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Resume

Ce rapport contient des données déterminées
expérimentalement sur les modules d'élasticité dynamique du
Zircaloy-2, du Zircaloy-4, du zirconium-2.5%(en poids)niobium
et du zirconium en barre cristalline de qualité Marz. Les
données relatives aux modules dynamiques de Young et aux
modules de cisaillement des alliages ont été.-mesurées à la
température dans l'intervalle allant de 300 K à 1000 K. Dans
chaque cas, le module de Young dëcroit linéairement lorsque
la température augmente et il est exprimé par une équation
empirique ajustée aux données. On a constaté que les
différences dans les valeurs du module de Young déterminées
à partir de spécimens ayant des axes longitudinaux, parallèles
et perpendiculaires à la direction du roulement sont petites
ainsi que les différences entre les modules de Young déterminés
à partir de bandes, de barres ou de gaines de combustible.
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ABSTRACT

This report contains experimentally determined data

on the dynamic elastic moduli of Zircaloy-2, Zircaloy-4,

zirconium-2.5wt% niobium and Marz grade crystal bar zirconium.

Data on both the dynamic Young's moduli and shear moduli of

the alloys have been measured at room temperature and Young's

modulus as a function of temperature has been determined over

the temperature range 300 K to 1000 K. In every case, Young's

modulus decreases linearly with increasing temperature and is

expressed by an empirical equation fitted to the data. Dif-

ferences in Young's modulus values determined from specimens

with longitudinal axes parallel and perpendicular to the

rolling direction are small, as are the differences between

Young's moduli determined from strip, bar stock and fuel

sheathing.
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1• INTRODUCTION

The macroscopic linear elastic response of homogeneous, isotropic

materials can be completely characterized by the Young's modulus, E, the

shear modulus, G, and Poisson's ratio, v. These parameters are useful to

research workers and design engineers alike. The variation of elastic moduli

with temperature is of scientific and practical importance, for example, in

aiding interpretation of experimental data and predicting high-temperature

behaviour of components in service.

In this work, the dynamic Young's modulus has been measured by

the resonant beam technique. This technique has a definite advantage over

the static method of measuring the elastic moduli, since the method is in-

trinsically more accurate, ar'd the imposed low-level sinusoidal strain

(e < 10 7) is insufficient to initiate micro-plasticity. In general, the

dynamic elastic moduli are only slightly reduced (<<2%) due to mechanical

damping from the corresponding static values. The dynamic Young's modulus

was measured over the temperature range from ambient temperature to approx-

imately 1000 K for Zircaloy-2 (Zr-2), Zircaloy-4 (Zr-4), zirconium-2.5 wt% Nb

(Zr-2.5 Nb) and crystal-bar zirconium. The work thus extends the data of

Northwood et al for Zr-2 and Zr-2.5 Nb to significantly higher temperature,

i.e. from 773 to 1023 K for Zr-2 and from 773 to 1008 K for Zr-2.5 Nb. In

addition, the variation of Young's modulus with temperature for Zr-4, which

seems to have been neglected in the literature, is reported. The effect of

texture on Young's modulus was assessed by cutting rectangular test specimens

longitudinally and transverse to the rolling direction.

Particular attention has been paid to the variation with temperature

of the elastic modulus of Zr-2.5 Nb where significant differences have been
(1 2)

found between our data and those of others ' . In this case the measurements

of the variation of E with temperature have been augmented with tests on

cylindrical rod and fuel sheathing.
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2. EXPERIMENTAL PROCEDURE

The "free-free" resonant beam technique was employed to measure

the dynamic Young's modulus. Contemporary methods and equipment used in

resonant beam experiments have been described by Ritchie , Rosinger et

al'**' and Spinner and Tefft . In this technique, a suitably shaped test

specimen is excited into mechanical resonance by means of a fine coupling

wire connecting the specimen to a driver, usually a piezoelectric crystal,

and a variable oscillator. A similarly coupled pick-up transducer is used to

detect the mechanical vibration of the specimen, and the resonant frequency

is measured with a frequency or period counter. The appropriate modulus is

then calculated by using the value of the resonant frequency, the mass and

dimensions of the specimen, and the appropriate equations from the theory

of elastic vibrations.

One of the improvements made to the conventional resonant beam

technique for measurements at ambient temperature is the complete replacement

of the pick-up wire and transducer system by a non-contacting optical trans-

ducer. This equipment is fully described in references 3 to 5 and 7 to 10.

All the room-temperature values of the flexural and torsional resonant fre-

quencies were measured using this system.

For the tests at higher temperatures, it was necessary to employ

the fine-wire-coupled pick-up transducer. In order to attach the wires, a

0.030 cm diameter hole was drilled and tapped into each end of the specimen

and the wire clamped by means of small stainless steel screws. Approximate

corrections for the change in resonant frequency and mass due to these two

screws have been taken into account when calculating Young's modulus.

During testing, each specimen was supported at the nodes for-the funda-

mental mode of flexural vibration. Testing was done in a constant temperature

zone of a commercially available furnace. The temperature during the test was

measured with chromel-alumel thermocouples and the temperature variations in

the furnace were within i 2 K. Heating rates were kept at approximately 2 K min"1

with periods of 4-5 min required to equilibrate the specimen temperature before
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measuring the fundamental flexural frequency. An argon flow was maintained

through the furnace to reduce the oxidation of zirconium at higher temper-

atures. The increase in weight due to oxidation was measured on completion

of the test.

3. MATERIAL

The specimens of Zr-2, Zr-4 and Zr-2.5 Nb were all taken from

stock material. Details of the initial fabrication of these three test

materials are listed in Table 1, and these specimens will be referred to

in subsequent discussion as 'as-received'. For the Zr-4 and Zr-2.5 Nb strip

material, rectangular specimens were cut both longitudinal and transverse

to the rolling direction. In addition, fuel sheathing made of these two

materials was tested, as well as a cylindrical rod of Zr-2.5 Nb. The

rectangular specimens of crystal bar Marz grade Zr were cut from severely

cold-worked and then annealed (1073K/8 h) material.

The testing sequence for all the rectangular specimens of Zr-2,

Zr-4, Zr-2.5 Nb and crystal bar Zr was as follows:

1. Determine the elastic moduli, E and G, at room temperature

for the 'as-received1 condition;

2. Heat treat at 1073K/48 h; this condition will be referred

to as 'annealed';

3. Determine the room temperature moduli, E and G, for the

'annealed' condition;

4. Determine Young's modulus variation with temperature.

Young's moduli of both Zr-4 and Zr-2.5 Nb fuel sheathings, and

of Zr-2.5 Nb cylindrical bar stock, were determined as a function of temperature.
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4. RESULTS

4.1 ELASTIC MODULI AT ROOM TEMPERATURE

The room temperature Young's and shear moduli have been calculated

from the fundamental frequency plus first and second overtones of transverse

flexural and torsional resonances. The Young's and shear moduli for the

rectangular test specimens are shown in Table 2. In the table, the subscripts

1-3 refer to the fundamental, first and second overtones, respectively. Two

specimens were tested in each condition to check reproducibility.

For each rectangular specimen, Young's modulus was calculated from

the fundamental flexural frequency using the equation of Spinner and Tefft :

0.94645 pf*" ri \ T (1)

For flexural overtones, Young's modulus was calculated according to the

equation used by Rosinger et al :

E - 0.94645 p(_*nl T (2)
\ a / R2

n

where a is the cross-sectional dimension parallel to the direction

of vibration

p: • is the density

I is the specimen length

fn is the resonant frequency for the (n-̂ 1) overtone

T is a complicated shape factor which has been conveniently

tabulated for various values of a/I and Poisson's ratio,

V,'by Hasselman ,

and R is the theoretical value of the-frequency ratio, £ /f.,
' (5) n 1

determined from the Timoshenko beam theory .

On examination of Table 2, it can'be seen that the values of E are consistent

within a set, having a variation of less than 1% from the. mean.
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The shear moduli of rectangular specimens were calculated from

the fundamental and first and second overtones of torsional resonance. The

equation relating the shear modulus G to the torsional resonant frequencies,

f , of rectangular bars is given by

Gn " " <2<e f n / n ) 2 R (3)

where R is a complicated function of the cross-sectional dimensions of the

specimen. The most accurate approximation of R has been formulated by Spinner

and Tefft , which combines the empirical results of Spinner and Valore
(13)with the theoretical results of Davies , and is given by:

R = {[1 + (b/a)2}/[A - 2.521 (a/b) fl - 1.991/

( e 7 ^ * + 1)}][[1 + (0.00851nV/£2)]

- 0.060(nb/£)3/2(b/a - I ) 2 . (4)

where b is the cross-sectional dimension perpendicular to the direction

of vibration.

The mean values of E and G for the rectangular specimen from

Table 2 have been summarized in Table 3. There are several notable features

in Table 3:

1. The values of E and G in the transverse direction are slightl

larger than those in the longitudinal direction. This differ-

ence is within the experimental error.

2. The moduli for the annealed material are marginally larger

than those of the as-received material.

3. The elastic moduli of zirconium and zirconium alloys are

very similar.
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4.2 VARIATION OF YOUNG'S MODULUS WITH TEMPERATURE

The variation of E with temperature is shown in figures 1 to 4

for Zr-2, Zr-4, Zr-2,5 Nb and crystal bar Zr, respectively. Young's modu-

lus was calculated from the measured fundamental of flatwise flexure and

equation 1. The dimensions and the density at any given temperature were

calculated using the coefficients of thermal expansion for Zr-2, Zr-4, and

Zr-2,5 N b ^ and crystal bar Zr^ . It can be seen that in all cases E

decreases linearly with increasing temperature. These data extend the prior

investigation of the temperature dependence of E of Zr-2 and Zr-2.5 Nb

from 773 K to 1008 and 885 K, respectively. In addition, the Young's modulus

for Zr-4 and Zr has been measured up to 1023 and 1133 K respectively.

For Zr-2 and crystal bar Zr only strip material was tested. For

Zr-4 and Zr-2.5 Nb, the rectangular-strip data have been augmented with modu-

lus measurements on fuel sheath in the 60-70% cold-worked and stress-relieved

condition (i.e. 'as-received'). As shown in figures 2 and 3, there is no

appreciable difference in E between the annealed strip and the cold-worked

fuel-sheath material.

After completion of the tests at elevated temperatures, each speci-

men was retested at ambient temperature to determine any possible changes in

modulus attributable to exposure at elevated temperatures. The small increase

in E, less than 2%, was probably due to surface oxidation. The weight gain,

also due to the grey-white oxide, was less than 0.5 wt.%.

5. DISCUSSION

Our measurements confirm that the elastic moduli of zirconium-rich

alloys are very similar and agree reasonably well with those of crystal bar

zirconium (Table 3). This is because the structure of these alloys is a matrix

of alpha-zirconium containing a small amount of second phase.

As mentioned above, there are only marginal differences in the

elastic moduli cut from the longitudinal and transverse directions. This
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would indicate that strong texture effects postulated by Northwood et al

were not present in the zirconium alloys tested. The major texture effects

would be expected in the thickness direction.

5.1 COMPARISON WITH PREVIOUS RESULTS FOR YOUNG'S MODULUS

AS A FUNCTION OF TEMPERATURE

5.1.1 Zr-2

Figure 1 shows the effect of temperature (T) on Young's modulus

for Zr-2 for which the equation is

E = 97.08 - 0.058 . (T - 273) GPa (5)

with a correlation coefficient, r, of 0.998*. The equation holds to 1023 K

and is probably valid up to 1145 K, where the a-Zr transforms to the bcc

3-Zr phase. This equation is in excellent agreement with the results of

Northwood et al - also shown in figure 1 - for hot-rolled and annealed

(1061 K/l h) cylindrical rod. Their equation is given by

. E = 97.1 - 0.058 (T - 273) GPa (6)

which is valid to 773 K. Both equations 5 and 6 give lower value of E than
(2)

Maxwell's average equation for the transverse and longitudinal direction

given as

E = 99.28 - 0.058 (T - 273) GPa (7)

Maxwell's equation was based on the data of Mehan , Whitmarsh and

ZinuT • who had found distinct differences between Young's modulus in

* Correlation coefficient was calculated using the equation

£ (X - X) (Y, - Y) X = £ fi
•i«. 1 1 - . i - 1 n

r « ~ • where

V n n

V™* . — 2«-^ — o — V ^ YL <vx)BYi-Y> Y = ^ -ii = l i = l n
where Y =E(T.), X ^ T J . and n is the number of data points.
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the transverse and longitudinal direction. In contrast, our work shows no

significant difference in Young's modulus for annealed, 20% cold-worked

strip, or 60-70% cold-worked fuel sheath.

5.1.2 Zr-4

Figure 2 shows the variation in Young's modulus with temperature

for both specimens cut from annealed strip material, and 60 to 70% cold-

worked and stress-relieved fuel sheath. The equation obtained by fitting

the best straight line to the data is given by

F. = 98.82 - 0.067 (T - 273) GPa (8)

(correlation coefficient of 0.993).

The equation for the fuel sheath data only is given by

E = 97.83 - 0.0657 (T - 273) GPa (9)

The difference in the two equations may well be due to a texture

effect.

There is very l i t t l e other information available in the literature

on the temperature dependence of Young's modulus for Zr-4.

5.1.3 Zr-2.5 Nb

The best straight line for all the Zr-2.5 Nb data shown in

figure'3 is given by

E = 95.9 - 0.0574 (T - 273) GPa (10)

with a correlation coefficient of 0.990 and valid to 885 K. By comparison,

the equation given by Northwcod et al( ' for Zr-2.5 Nb 40 to 50% cold-worked

Is given by

E = 97.3 - 0.060 (T - 273) GPa (11)

(2)
has obtained

E - 97.22 - 0.0683 (T - 273) GPa (12)

(2)
while Maxwellv has obtained



both the equations being valid to 773 K, The variation of Young's modulus

with temperature for this zirconium alloy shows some texture effects even

after annealing the strip material, i.e. the longitudinal values of Young's

modulus are consistently lower than those in the transverse direction. A

similar trend was observed by Whitmarsh in Zr-2. In addition, the modulus

of 60-70% cold-worked and stress-relieved fuel sheathing is lower than that

of transverse strip. The equation for the fuel sheathing is given by

E = 95.92 - 0.0629 (T - 273) GPa (13)

with a correlation coefficient of 0.999.

From figure 3 it appears that the temperature dependence of the

modulus is linear to 1003 K. This is rather surprising in that Zr-2.5 Nb

starts to transform from a-Zr to bcc 0-Zr at around 885 K. Dashkovskiy and
(18)

Savitskiy have investigated Young's modulus of Zr-Nb alloys. For all

the Zr-Nb alloys, including Zr-2.5 Nb, they found a linear decrease in E to

about 883 to 888 K and then a deviation from this straight line.

5.1.4

Figure 4 shows the variation of Young's modulus with temperature

for pure Marz grade crystal bar Zr up to 1133 K. The best fit is given by

E - 96.90 - 0.0673 (T - 273) GPa (14)

with a correlation coefficient of 0.999. Values of the room-temperature

Young's modulus reported in the literature (19-24) range from 96.0 to 123.0 GPa.

Our data on the Marz grade crystal bar Zr are slightly lower than that of Arm-

strong and Brown , who determined Young's modulus from the longitudinal

resonance of iodide crystal bar zirconium.
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6. SUMMARY AND CONCLUSIONS

Young's modulus of Zircaloy-2, Zircaloy-4, Zirconium-2.5 Nb

and Marz grade zirconium, as determined by the dynamic resonant beam

technique, exhibits a linear decrease with temperature. To summarize our

results, we have listed the equations relating Young's modulus to temperature

for the four zirconium alloys in Table 4, together with corresponding

temperature ranges and correlation coefficients.
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TABLE 1

FABRICATION DETAILS OF TEST SPECIMEN

Alloy

Zircaloy-2
(Zr-2)

Zircaloy-4
(Zr-4)

Zirconium-2.5wt% Nb
(Zr-2.5 Nb)

Crystal Bar
Zirconium

(Zr)

Fabrication Details

Plate, 20% cold-worked

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

(b) Fuel sheathing 1.524 cm (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 1 cm diameter.

(c) Fuel sheathing, 1.524 cm (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 cm diameter to 0.100 cm
strip. Annealed at 1073 K/8 h.

* Purchased from Materials Research Corporation, Orangeburg, N.Y.
The major impurities are: 30 ppm 0, 30 ppm Fe, and 200 ppm Hf.
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TABLE 2

ROOM TEMPERATURE ELASTIC MODULI, GPa

Material

Zr-2

Zr-4

2r-2.5Nb

Crystal Bar
Zr

Condition

As-received

**
Annealed

*
As-received

**
Annealed

*
As-received

**
Annealed

*
As-reteived

**
Annealed

Rolling
Direction

\

\

Long.

Trans.

. Long.

Trans.

Long.

Trans.

Long.

Trans.

_

El

94.61
94,97

95.87
96.51

—
94.45

94.19
94,39

95.88
96.20"

95.81
96.70

93.34
92.64

94.25
93.77

94.99
93.89

93.70
94.05

94.64
96.64

96.53
—

Gl

36.12
36.29

36.53
36.84

33.61
33,99

33.76
34.14

34,59
34.96

34.73
35.19

32.60
32.50

32.95
32.85

33.18
32.98

- - : - . . , : . . . . •

32.92
33.32

33.22
33.90

33.85
34.36

E2

95,20
94.97

96.31
96.12

93.96
94.68

94.16
94.72

95.98
97.25

96.34
97.48

93.54
93.19

94.69/
94.35

94.94
94.30

93.82
93.40

94.57
95.14

94.45
97.29

G2

36,42
36.15

36.75
36.62

33.66
34.02

33.70
34.11

34,70
35.16

34.85
35.32

32.74
32,53

32.96
32.85

33.30
33.14

32.99
33.43

33^84
33; 33

33.34

E3

95.27
94.97

96.49.
96.44

94.86
95.16

94.67
95.46

96.70
A97V84;

97.08
98.10

93.92
93.31

95.01
94.43

95.41
94.76

-•;= U-..
!
 -.-:..;.-

94;57 .
94.55,

94.96

97.29

G3

36.71
36,60

36.69
37,11

34.29
34,68

34.36
34.74

35.33
35.78

35.47
35.93

33.14
32.95

33.40
33.31

33.75
33.58

. - : • • ! ' : . . . ' :

33,42
33.89

**'~--.im».-

. . , — ....

* Conditions as shown in Table 1

** Annealed 1073 K/48 h.
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TABLE 3

MEAN VALUES OF ROOM TEMPERATURE ELASTIC MODULI

As-Received

Annealed

(A)

Long.

Trans.

Long.

Trans.

YOUNG'S MODULUS, GPa

Zr-2

) 95.0

96.29

Zr-4

94.62

94.60

96.64

96.92

Zr-2.5 Nb

93.32

94.42

94.71

93.97

Zr

95.18

96.58

As-Received

Annealed

(B)

Long.

Trans.

Long.

Trans.

SHEAR MODULUS, GPa

Zr-2 Zr-4

36.38

36.76

34.04

34.14

35.09

35.25

Zr-2.5 Nb

32.74

33.05

33.32

33.33

Zr

33.57

33.82



- 16 -

TABLE 4

YOUNG'S MODULUS AS A FUNCTION OF TEMPERATURE

Material

Zircaloy-2

Zircaloy-4

fuel sheath:

Zirconiura-2.5wt% Nb

fuel sheath

Crystal Bar
Zirconium

E = 97

E = 98

E = 97

E = 95

: E = 95

E = 96

E

.08 -

.82 -

.83 -

.9 -

.92 •

.90

in

- 0

- 0

- 0

0.(

- 0

- 0

GPa

058 (T -

067 (T -

.0657 (T -

3574 (T -

.0629 (T -

.0673 (T -

(T is in degrees Kelvin)

273)

273)

273)

273)

• 273)

• 273)

Temperature

Range of

Measurement

295 - 1023 K

295 - 1008 K

295 - 1008 K
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