 LL,--..L_'__-,JL----'-_--L_...L_-'---~'___'
300 400 500 600 700 800 900 1000 1100 1200

TEMPERATURE, K

Fig. 2. Experimentally determined values of Young's modulus
ofzircaloy-2 at temperatures up to 1023 K.

refers to Young's modulus calculated [6] from the
fundamental flexural resonant frequency while £2 and
£, refer to Young's moduli calculated from the first
and second anharmonic overtones; G1 refers to the
shear modulus calculated from the fundamental tor·
sional resonant frequency. The flexural resonant fre
quencies were measured in both a flatwise and edge
wise configuration. Under ideal conditions, Young's
modulus for these two test configurations should be
identical. For specimens in the longitudinal and trans
verse directions, the reproducibility of Young's mo
dulus is excellent - it is within ±0.2%. The specimens
in the normal direction severely tested the limits of
the equipment employed and the reproducibility IS

reduced to±I%.
Even from a cursory examination of table 2, it is

obvious that texture has an effect on the room tem
perature elastic moduli of Zr-1.0 Nb. The normal
specimens have the largest values while the longitudinal
specimens have the lowest values. The average values
of the moduli are given in table 3 along with thos" of
zircaloy·2, zirclaoy4, Zr-2.5 Nb and Marz grade zir
conium. With the exception of the data for the strongly
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Table 3
Mean values of room temperature elastic moduli

Young's modulus (GPa)

Zr-I.O Nb Zr-2,5 Nb Zircaloy-4 Zircaloy-? Zr

As received longitudinal 92.25 93.32 94.62 95.00 95.18
transverse 95.72 94.42 94.60
normal 97.51

Annealed longitudinal 94.71 96.64 96.29 96.58
transverse 93.97 96.92

Shear modulus (GPa)

Zr-1.0 Nb Zr-2.5 Nb Zirca1oy-4 Zirca1oy-2 Zr

As received longitudinal 34.25 32.74 34.04 36.38 33.57
transverse 35.42 33.05 34.14
normal 36.05

Annealed longitudinal 33.32 35.09 36.76 33.82
transverse 33.33 35.25

larger than those in the longitudinal direction and b)
the moduli for the annealed material are marginally
larger than those for the as-received materials.

The variation forYoung's modulus with temperature

is shown in figs. 2 to 6 for zircaloy-2, zircaloy4, Zr-2.5
Nb, Marz grade zirconium and Zr-I.O Nb respectively.
Young's modulus was calculated from the measured
fundamental frequency of flatwise flexure. The dimen-
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Fig. 3. Experimentally determined values of Young's modulus
of zircaloy-4 at temperatures up to 1008 K.

40 ,=-,--~,..L~.L._L--"_--'-_--'-_...L---.J
300 400 500 600 700 BOO 900 1000 1100

TEMPERATURE, K

Fig. 4. Experimentally determined values of Young's modulus
of Zr-2.5 wt% Nb at temperatures up to 1008 K.
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TEMPERATURE, °C

1000 roo 200 300 400 500 600 700 800 900 o
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F~. 5. Experimentally determined values of Young's modulus
of crystal bar zirconium (Marz grade) at temperatures up to
1133 K.

sions and density at any given temperature were calcu
lated using the coefficients of thermal expansion for
zircaloy-2, zircaloy-4 and Zr-2.5 Nb [II] and crys
tal bar zirconium [12]. For Zr-I.O Nb the experi
mental coefficients of thermal expansion were em
ployed. As shown in fig. 7, the coefficient of thermal
expansion for Zr-1.0 Nb is also direction, Le. texture,
dependent. In addition, the coefficient of thermal
expansion changes with heat treatments as evidenced

C-o.• INDICATES NORMAL DIRECTION
A--<),D INDICATES TRANSVERSE DIRECTION
B- '" INDICATES LONGITUDINAL DIRECTION
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Fig. 6. Experimentally determined values of Young's modulus
in the three principal directions of 2r-l wt% Nb slab at tem
peratures up to 775 K.

by the change in absolute value when the same test
piece is retested.

The equations relating the measured values of
Young's modulus with temperature for zircaloy.2,
zircaloy-4, Zr-2.5 Nb and crystal bar zirconium are
given in table 4.

•

•

E ~ 96.90 - 0.0673 (T - 2.73K) GPo
(, • 0.999)

•

CRYSTAL BAR Zr (MARZ GRADEl
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Table 4
Young's modulus as a function of temperature

Material E (GPo) Temperature
range of
measurement
(K)

Correlation
coefficient

zircaloy-2
zircaloy4

fuel sheath:
zirconium-2.5 wt% Nb

fuel sheath:
Crystal bar zirconium

E" 97.08 - 0.058 (1' - 273)
E" 98.82 - 0.076 (1' - 273)
E" 97.83 - 0.0657 (1' - 273)
E" 95.9 - 0.0574 (1' - 273)
E = 95.92 - 0.0629 (1' - 273)
E = 96.90 - 0.0673 (1' - 273)

295-1023
295-1008
295-1008
295-885
295-885
295-1133

0.998
0.993
1.000
0.990
0.999
0.999

(T is in degrees kelvin)
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o

LONGITUDINAL

S13 =S23,

S33,

S44 =SS5 ,

In addition, the non·zero elastic constants for a
hexagonal crystal are:

C66 = 1/2(C11 - C12 )

CII :::::C22

C12

C13 = C"

C"
C44 = Css

referred to as deformation coefficients and are related
to the teclmical elastic constants.

The elastic data for single crystal zirconium is usually
given in terms of the stiffness coefficients Cir If the
material is hexagonal, the stiffness coefficients can
be transformed into compliance coefficients, Sij, using
standard transformation equations [16]:

S,,=(C11 +C,,)/[C,,(C11 +C12 )- 2eu (I)

S44 = 1/C44 , (2)

Sl1 - S12 = 1/(C11 - C12 ), (3)

S" =(-C13)/[C33(C11 +Cnl- 2Ci3] , (4)

Sil +S" = (C3,)/[C3,(C11 +C,,)- 2Ci3] , (5)

S" = 2(Sl1 - S12) = 2/(C11 - C12 ). (6)

and all indices are asymmetric, Le. S13 = S31-
The reciprocal of Young's modulus in a direction

which makes an angle $ with the crystallographic c-axis
is given for a hexagonal crystal by the equation:

£-1 =sll =Sl1 sin4 8 +S33 cos4 8

o
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Fig. 7. Experimentally determined values of the thermal
expansion coefficient in the three principal directions of Zr-l
wt% Nb slab at temperatures up to 875 K.

5.0

1[ I C" ]£-1 = _ + sin4e
2 C11 - C12 C,,(C11 + C12 ) - 2C'j,

[
C11+C12 ] 4+ 2 cos e

C3,(C11 + C12) - 2C13

+ [_1_ _ 2C" 2 ] sin2 $ cos2$ . (8)
C44 C,,(C11 +C12 ) -2C"

Similarly, the reciprocal of the shear modulus G in
a direction which makes and angle $ wilh the crystallo.

The elastic properties of polycrystalline aggregates
can be calculated from single crystal data. Fischer and
Renken [13,14] have determined the five elastic can·
stants C33 , Cll , C44• en and C13 required to com
pletely describe the elastic response of a zirconium
crystal over the temperature range 4 to 1133 K using
an ultrasonic interference technique. Tremblay and
Roy [15] have determined the same elastic moduli of
alpha single crystal zirconium containing up to 24 at%
oxygen in the temperature range 250-520 K using an
ultrasonic technique based on the phase comparison
technique of McSkimim. The values of the stiffness
coefficients, C;j are related to as deformation coeffi·
cients, Sij. The compliance coefficients Sij are often

+ (S44 +2S,,) sin2$ cos2$ .

Combining eq. (7) with eqs. (I) to (6) yields the
expression for Young's modulus as:

(7)
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graphic c-axis is given by:

G- 1 =8•• + (811 - 8 12 - ~8••) sin'e

+ 2(811 +8" - 28 13 - 8,,) cos'e sin'e , (9)

or

90

50

100
TEMPERATURE, °C
200 300 400 500 600

6 LONGITUDINAL, ME~SURED
.& LONGITUDINAL: CALCULATED
o TRANSVERSE: MEASUREO
• TRANSVERSE· CALCULATED

Using the above eqs. (8) and (10) for E and G, res
pectively and the texture measurements, Young's mo
duli have been calculated as a function of temperature
for zirconium, Zr-2.5 Nb and zircaloy-4 using the
method of Northwood et al. [1]. The calculated and
measured moduli for these three materials are shown
in figs. 8, 9, and 10. The agreement between the mea
sured and calculated moduli is exceptionally good for
the crystal bar zirconium, fig. 8. The calculated values
lie within the small scatter of the experintental data.
The agreement between the experimental and calculated
moduli for Zr-2.5 Nb and zircaloy-4 is also good. For
Zr-2.5 Nb., in particular, the difference in modulus
between the longitudinal and transverse directions is

,
300 400 500 600 700 800

TEMPERATURE, K

Fig. 9. Comparison between measured and calculated (from
texture) values for Young's modulus of annealed 2r-2.5 wt%
Nb.

confirmed. The small differences in absolute values of
modulus for the Zr-2.5 Nb and zircaloy-4 is due to
compositional effects, principally the oxygen content.
The effect of oxygen in solid solution was shown by
Tremblay and Roy [15] as in increase in the values of
the elastic parameters of zirconium. For the Zr-2.5
Nb and zircaloy-4 the Young's modulus values were
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Fig. 8. Comparison between measured and calculated (from
texture) values for Young's modulus of annealed crystal bar
zirconium (Marz grade).

,
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Fig. 10. Comparison between measured and calculated (from
texture) values for Young's modulus of annealed zircaloy-4.
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Fig. 11. Comparison between measured and calculated (from
texture) values for Young's modulus of Zr-l wt% Nb slab in
the three principal directions.
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A - 0.0 INDICATES TRANSVERSE DIRECTION
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is that the method originally proposed by Northwood
et al. [I] to calculate the directional dependence of
the elastic properties of textured zirconium alloys has
been shown to give remarkably good agreement with
experimentally measured values. This of course, will
only be valid for dilute zirconium alloys in which the
major phase is the hep a-zirconium. Alloying additions
such as niobium, tin and oxygen (all of which are in
solution in the a.zirconiurn) give rise to small increases
in the elastic constants but do not change their direc·
tion (texture) or temperature dependence. As more

60~3"'0::-0--:4"'0::-0--:5"'0::-0~::-60=-0::--:C70=-0::---::-60=-0:'----::-90':-0::--l
TEMPERATURE. K

calculated using the stiffness coefficients for a zirco
nium single crystal containing a low oxygen content.
The measured values for Zr-2.5 Nb and zircaloy·4
were obtained on a commercial material containing
approximately 1200 ppm oxygen, hence the slightly
higher value in Young's modulus. In addition, in the
commercial material, there would be an effect from
either niobium or tin in solid solution. However,
generally, the agreement between measured and cal
culated moduli is excellent.

Texture measurements also showed that there was
no appreciable change in texture on annealing and
hence confirm the measurements of E and G which
also showed no significant change with annealing, as
was shown in table 3.

There is a significant difference in the Young's
modulus for Zr-l.O Nb in the three principal direc
tions. The largest values of the Young's modulus aree
obtained in the normal direction and the smallest in
the longitudinal direction. The data from the inverse
pole figures for the Zr-1.0 Nb were used to calculate
Young's modulus in the three principal directions
again using the method of Northwood et al. [1]. The
measured and calculated values of Young's modulus
are shown in table 5. The agreement is excellent.

In fig. 11, the variation of Young's modulus with
temperature in the three principal directions has been
calculated and compared with the measured values.
Young's modulus in the normal direction is much less
temperature dependent than in either the longitudinal
or transverse directions. The agreement between calcu
lated and measured values of Young's modulus is
excellent especially in that the exact temperature
dependence was predicted from the texture measure
ments. In table 6, the calculated and measured values
of Young's modulus at 773 K are compared.

The main point to come from these investigations

Table 5
Room temperature modulus of Zr-1.0 wt% Nb

Table 6
Young's modulus of Zr-l.O wt% Nb at 773 K

Young's modulus (CPa) Young's modulus at 773 K (CPa)

Direction Calculated Measured Direction Calculated Measured

Longitudinal 93.4 91.91-92.96 Longitudinal 64 63.6

Transverse 95.2 95.31-96.42 Transverse 68 73.5-74.7

Normal 99.1 95.5 -99.2 Normal 77 78.7-79.8
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of these types of measurements are obtained, it is
probable that the stiffness coefficients used in the cal
culations can be adjusted for the effects of the small
amounts of alloy additions.

S. Conclusions

The elastic moduli of zircaloy-2, zircaloy-4, Zr-2.5
wt% Nb, Zr-I.O wt% Nb and Marz crystal bar zirco
nium, as determined by dynamic techniques, showed
a linear decrease with temperature within the range
275 to 1000 K. This decrease in Young's and shear
moduli has been expressed by empirical relations
fitted to the data. The differences in behaviour between
materials has been shown to be due to texture effects
and moduli computed using the method of Northwood
et al. [1] from single crystal elastic constants and
texture data have been shown to agree remarkably
well with the experimentally determined values.
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