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SUMMARY

The unstable fracture behaviour was studied on the Zr-2.5Nb pressure tube intended to
be used in the heavy water moderated and light water cooled reactor, “FUGEN”, from the
viewpoints of the effect of hydrogen content, temperature and crack configuration. The test
methods are as follows: (1) the internally pressurizing test on the pressure tube, (2) the ring
tensile test and (3) the bending test using a small crescentshaped specimen. The methods (2)
and (3), were developed in anticipation of their usefulness for surveillance of the pressure
tube material served in the reactor.

The hydrogen content of the specimens was ranged from 5 to 300 ppm, the test tempera-
ture was changed from a room temperature to 300°C and the various crack configurations,
that is, the different sizes in length and depth were studied. The effects of these parameters
were observed from the viewpoints of the fracture strength, the number of cycles to crack
initiation, the fatigue crack growth rate and the fracture behaviour.

The results were examined by application of the linear fracture mechanics, and under
small scale yielding condition, the effects of the difference of the test methods ((1), (2) and (3))
could be eliminated by using the stress intensity factor.

The stress intensity factor of the specimen with a part through crack under internal pres-
sure was obtained semi-experimentally, and the two-dimensional fatigue crack growth rate
was elucidated by using this stress intensity factor. As the result, it was clarified that the
behaviour of a part through crack versus the above stress intensity factor agreed well with the
behaviour of a through crack.

At room temperature, such high hydrogen content as 250 ppm makes the fracture tough-
ness decrease extremely and makes the fatigue crack growth rate increase prominently as,
Kmax approaches to Kc. However, the fracture toughness has recovered at 300°C.

On the other hand, it was confirmed that pre-loading at a high temperature is effective to
improve the fracture toughness at a room temperature.
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1. Introduction

The Power Reactor and Nuclear Fuel Development Corporation has been developing the
prototype reactor, "FUGEN", heavy water moderated and light water boiling cooled. It was
decided that the aged Zr-2.5Nb was adopted as the pressure tube material because of its
good nuclear characteristics and its high mechanical strength.

Hydrogen picked up from the coolant water and neutron irradiation reportedly lead to
embrittement of the pressure tube, One of the most severe assumptions is the accident that
terminates in unstable fracture of the pressure tube after crack initiation at a small
defect and its propagation by pressure cycling resulted from start-up and shut-down of the
reactor.

This program was planned to study the fracture behaviour of the aged Zr-2.5Nb, that is,
the effects of repeated stress, two-dimensional crack configuration, hydrogen content and
temperature on the crack growth rate, the fracture toughness and the fracture mode.
Additionally, pre-loading at a high temperature was tried to improve the toughness at a room
temperature,

The present study consists mainly of three experiments, that is, the tube pressurizing
test, the ring tensile test and the bending test. These tests were performed on the pres-
sure tube satisfying the specifications for the prototype reactor, It is expected that the
reliable results are obtained by the tube pressurizing test, because it is performed on
large specimens. On the other hand, the ring tensile and the bending tests are useful as
the methods for surveillance of the pressure tube served in the reactor, if the correlation
between their results and the results of the tube pressurizing test is successfully made
clear.

2. Experimental Techniques

2.1 Material

The investigated material is the aged extruded tube made from Zr-2.5Nb satisfying the
specifications for the pressure tube of the reactor. The heat treatment consisted of water
quenching from 870°C, cold drawn to a reduction of 10 ~ 15% and then given an aging treat-
ment which consisted of holding at 500°C in vacuum for 24 h, Its dimensions are 117.8 mm
in inside diameter and 4.3 mm in wall thickness, Four kinds of specimen were prepared
differently in hydrogen content aimed at 5 (as received), 50, 100 and 250 ppm. Hydrogen
was charged by the following method : a 800 mm long piece was shot blasted on the surface
and heated at 450 ~ 500°C in hydrogen gas for a few hour.

Table I shows the circumferential mechanical properties of the material measured by
the ring tensile test using 6.4 mm wide ring pieces (Kimura [l]). The effects of hydrogen
content on the mechanical properties are not so prominent.

2.2 Tube Pressurizing Test

Figure 1 shows schematically the construction of the specimen and the end fixtures for
the tube pressurizing test, (Pankaskie [2]).

The 0,3 mm wide notch was longitudinally added through or part through the wall
thickness at the middle vart of the 500 mm loneg piece bv means of the electrical discharee
machining method. The through notch was sealed with 0,1 mm thick copper foil and 2 mm
thick rubber sheet stuck with plastic paste.

The specimen is connected at the both ends with the end fixtures through one of which
high pressure silicon o0il is supplied. The delta packings seal the passage of high pres-
sure silicon oil and the wedge shaped chacks catch the tubular specimen on the outside
surface against the axial force induced by the internal pressure.

A few specimens were supplied to the static burst test directly after notch machining
and Others were after the fatigue cracked. The static burst test at high temperature was
performed on ‘the specimen with the heater inside and wrapped outside with thermal insulator

In the case of the fatigue test, internal pressure cycling with 2 kg/mm?2 as the lower
stress was continued until the specimen fractured. The crack behaviour such as initiation
and propagation was observed with a microscope.

2.3 Ring Tensile Test

Such a method was developed to reproduce the similar stress conditions in a ring
specimen as those in a tubular specimen under internal pressure,

The specimen is a 100 mm long piece of tubing and it is added a narrow notch in the
same manner as mentioned in 2.2, The specimen is set on the tensile testing machine with
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a pair of semi-cylindrical jigs that is spaced from the internal surface of the specimen
with bBeflon sheet to reduce friction force, as shown in Fig. 2. The notch is located at
45° in the angle of elevation from the horizontal plane to minimize the out of plane bending
at the notch area and also to make observation easier. It was certified by the preliminary
test using the non-notched specimen instrumented with strain gauges that stress distributed
uniformly in the longitudinal direction of tubing. The stress distribution of each specimen
was monitored by three strain gauges stuck at both ends and the middle of the length and
the uniformity was kept within +5% by adjustment in setting the jigs and the specimen.

The specimen was applied pulsating tensile stress until fatigue cracks were made to
propagate a few millimeters at the notch tips. Static tensile load was increased until the
specimen fractured after crack formation had been interrupted.

In the case of the fatigue test, application of pulsating tensile stress with 2 kg/mm2
as the lower stress was continued until the specimen fractured. The crack behaviour was
observed by the same way as mentioned in 2.2 and in the high temperature test through the
window furnished on the furnace.

2.4 Bending Test

The specigl bending test was developed as the method for surveillance of the pressure
tube served in the reactor.

The crescent-shaped specimen is cut from the pressure tube, with dimensions of 75 mm
in circumferencial length, 30 mm wide and 4.3 mm thick, A sharp notch is cut at the middle
on the transverse cross section. As shown in Fig, 3, the specimen is set at both ends on
the jig inclining by 13.5° from the load axis to avoid the out of plane bending at the notch
area.

Pulgating bending load was applied to the specimen to make a fatigue crack at the root
of the notch by three points bending. Afterward, static bending force was increased until
the specimen fractured to obtain the fracture toughness.

3. Results and Discussion

3.1 Stress Intensity Factor

Stress intensity factor, K, was used for the data arrangement, since both the stress
range in the fatigue test and the static fracture stress were sufficiently low, in general,
compared with the 0.2% offset were sufficiently low, in general, compared with the 0.2%
offset yield strength, The following equations give the values of stress intensity factor.

Tubular specimen with a through crack under internal pressure (Erdogan & Kibler [3])

K = I0¥Ta (1)

Tubular specimen with a infinite long and part-through crack under internal pressure
(Kobayashi, et al, [4])

K = FO{Ta (2)

Ring tensile specimen with a through crack (lets use the equation for the plate
specimen with a through crack under tensile load) (Feddersen [5])

K =0n (l— Ta sec

W W (3)

Ring tensile specimen with part-through crack (1lets use the equation for the plate
specimen with semi-elliptical crack under tensile load) (Kobayashi & Moss 6 )

K = NOgyTa/Q (4)

Three points bending specimen (Brown & Srawley [7])

K =(eqa [1.95-3.071(8)+14.53(2)%-25.11(8) *+25.80(2)* ] (5)
where
a half length of a through crack or depth of the part-through crack
I,F coefficients representing buldge effect
N coefficient representing thickness effect
Q coefficient representing effect of two-dimensional crack configuration
Jn net section stress

as gross stress



—4—

The gross stress in eq. (5) is expressed as follows,
(g =6Mcos G/TH2 (6)
where
M in plane bending moment
T thickness
H width
9 inclination angle

The stress intensity factor for the tubular specimen with a finite long and part-
through crack under internal pressure will be afterwards discussed.

%.2 Unstable Fracture Behaviour

3.2.1 Effect of notch root configuration

In order to study the effects of notch root configuration, the static burst test was
conducted on specimens with three kinds of notch of which roots were fatigue cracked,
electrical discharge machined and drilled. The hydrogen content of the specimen was 250
ppu and the test temperature was room tcmperature.

Figure 4 shows the results. There is little difference between the specimens notched
by electrical discharge machining and drilling. The fracture strength is approximately
proportional to the square root of notch width (or the square root of radius of curvature
at notch root). It means that the specimen fractures when the stress at the notch root
attains at the critical value. The specimen with a fatigue crack is desirable to obtain
Kc value for the case that the material fractures at low stress.

3.2,2 Effect of crack length on burst strength

Figure 5 shows the unstable burst strength at room temperature of the tubular specimens
containing about 5 (as received) and 250 ppm hydrogen with through cracks, There scarcely
observed any difference in strength between static burst and fatigue fracture. The fracture
strength is well shown versus crack length by eq. (l) in which K is replaced by constant,
the critical stress intensity factor, Kec (350 kg/mm 4mm for the as~receailved material,

70 kg/mm2~Fﬁﬁ for the material containing 250 ppm hydrogen). It shows that the linear
fracture mechanics is useful in this case.

3.2.% Effects of hydrogen content and test methods

Figure 6 shows the critical stress intensity factors, Kc, measured at rocom temperature
by the various test methods versus hydrogen content. Their data are plotted within the
band shown in the figure and the difference among the results by various methods is not
recognized. The fracture toughness of the specimen containing 250 ppm hydrogen is about
1/5 of that of the specimen containing a little hydrogen. This is believed to be caused by
microscopic fractures at brittle hydrides.

However, the values of Kc are apparently lower only in the case of the bending test on
the specimens containing a little hydrogen (as-received), since they show the ductile

that for plastic hinge deformation. In this case, other approach, for example, the elastic-
plastic fracture mechanics using such concept as the critical crack openning displacement
ig necessary to understand the fracture behaviour,

%.2.4 Effects of temperature

Figure 7 shows the tube burst strength versus crack length at 300°C. The fracture
toughness has recovered completely and is not affected by hydrogen content at 300°C. The
fracture behaviour with large bulge deformation also shows the ductile properties at 300°C
even in case of specimens containing much hydrogen, though the macroscopic deformation is
scarcely observed at room temperature. The strength of the cracked specimen approaches to
that of the notched specimen in case of ductile fracture as shown in the figure, since the
stress for ductile crack initiation becomes relatively higher than the stress for crack
propagation (refer to the strength of the non-hydrided specimen in Fig. 5).

Figure O shows the cffcets of temperature on the fracture toughness. The fracture
toughness of the specimen containing about 5 ppm decreases gradually with increasing tem-
perature, However, in the case of the specimens containing 100 and 250 ppm hydregen, the
fracture toughness is about 1/2.5 and 1/5 of that of the specimen containing about 5 ppm
hydrogen at a room temperature, recovers at 100 ~ 250°C rapidly and attains to the value
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of the non-hydrided specimen at 300°C.

3,2.5 Pre-loading effects

Figure 9 shows the effects of pre-loading at 300°C on the increase in fracture
toughness at a room temperature of the ring tensile specimen that contains 250 ppm hydrogen.
The effect of the pre-loading depends on the manner of cooling and unloading, but the pre-
loaded specimen is able to stand at a room temperature at least the load applied at 300°C.
The present experiment shows the increase in fracture toughness by three times of the
specimen without pre-loading. The pre-loading effects must be resulted by combination of
the following phenomena : the large deformation in a small area at the crack tips and
yielding in a comparatively large area that are caused by the large pre-stressing at a
high temperature, and the compressive residual stress at the crack tips brought during
unloading.

3.3 Stress Intensi Factor in Tubular Specimen with cal Surface Crack Under
ssure

It was tried to clarify semi-experimentally the stress intensity factor in the tubular
specimen with a semi-elliptical part through crack under internal pressure. Figure 10
shows the tensile strength at room temperature of the ring specimen containing 250 ppm
hydrogen., The calculated curve in Fig. 10 is obtained by eq. (4) in which the critical
fracture toughness, Ke, is replaced by the constant, 70 kg/mm2wﬁﬁi. The experimental
results agree well with the calculated curve as shown in the figure. It is conceivable
from the above result that the fracture toughness in the radial direction of tubing is
almost same as that in the longitudinal directaon.

Figure 11 shows the examples of the fracture surfaces of the tube burst specimens
containing 250 ppm hydrogen tested at a room femperature. The initial cracks added on
these specimens were all 20 mm long but different in depth. The stress intensity factor of
the part-through crack just before penetration is close to that of the through crack shown
at the top of Fig. 11. PFigure 12 shows the burst gstrength at room temperature of the
tubular specimen containing 250 ppm hydrogen with a part-through crack. In case of the
specimen with the part-through crack on the internal surface, the values shown in the
figure are the sum of internal pressure and hoop stress. The contribution to stress
intensity factor of the wedge effect amounts to about 14 percent of that of the hoop stress.
With this treatment, it seems that there is no large difference in stress intensity factor
between the part through cracks on the outside and the ingide surfaces. The calculated
curve shown in Fig. 12 was obtained by eq. (l) for the through crack, by eq. (2) for the
infinite long and part through crack and by connecting the results of egs. (1) and (2)
considering the calculated results for the ring temsile shown in Fig. 10 and the experimen-
tal results of the tube burst test shown in Fig. 12,

Figure 1% shows the stress intensity factors obtained from the results shown in
Figs. 10 and 12. It is found that the stress intensity factor for the tubular specimen
increases due to the bulge effect, as compared with ring tensile specimen, with the
increase of the ratio, crack depth or crack length to wall thickness.

3.4 Initiation and Propagation of Fatigue Crack

The correlation was studied between the number of cycles to crack initiation, Ni, at
which crack grew about 0.1 mm and the range of the stress intensity factor, AKi, based on
the assumption that the initial notch had been regarded as a crack instead of the true
stress range at the notch tip. The correlation at a room temperature is shown in Figure 14
It shows that the effects of the mechanical parameters such as length of the through crack,
two—dimentional configuration of the part through crack, stress range and test methods can
be expressed by AKi. There is no effect of hydrogen content on fatigue crack initiation.

Figure 15 shows the correlation at a room temperature between the fatigue crack growth
rate and the range of the stress intensity factor, AK. Accompanying crack extension the
growth rate increases steeply as Kmax.approaches to Ke determined by hydrogen content and
at last the specimens terminate at fracture, though in the case of small AK, the effect of
hydrogen content on the growth rate is not observed. The fracture surface consists of the
mixture of the white stripes formed by fatigue fracture and the black spots formed by
brittle fracture as shown in Fig. 16. This was also confirmed by the electron micro-
fractrography. The growth rate is in proportion to the cyclic plastic zone size or the
cyclic crack openning displacement at a crack tip that is, nearly to AX? (OHUCHIDA, et al.
(8] & (9]). The growth rate decreases rapidly with the decrease of AK, since AK
approaches the threshold range, AKth, that is caused by the grain boundary impediment
against the growth (OHUCHIDA, et al. (81).
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Figure 17 shows the fatigue crack growth rate at 300°C. The growth rate is not a
affected by hydrogen at 300°C because the fracture toughness is not. The higher growth
rate at 300°C than that at room temperature in case of small AK might be caused by lowering
of A Kth,

Figure 18 shows the examples of the two-dimensional growth behaviour of the part-
through cracks observed at 300°C. The beach mark shown in the figure was formed by the
intermittent loading of small stress cycling. The growth behaviour of the part through
crack on the ring and tube fatigue specimens agrees well by using the stress intensity
factor obtained in Fig. 13 with that of the through crack as shown in Figs. 15 and 17.

4. Conclusions

(1) The fracture toughness decreases at room temperature with increase of hydrogen
content. For example, the fracture toughness of the material containing 250 ppm
hydrogen is about 1/5 of that of the material containing a little hydrogen (~5 ppm).

(2) The fracture toughness of the material containing 250 ppm hydrogen recovers steeply
at 100 ~ 250°C and attains to the same value as that of the material containing a
little hydrogen (-5 ppm), that is, the five times of that at a room temperature.

(3) The room temperature strength of the specimen pre-loaded at a high temperature
increases at least up to the pre-stressed level.

(4) Though there is no effect of hydrogen content on the number of cycles to crack
initiation and on the growth rate of the fatigue crack in case of small Kmax, the
growth rate increases accompanying microscopic brittle fracture as Kmax approaches to
Kc determined by hydrogen content,

(5) The growth rate of the fatigue crack at 300°C is a little higher than that at a room
temperature in the case of small AK, but is lower in the case of large AK because
of its recovery in toughness.

(6) The stress intensity factor was obtained semi~-experimentally for the tubular specimen
with a semi-elliptical part-through crack under internal pressure. It was clarified
thet by using this stress intensity factor the behaviour of a part through crack such
as fracture mode and two-dimensional growth rate agree well with that of a through
cracked specimen,

(7) It was confirmed that the ring tensile and the bending tests developed in the present
study are able to simulate the behaviour of tubing under internal pressure and are
useful for surveillance of the pressure tube serve in the reactor.
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Table I Circumferencial Mechanical Properties of Aged Zr-2,5Kb Tubing

TEMPERATURE

Pig.

(*c)

R.T.

300

1

(ppm)
0

50

300

50
100
300

HYDROGEN
CONTENT

ULTIMATE
STRENGTH

(k9/mit)
877
797
736
597
527
523
496

SPECI-

02% PROOQF
STRESS ELONGATION
( k9/mm? ) (%)
794 18.8
698 137
62.7 121
180
273
211
153
CHACK
TEFLON

REDUCTION
IN AREA

(%)
48.5
433
324
640
645
63.0
593

0IL PAESSURE

Construction of Specimen Assembly for Tube Pressurizing Test
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