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INSTRUMENTED IMPACT PROPERTIES OF *

ZIRCALOY-OXYGEN AND
ZIRCALOY-HYDROGEN ALLOYS

.

by4

A. M. Garde and T. F. Kassner

i ABSTRACT

Instrumented-impact tests were performed on subsize
Charpy specimens of Zircaloy-Z and -4 with up to ~1.3 wt %.

oxygen and ~2500 wt ppm hydrogen at temperatures between
,

373 and 823 K. Self-consistent criteria for the ductile-to-
! brittle transition, based upon a total absorbed energy of ~1.3 x
! 4 210 J/m , a dynamic fracture toughness of ~10 MPa m , and aU2

' ductility index of ~0,were established relative to the tempera-
ture and oxygen concentration of the transformed S-phase
material. The effect of hydrogen concentration and hydride '

morphology, produced by cooling Zircaloy-2 specimens through
the temperature range of the 8 cr' + hydride phase transfor-
mation at ~0.3 and 3 K/s, on the impact properties was deter- ,

mined at temperatures between 373 and 673 K. On an atom
i fraction basis, oxygen has a greater effect than hydrogen on
; the impact properties of Zircaloy at temperatures between
1 -400 and 600 K.
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INSTRUMENTED IMPACT PROPERTIES OF.

ZIRCALOY-OXYGEN AND
ZIdCALOY-HYDROGEN ALLOYS

.

by

A. M. Garde and T. F. Kassner

EXECUTIVE SUMMARY

The impact properties of Zircaloy with ~0.13 to 1.3 wt % oxygen and
~10 to 2500 wt ppm hydrogen have been evaluated at temperatures between
373 and 823 K. Self-consistent criteria for the transition frcm ductile to
brittle fracture relative to the temperature and oxygen concentration of the
material were established on the basis of (a) total absorbed energy of ~1.3 x
10 J/m , (b) dynamic fracture toughness of ~10 MPa m'/2, (c) ductility index4 2

of ~0, (d) <25% of the fracture surface area exhibiting shear dimples, and
(e) deflection angle of the deformed specimens of <5". The type of alloy (e.g.,

. Zircaloy-Z or -4), texture (i.e. specimen orientation in relation to the roll-
ing direction of the material), and specimen geometry (notch versus fatigue
precrack) had virtually no effect on the total absorbed energy and dynamic
fracture toughness of specimens which exhibit a predominantly brittle fracture-

mode.;-

The influence of hydrogen concentration and the morphology and distri-
bution of the hydride phase, produced by cooling the specimens through the
temperature range of the S -- a' + hydride phase transformation at rates of
~0.3 and 3 K/s, on the impact properties of Zircaloy-2 with a longitudinal
texture was investigated at temperatures between 373 and 673 K. Hydride
precipitation in material cooled at the slower rate occurred primarily at the
periphery of the a' grains and the fracture path coincided with this region in
specimens that were tested at a low temperature (e.g., 373 K). Dynamic-
fracture-toughness values for slow-cooled materialwith 2600 wt ppm hydrogen
ranged from ~10 to 15 MPa m /2 at temperatures (573 K, whereas the materiall

exhibitedlarge toughness values of ~40-60 MPa m /* at 67 3 K. Because of the fine,l

discontinuous hydride morphology and transgranular fracture of material that was
cooled through the phase-transformation range at the higher rate, the fracture
toughness values exhibited a strong dependence on temperature over the range

- of 373 to 573 K (e.g., ~10-60 MPa m!/2 for Zircaloy with ~1000 wt ppm hydrogen).

Based upon atom fraction, oxygen has a greater effect than hydrogen
on the impact properties of transformed S-phase Zircaloy at temperatures~

between ~400 and 600 K. Consequently, information on the fracture toughness
of Zircaloy-oxygen alloys at low temperatures is appropriate for use in analy-
ses of the structural integrity of fuel rods that are subjected to high-
temperature oxidation in steam during postulated accident situations in LWRs.

ix
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'
I. INTRODUCTION

,

Loss-of-coolant accidents (LOCAs) and seismic events can cause
transient loads on reactor internals including fuel assemblies. Consequently, .

mathematical analyses have been performed to evaluate the dynamic response
of reactor fuel assemblics subjected to both seismic and LOCA loads 8-4 The
maximum stresses, impact forces, and deflections can be computed and com-
pared with allowable limits to ensure unimpeded insertion of control rods and
structural integrity of fuel assemblies from the standpoint of maintaining a
coolable geometry. In the initial stages of the LOCA transient, the mechanical
properties of undeformed, irradiated Zircaloy fuel cladding are appropriate
for use in analytical models. However, if ballooning, rupture, and subsequent
oxidation of the fuel cladding occur during the reflood and refill stages of the
transient, the geometry and properties of oxidized cladding are relevant to
analyses of the structural integrity of fuel assemblies under thermal shock

| and scismic loads.

| Failure boundaries relative to the time-temperature conditions during
i transient oxidation of ballooned and ruptured cladding have been established
| for thermal shock as well as imnact and compressive loads at low tempera-
| tures.5 This information can be used in evaluations of the margin of perfor-

mance of emergency core cooling systems in light-water reactors (LWRs);
however, the results cannot be incorporated into complex analytical codes -

which compute stresses, impact forces, and displacements in fuel assemblies
during LOCA and seismic events. Information pertaining to the effect of
oxidation on the tensile and impact properties of Zircaloy (e.g., modulus of
elasticity, ultimate tensile strength, dynamic fracture toughness) coupled with
geometric parameters (length, thickness, and diameter of cladding, initial
size and distribution of cracks under the oxide layer, orientation of cladding
relative to the applied load) can be used with stress-analysis and fracture-
mechanics techniques to assess the structural integrity of fuel rods under
accident conditions.'

This report summarizes results of instrumented impact tests on sub-
size Charpy specimens of Zircaloy-oxygen and Zircaloy-hydrogen alloys which
can be employed along with other property data to determine the response of
reactor fuel assemblies to mechanical loads during the latter stages of hypo- !

thetical LOCA transients and seismic conditions. Some of the information in
this report has appeared in LWR Safety Research Program quarterly progress '

reports from July 1977 to December 1978.7~12 The information represents -

; part of the mechanical-property data generated in a U. S. Nuclear Regulatory l

! Commission-sponsored program to determine the influence of oxidation on
the tensile ' and impact properties of Zircaloy as well as the tube-burst,"3

i
-

thermal-shock, impact, and diametral-compression properties of Zircaloy.5

cladding.
_

|

ix
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1 II. MATERIALS, APPARATUS, AND EXPERIMENTAL METHODS
.

'

A. Mate rials

Table I lists the composition of the Zircaloy-2 and -4 plate obtained,

from AMAX Specialty Metals, Akron, New York, along with the grain size,
thickness, and heat treatment.

t

!

TABLE I. Characteristics of Zircaloy-2 and -4 Materials
for Fabrication of Impact Specimens

j Zircaloy-Z Zircaloy-4

i
Composition of As-
received Material

.
Sn, wt % 1.43 1.40'
Fe, wt % 0.13 0.19
Cr, wt % 0.10 0.10
Ni, wt % 0.04 <35 ppm.

A1,' ppm <20 <35
B, ppm <0.2 <0. 2 5.

C, ppm 112 <100
Cd, ppm <0.2 <0.2 5
Co, ppm <10 <10

-

j Cu, ppm <25 <25
'

Hf, ppm 90 <80
H, ppm 10 -

i Mn, ppm <20 <25
| N, ppm 30 -

O, ppm 1290 1400
' Si, ppm 32 <60

Ti, ppm <20 <25-

| W, ppm < 50 <50
' U, ppm 0.025 <l.8
Zr Balance Balance,

| Grain Size, pm ~15 ~15

Thickness, mm 6.35 6.35

; Specification ASTM Z-59 ASTM B3 52-73
,- Heat Treatment Hot- rolled Hot-rolled
; and annealed and annealed

B. Impact Specimen Geometry

The subsize Charpy specimens (5 mm wide x 5 mm thick x 55 mm long
with a 1-mm-deep 45' notch and a 0.25-mm root radius) were fabricated in

:

!

- . - . . .. - _ . - - , . . _ - . . - , . . - . , - -.-..-__ _ . - - , ,
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i

!

accordance with ASTM Standard E23-72. The small specimen size was se-
lected to minimize the time for oxygen diffusion during high-temperature
homogenization of the oxidized Zircaloy specimens. However, a valid de- '

termination of the plane-strain fracture toughness KIC or the dynamic fracture
toughness K D requires that the basic assumptions of linear-clastic fracture1 , ,

mechanics must be satisfied in the experimental test methods and conditions;15 '

e.g., the crack length, thickness, and ligament length must be larger than the
plastic zone size, which is proportional to (KID /cys),2 where oys is the yield
stress of the material.

|

Since the properties of Zircaloy-oxygen and Zircaloy-hydrogen alloys
which exhibit limited plasticity are of particular interest, the specimen size
can be somewhat smaller than for a specimen design based upon the proper-|

ties of as-received Zircaloy. For example, the calculated plastic zone sizes
'

in as-received material (0.14 wt % oxygen) and a Zircaloy specimen contain-;

ing 0.7 wt % oxygen a re 22.5 and 0.4 mm respectively, at ~373 K. These '

values are based upon yield-stress and K D values of ~300 MPa, 45 MPa.m /2I

| and ~ 500 MPa,10 MPa.m /2 for the respective materials along with the prem-3

| 1se that because of the low strain-rate sensitivity'3 (0.03 at room tempera-
! ture), yield-stress values at a strain rate of ~ 10 3 s3 are appropriate for the

higher strain rates encountered under impact loading conditions. From these
,

considerations, it is quite likely that the fracture toughness values for Zircaloy
specimens with low concentrations of oxygen and hydrogen at temperatures |
3400 K are larger than the true plane-strain fracture toughness. .

Impact tests were performed on notched specimens with and without,

j fatigue precracks. Problems were encountered in producing a planar crack
j with an a/W ratio of 0.5 (a is the crack length and W is the specimen width)
j perpendicular to the surface of specimens after oxidation and homogenization
| at high temperatures. Because of grain growth in the specimens during the

long homogenization periods, the crack, which initiates beneath the notch root,
frequently propagates along a grain boundary in the transformed S-phase ma-
terial at an angle other than 90* to the specimen surface. Also, it was very
difficult to control propagation of the crack to achieve an a/W ratio of 0.5

| with a three-point-bend rotary fatigue precracker. Frequently, specimens
f with high concentrations of oxygen (30.6 wt %) fractured during formation of
' ' the fatigue precrack.

Impact tests were performed on both longitudinal and transverse spec-
imens (length parallel and perpendicular to the rolling direction of the plate, ;

| respectively) in which the notch was located in the rolling plane. .

|
C. Preparation of Zircaloy-Oxygen and Zircaloy-Hydrogen Specimens

.

| 1. Oxygen Charging and Homogenization
,

!

i The oxidation of Zircaloy at high temperatures results in the for- i

mation of a ZrOz oxide layer en cr-phase Zircaloy below the or - S phase I

_ _ _ - . - - _ . . --. . -- . . .
_ .. . - _.
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transformation temperature of ~1085 K and a ZrOz/a/S composite structure
above the transformation temperature (31250 K). Thus the test-specimen

* production scheme essentially consists of two parts: (1) oxidation in steam
to the desired oxygen content and (2) homogenization by high-temperature an-
nealing in an inert-gas environment to eliminate the Z ro and a-phase layersz,

and ensure a uniform oxygen concentration in the material.

The impact specimens were degreased in toluene and acetone,
dried, and then weighed on c microbalance. Groups of up to eight specimens
were suspended inside a sili a tube which was evacuami to a pressure of
~ 4 x 10-2 Pa by diffusion and mechanical pumps. A split furnace heated to

,

the desired temperature was placed in contact with the silica tube, which was
isolated from the vacuum system, and steam was admitted. After a specified
oxidation time, the steam was evacuated from the tabe and the furnace was

removed to achieve a cooling rate of ~3 K/s through the temperature rangei

of the S ~ o' phase transformation. The total oxygen uptake by the specimens
was determined from the weight-gain measurements.

Two high-temperature, high-vacuum Centorr furnaces were used

for homogenization of the Zircaloy et cimens. Both systems have tungsten
"

heating elements and tantalum heat shields and can operate in vacuum, inert-
gas, or reducing atmospheres at temperatures up to 1800 K, which were mea-
sured with Pt-10% Rh thermocouples and compared with optical-pyrometer
and thermal-converter readings. Uniform temperatures were maintained,

over half the length of the 61-mm-diameter, 12 5-mm-long and 7 5-mm-
diameter, 200-mm-long heat zones.

The oxygen-charged specimens were suspended by rhenium hooks
3.iside a tantalum capsule, which acted as a getter for residual impurities in
the hiah-purity helium atmosphere. The furnace was evacuated to a pressure
or ~ 4 x 10-3 Pa and backfilled with helium several times before heating the
furnace to the homogenization temperature. After a specified homogenization
time, the specimens were cooled through the temperature range of the S ~ o'
phase transformation at a rate of ~3 K/s. The time-temperature conditions
during oxidation and homogenization are given in Table II.

TA8it 11 Oxygen-cNrging and Homogenintion Ccnditions far Zircaloy Subsize Charyy impact Specimens

Onygen Charging Cor1itions Homoger.i2ation Conditions

Steam
Ternp., i:me, Pressure, Temp., Time, Oxygen,

Materiala K s Pa K ks at 5

- 4L 1273 120 250 1623 453.6 0.44
4L 1283 480 290 1573 516.6 0.73
4L 1293 660 500 16i3 331.2 1.05

Af !!74 40 5CO 1573 388.8 0.29
4T 1303 120 250 1563 489.6 0.59
Af 1278 900 500 1673 331.2 1.00

*

2L 1283 360 250 1623 334.8 0.73
2L 1275 570 500 1623 437.4 0.82
2L 1296 5 10 500 1673 432.0 1.00
2T 1273 60 500 1573 491.4 0.68
2T 1283 180 500 1673 428.0 1.00

e he symbois ZT. 47,2L, and 4L refer to Zircaloy-2 and -4 with transverse and longitudinal textures.r

i

I

.
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After homogenization, the specimens were reweighed to determine
the amount of impurity pickup, the absence of phase boundaries was verified by .

metallographic observation, and a microhardness profile was obtained across
the thickness to ensure that the time was sufficient to produce a uniform oxy-
gen concentration. -

2. Hydrogen Charging and Homogenization

The method for producing impact specimens with different hydro-
gen concentrations was similar to that used for the Zircaloy-oxygen specimens.
The notched impact specimens were weighed on a microbalance and groups of
up to eight specimens were suspended inside a furnace tube which was attached

| to a modified Sieverts apparatus. The tube was evacuated to a pressure of
j ~ 1.3 x 10 ~4 Pa, the specimens were hented to a temperature in the S-phase re-
'

gion (~1200 K), and a. measured quantity of a hydrogen helium gas mixture
(ultrahigh-purity) was admitted to the furnace tube. After a sufficient period
for hydrogen absorption and homogenization, the specimens were cooled at
controlled rates of 0.3 and 3 K/s to produce different microstructures during
the E + or' + hydride phase transformation. The hydrogen concentration was

; determined from weight-gain measurements and the values were confirmed
[ by inert-gas fusion analyses of the specimens after impact testing. Typical .

| conditions for producing subsize Charpy-impact specimens with different hy-
drogen contents are given in Table III.

.

TABLE III. Hydrogen-charging Conditions for Zircaloy
Subsize Charpy Impact Specimens

Initial Pressure

T e mp. , of Hz and He, Time, Hydrogen,
K kPa ks wt ppm

1198 4.0 (H ) 3.6 6002

66.6 (He)

1198 11.2 (H ) 10.8 7602

63.3 (He)
1223 13.6 (Hz) 5.4 940

56.7 (He)

1198 8.0 (H ) 5.4 10002

66.6 (He)
.

I198 10.0 (Hz) 5.4 1200
63.3 (He)

.

1223 20.0 (Hz) 5.4 1330
53.3 (He)

!
1

. . .. ._ . . - - - _ - , . -_
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D. Impact Testing Facility and Test Procedures
.

1. Impact-testing System

A Dynatup Model 8000A drop-weight impact machine with an in--

strumented tup and data-readout system was purchased from Effects
Technology, Inc., Santa Barbara, CA. The drop-weight testing machine can
accommodate different specimen sizes and geometries, and the impact veloc-
ity and available energy can be varied by altering the drop height and weight
of the crosshead. The maximum impact velocity and impact energy obtain-
able with this machine are 4 m/s and 1.3 kJ, respectively. An optical velocity-

| measuring device and a digital display system provide the initial and final tup
velocities and a value for the absorbed energy during impact. Load- and
energy-time data were obtained from an instrumented tup and recorded on a
dual-beam storage oscilloscope. The instrumented tup consists of a striking
head and a strain gauge with a four-arm semiconductor bridge circuit. The
strain gauge, which senses the compressive load on the tup during test-
specimen impact, was calibrated by a dynamic loading technique.

Figure 1 shows the testing machine and instrumentation, and
16

, . Fig. 2 is a schematic diagram of the data-readout system. Figures 3 and 4
show the pneumatic clamps that hold the specimen in position on the anvils.'

The anvils were electrically insulated from the base plate, and the specimen
- was heated by resistance heating. Just before impact, the power to the speci-

men was interrupted, and the clamps were released to remove any constraint
on the specimen (i.e., to allow a three-point-bend test configuration). The
temperature was controlled and monitored by thermocouples attached to the
specimen.

DROP TOWER IMPACT MACHINE
AND ACCESSORIES

|~5
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DIGITAL
f GUIDE' POSTS -- THERMOMETER- , . -
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WEIGHT , . . . - SPECIMEN

-
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Fig. 4. Anvil Region of Impact-testing System Showing Pneumatic
Clamps in Closed Position. Clamps release immediately
before impact. ANL Neg. No. 306-77-054.

2. Impact-testing and Calibration Methods

The frequency response of the recorder system sets a lower
limit on the total test time and an upper limit on the initial velocity for a
valid impact test. The response time (TR = 0.35 fc, where fc is the fre-

' - quency that yields a 10% attenuation in the signal amplitude) was measured :

at different levels of sensitivity of the recording system.

- Before tests were conducted on the Zircaloy specimens, the in-
strumented tup and data-readout instrumentation were calibrated by fractur-
ing standard Charpy V-notch specimens fabricated from 6061-T6 aluminum
and 4340 steel with a hardness of RC 5 4. * The load- and energy-versus-time
traces during fracture of the aluminum specimens were recorded on the os-
cilloscope, and the amplifier gain in the unit was adjusted so that the recorded
load limit coincided with the load limit for this material (i.e., 7.74 kN). The

aluminum alloy (6061-T6) was chosen as a standard because its room-
temperature properties are not strain-rate-dependent, i.e., the static and dy-
r:amic limit loads do not differ significantly." The linearity of the calibration
was established from the results obtained from the 4340 steel specimen, which
has a considerably higher limit load. The optical velocimeter system also
requires calibration so that the initial and final velocities of the tup can be
calculated. The initial velocity was entered into the unit that integrates the
load-time signal to produce a value of the impact energy.

The compliance of as-received Zircaloy-4 specimens (0.14 wt %
- oxygen,10 ppm hydrogen) was measured as a function of the a/W ratio on an

MTS servohy.iraulic fatigue testing machine at a stroke rate of 0.05 mm/s.
Different a/W ratios were obtained by varying the depth of the saw-cut notch.

- The compliance data (i.e., the deflection per unit load Cs) are shown in a non-
dimensional plot of EBC versus a/W in Fig. 5, where E is Young's moduluss

* Calibration specimens were purchased from Effects Technology. Santa Barbara, CA.

___ .___ _
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and B is the specimen thickness. Ideally, a compliance calibration curve
should be obtained with precracked specimens. However, as mentioned pre- .

| viously, difficulties were encountered in the preparation of precracked speci-
mens of oxidized and homogenized material. The absence of a precrack and
plane-strain conditions in the as-received material leads to somewhat higher -

values of EBCs for a given a/W ratio comp 8ared to curves based upon thick,
precracked specimens of other materials. Since oxygen concentration and
temperature over the ranges of 0.14 to 1.0 w % and 300 to 600 K, respectively,

do not have a large effect on Young's
modulus," the curve in Fig. 5 willi g g ;i i

LONGITUDINAL 2fEALOY-4,298 K not result in additional uncertainty
o mi mN

isoo __ , _ for ZirCaloy specimens with oxygen
O V-NOTCH Concentrations of 41.0 wt %. The
a WH

_ _ results in Fig. 5 were used to (a) de-
termine the proper deflection for

__ _
producing fatigue precracks in the

three-point-bend rotary precracker
- -

and (b) calculate the corrected equiv-
g alent load in the case of elastic-
O plastic deformation, which is de-

800- scribed in Section II.F. In the latter .

case, the curve in Fig. 5 can lead
- - to an overestimate of the dynamic

fracture toughness. -

400- -

The impact test procedure
_ _ was as follows: The specimen di-

mensions were measured and a
I i 1 I macrophotograph of the notch area, ,

0 02 04 06 was obtained to provide a record of
| 0/W the transformed E-grain orientation
| near the root of the notch or tip of
| Fig. 5. Nondimensional Plot of the Compliance Cs the precrack. A 0.2 5-mm-diameter

of Zircaloy-4 Subsize Charpy specimens at Type K Chromel-Alumel thermo-
298 K as a function of the Crack Length to

| Specimen Width Ratio (a/W). Where E and couple was spot welded near the
i B Are Young's Modulus and the Specimen 8Pecimen notch, ~ l mm away from

Thickness,Respectively. ANL Neg.No.306-7 notch root or crack tip. The dy-
namic response module, energy dis-

play module, and tup were calibrated, and with the specimen in place on the
! anvil and the striking tup held stationary at ~0.75 mm above the specimen,

the fiber optic assembly was adjusted to ensure proper triggering of the os- - |
cilloscope, digital velocimeter display, and high-speed computerized data- '

i acquisition system. i
'

. |

The specimen was properly positioned and centered on the anvils
; and the pneumatic valves were actuated to provide electrical contact between

|

~

| the specimen'and the anvils. The sweep speed for the oscilloscope trace was |
' set along with the optimum load and energy scale ranges and the storage facil-

ities on the oscilloscope were cleared and reset. The floppy disk containing j
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.

.the impact-data acquisition program was loaded on the Data General Nova II
Computer System and the system was cleared and reset. The digital

,

velocimeter-display module was also cleared and reset. The pneumatic sys-
: tem for the drop-tower actuation was switched on and the power supply was
set to the desired voltage-current range. The temperature set point was po-o.

sitioned at the desired value and the temperature was monitored on the digital
the rmomete r. When the test temperature was attained, the pneumatic speci-
men clamps were deactivated by the toggle switch on the control console. The
cross-head drop switch was activated (which disconnected power to the speci-
men) and the impact event occurred. The oscilloscope traces (load-time and
energy-time traces) were photographed. The velocimeter values were re-
corded and a preliminary load-time trace from the Nova-II computer data
was obtained .from an X-Y plotter. The preliminary trace was expanded on

I- 250 mm x 380 mm graph paper by the X-Y plotter and the area under the
curve was measured by polar planimeter.

,

E. Microstructural Evaluations

Optical and scanning-electron microscopy (SEM) were used to charac-
terize the microstructure and fracture surface of the specimens. Polished
specimens were etched in a solution of 50% distilled H 0:45% HNO : 5% HF to2 3,

20reveal the grain structure. Anodization of the specimens in a solution con-
3 3 3 3taining 0.06 m absolute ethanol:0.035 m Hz0:0.02 m glycerine:0.01 m lactic

3acid (85%):0.005 m phosphoric acid (85%):0.02 kg citric acid was also used.

with polarized-light optics to obtain optimum contrast.

F. Impact Data Analysis

Figures 6 and 7 are load-versus-time traces for a homogeneous
Zircaloy-oxygen alloy (0.63 wt % oxygen) and an as-received specimen with

ARE A PROPORflON AL TO

'\ E- g

p - - - - - - - - -
' | * -

, , _ , g

A

M p. __ _ .._ _ _ _ , -

; ,, _____ _

8 Y
S '

?,

O

\ -

. o s\- -

. o

i

| | | !
o g o g,

TIME TIME

Fig. 6.. Ioad-vs-Time Record for a Typi- Fig. 7. Load-vs-Time Record for a Typi-
cal Linear-elastic Type Fracture cal Elastic-plastic Type Fracture
of a Zircaloy-4 Specimen with of an As-received Zircaloy-4 Spec-
0.63 wt % Oxygen at 298 K. ANL imen (0.14 wt % Oxygen) at 296 K.
Neg. No. 306-77-651. ANL Neg. No. 300-77-653.i

i

. _. ._ __ .,. - ._ ,
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0.14 wt % oxygen. The curve in Fig. 6 is typical of linear-elastic fracture, in
which fracture occurs before measurable yielding of the specimen. In the as- .

received specimen (Fig. 7), yielding precedes an elastic-plastic fracture of
the material. The load oscillations in the initial linear (clastic) portions of
both curves are due to inertial effects.zt,zz The interference imposed by these .

oscillations during loading can be minimized by decreasing the initial impact
velocity.

In Fig. 7, PGY is the load at which general section yielding occurs. If
fracture (i.e., unstable propagation of a crack) is assumed to initiate at the
maximum load Pmax, the area under the load-time trace, which is directly re-
lated to the total energy SEo absorbed by the specimen, can be divided into two
parts: the energy required for fracture initiation EI (energy for crack initia-
tion and crack stable propagation) and that for propagation Ep (energy for un-
stable crack propagation). Both energy values can be normalized with respect
to the fracture area, and a ductility index*3'24 can be defined as

E
DI= (1),

The dynamic fracture toughness KID can be calculated from Eq. 2 for '

specimens that exhibit linear-elastic behavior, in which fracture occurs before
general yielding (i.e., Pmax < PGY in Fig. 6):

.

6Ya''Pmax
KID = BW (2)'

!

where Y is a function of a/W and can be obtained from reported curves.!5

For specimens that exhibit elastic-plastic deformation before fracture
! (Pmax > PGY), the fracture toughness can be calculated by the equivalent-
! energy method. The analysis requires EI, the corrected energy to initiate
| fracture, which can be obtained from
|

EI=WI-E (3)m,
,

I

where WI represents the energy associated with the maximum load on the
load-time record, and Em is the clastic stored energy in the testing machine,
which can be obtained from the machine compliance G The machine com-m.

| pliance can be represented by
.

Cm=Ct-C, (4)3

.

where Ct and Cs are the total system and specimen compliances, respectively.
The specimen compliance can be obtained from a plot of EBC versus thes
ratio of the specimen notch depth to width a/W, where E is the elastic modu-
lus of the specimen material and B is the specimen thickness (Fig. 5). The
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total compliance can be obtained from the elastic portion of the load-time
trace; i.e.,

.

Ce = Da/Pa, (5)

~

where Da is the apparent combined deflection of the specimen and the machine
under the load Pa. The deflection Da can be obtained from

Da = vta. (6)

where 7 is the average velocity of the crosshead during impact, and ta is the
time to produce fracture in the specimen. The elastic stored energy in the
machine can be obtained from

2P C""* *
(7)Em --

3
,

and the result can be substituted into Eq. 3 to obtain values for E . The equiv-I

alent load P* is given by

02E 5.

P*= (8).

Cs

The equivalent-energy fracture toughness K[3 can be calculated by substituting
the value of P* into Eq. 2.

The uncertainties associated with the various measured and calculated

quantities are discussed in Appendix A.

.

e
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III. RESULTS,

i
'

.

A. Impact Properties of Zircaloy-Oxygen Alloys
:

! The influence of oxygen concentration and temperature on the maximum -

| ' load, energies for crack initiation and propagation, total absorbed energy, .

[. dynamic fracture toughness, ductility index,~ and fracture mode of Zircaloy-Z
and -4 specimens.has been evaluated from the impact-test results. The effectl

of oxygen concentration on the maximum load for notched and precracked
! specimens of Zircaloy-Z and -4 with longitudinal and transverse textures is
! shown in Fig. 8 for temperatures of 373, 473, 623, and 823 K. At temperatures

between 373 and 673 K and for oxygen concentrations of (1.0 wt %, higher loads
|
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,

are required for crack initiation in notched specimens than for precracked
specimens. Texture (i.e., specimen orientation with respect to the rolling

'

direction of the plate) and material (i.e., Zircaloy-2 or -4) have no effect on
the maximum load within the uncertainty of the experimental results.

.

Figure 9 shows the temperature dependence of the maximum load for
homogeneous Zircaloy-oxygen alloys with several oxygen concentrations

i i; jg |
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Fig. 9. Effect of Temperature on Maximum toad for Homogeneous Zircaloy-Oxygen Alloys with
(a) 0.13, (b) 0.45. (c) 0.62 and 0.77, and (d) 0.95 wt '/o Oxyyen. Open and closed symbols
refer to notched and fatigue-precracked specimens, respectively. Impact velocity was
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between 0.13 and 0.95 wt %. For specimens that exhibit some degree of plastic
deformation (i.e., the maximum load is greater than the yield load, Fig. 7) and ,

a predominantly ductile fracture mode, the maximum load decreases as the

temperature increases, e.g., as-received Zircaloy with 0.13 wt % oxygen
(Fig. 9a). In contrast, the maximum load increases as the temperature in- -

creases for specimens that fracture i~n a brittle manner, e.g., material with
0.45, u.62-0.77, and 0.95 wt % oxygen at temperatures below-473,673, and 823 K,
respectively (Figs. 9b-d). The maxima in the load-versus-temperature curves
at ~473 and 673 K in Figs. 9b and 9c indicate a transition from a predominantly
brittle to ductile fracture mode as the temperature increases.

The effect of oxygen concentration on the crack initiation energy per
area is shown in Fig.10 for several temperatures between 373 and 823 K.
The crack initiation energy, which is the absorbed energy to the point of
maximum load in Figs. 6 and 7, represents the energy for stable propagation
of a crack in precracked specimens and for initiation and stable propagation
in notched specimens. The crack initiation energies decrease as the oxygen
concentration increases at the various temperatures, and the values become
independent of oxygen concentration, texture, and geometry (notch versus
precrack) under conditions where predominantly brittic fracture occurs. The
temperature dependence of the crack initiation energy for transverse Zircaloy-4 -

specimens with oxygen concentrations between 0.13 and 0.95 wt % is shown in
Fig 11. At high oxygen concentrations (e.g., 20.75 wt % in Fig.12), the crack
initiation energy for notched and fatigue-precracked specimens is similar, -

and the type of material and texture have no effect on this parameter.

Figure 13 shows the dependence of the crack-propagation energy (i.e.,
the energy absorbed by the specimen after the point of maximum load on the
load-versus-time curve) on oxygen concentration at 373, 473, and 673 K. The
energy expended in unstable crack propagation is quite low (s1 x 104 .I/m ) for2

oxygen concentrations 30.5 wt % at 373 and 473 K. The effect of oxygen con-
centration in Zircaloy-2 and -4 on the total absorbed energy for notched and
prec racked specimens with longitudinal and transverse textures is shown in
Fig.14 for several temperatures between 373 and 823 K.

The ductility index, which is the ratio of the energy for unstable crack
propagation to the energy for crack initiation and stable crack propagation
(Eq.1), is shown in Fig.15. Because of the energy associated with crack
initiation in notched specimens, the ductility index is lower than for precracked
specimens.

.

Figure 16 shows the dynamic fracture toughness, calculated fromEq. 2,
for Zircaloy-oxygen alloys at several temperatures between 373 and 823 K.
The fracture toughness decreases rapidly to a value of ~10 MPa m"2 as the

'

oxygen concentration increases, and the curves shift in the direction of higher
oxygen concentration as the temperature increases. The effect of temperature
on the fracture toughness of Zircaloy containing 0.45 and 0.95 wt % oxygen is
depicted in Fig.17. For oxygen concentrations between ~0.45 and 0.95 wt %, the
temperature dependence of the fracture toughness over the range of-300 to 700 K
is small.
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The fracture surfaces of the impact specimens were examined by SEM
to evaluate the fracture mode as functions of temperature and oxygen concen-
tration of the material. Figure 18 shows the fracture surfaces of Zircaloy

specimens with 0.75 wt % oxygen that were impact-tested at four temperatures
between 373 and 823 K. As the test temperature increases, the fraction of the
cross sectional area that exhibits ductile failure increases. For example, in

Fig.18a, the high-oxygen a' platelets fail in a brittle manner, as evidenced by
the " river patterns," whereas the oxygen-depleted regions exhibit a dimpled
appearance characteristic of ductile fracture. The relative surface area of the
dimpled region increases in Fig.18b; however, fracture occurred in a predom-
inantly brittle manner. At higher temperatures (Figs.18c and 18d), the dimpled
surfaces are characteristic of fully ductile fracture. Figure 19 shows other

,
examples of predominantly brittic fracture in specimens with 0.62 and l.10 wt%
oxygen that were tested at 373 and 473 K, respectively.

. The impact-property results, which were presented graphically in
Figs.14-17 and are tabulated in Appendix B, can be used to develop a set of
self-consistent criteria for the transition from ductile to brittle fracture

relative to the temperature and oxygen concentration in the material. Criteria
based upon impact measurements, SEM evaluation of the fracture surfaces,

!
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and deflection angle of the fractured specimens are shown in Fig. 20. For
- conditions of temperature and oxygen to the right of the lines in Figs. 20a

4 zand 2( 5, frz.cture will occur at a total absocbed energy of ~1.3 x 10 J/m and
the matecial will have a dynamic toughness of ~10 MPa m"2 re s pec tively. In,

Fig. 20c, conditions of temperature and oxygen concentration to the left of the
line cor respond to a ductility index of >0. These c riteria are consistent with

| the boundaries in Figs. 20d and 20e, which are based upon a ductile area

(dimple region) < 25% of the fracture surface and a deflection angle of < 5','

re s pectively. Specimens with high ductility exhibited deflection angles of
-90 and cleared the gap between the anvils of the impact machine, but did not
fracture.

B. Impact Prope rties of Zircaloy-Hydrogen Alloys

Hydrogen uptake by Zircaloy fuel cladding occurs after rupture under
inte rnal pressure and high-temperature oxidation in steam.s C on s equently ,
the influence of hydrogen as well as oxygen on the impact properties of Zircaloy
is of interest in an analysis of the response of fuel cladding to mechanical

- loads at low temperatures.

The maximum load during impact of notched Zircaloy-Z specimens is
- virtually independent of hydrogen content and temperature over the ranges of

600 to 1400 wt ppm and 373 to 673 K, respectively, within the uncertainty of
the load values in Fig. 21. Since the terminal solubility of hydrogen in Zircaloy
is ~200 wt ppm at 673 K and the concentration dec reases with temperature,25-27

- - - - _ - _ - _ _ _ .-
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the hydride phase is present in the material for the range of conditions in this
investigation. The influence of hydrogen concentration on the crack initiation

~

energy for longitudinal Zircaloy-Z specimens, which were cooled through the

temperature range of the s - cr' + hydride phase transformation at rates of

~3 and 0.3 K/s, is shown in Fig. 22 for several temperatures between 373,

and 673 K. The crack initiation energy for specimens cooled through the phase

transformation at a rate of -0.3 K/s is independent of hydrogen concentration
(>600 wt ppm) for temperatures (573 K (Fig. 22b). Both temperature and
hydrogen content have a strong influence on the crack initiation energy of
impact specimens that were cooled through the phase transformation at the
higher _ rate (Fig. 22a).
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Fig. 22. Crack Initiation Energy per Unit Area as a Function of Hydrogen Concentration in Zircaloy-2
-

Specimens at Several Temperatures between 373 and 673 K. The subsize Charpy specimens . |
with longitudinal texture were cooled through the temperature range of the 8+ ct' + hydride

. phase transformation at ratesof (a) 3 K/s and (b) 0.3 K/s. Neg. Nos. h1SD-66183 and -66177.

The dependence of the crack propagation energy on hydrogen concen-
tration for specimens that were charged with hydrogen and cooled through the
temperature range of the phase transformation at rates of ~3 and 0.3 K/s is
shown in Fig. 23. At 373 and 473 K, the fracture propagation energies for
materials with equivalent hydrogen contents (>400 wt ppm) at the two cooling

4 2rates are similar (53 x 10 J/m ). The results in Figs. 22 and 23 show that
at 373 K, the crack initiation energy is a strong function of the hydrogen
content over the range of ~10 to 600 wt ppm, whereas the crack propagation

! .cnergy is relatively independent of hydrogen concentration. These data are
| consistent with Westlake's observation that hydrides promote crack initia-
'

tion but crack propagation is controlled by the ductility of the zirconium
matrix at low temperatures (77 K).zs Hardie indicates that the crack propaga-
tion characteristics are determined by the interhydride spacing and the flow
properties of the matrix.29

.

The effect of hydrogen on the total absorbed energy of the Zircaloy-2
specimens is shown.in Fig. 24. These results'are in qualitative agreement
with. absorbed energy data for a Zr-2.5 wt % Nb alloy and cold-worked3 '

Zircaloy-2 (Ref. 31) with ~13 to 250 wt ppm hydrogen.

|',
_ _ _ _ . _ . _ _ _ ,_.- - . . - - - -



. - _ . _ __ . _ _. __

,

27

.

20
g , , ,

E LONGITUDINAL ZlRCALOY-2 ' ' ' '' '

2'

o COOLING RATE 3 K/s '0""'* U'"#' I'"'# # ~#
9 16
; o 373 K

-

46 COOLING RATE 0 3 N/s -
-

:; , 373 g
g o 473 K 'g o 473x'

-

_
a 573K

~

'

4 - -

= W
g8 - -

- -

. g *
! o- Ig g2 - -

Q4 - -
,

W U _ .

h Iw 'l l
, i,

'

0 400 800 1200 1600 2000 0 400 800 1200
HYDROGEN CONCENTRATION (ppm) HYDROGEN CONCENTRATION (ppm)

(a) (b)

Fig. 23. Crack Propagation Energy per Unit Area as a Function of Hydrogen Concentration in Zircaloy-2;

Specimens at Several Temperatures between 373 and 573 K. The subsize Charpy specimens with
longitudinal texture were cooled through the temperature range of the 8-+ a' + hydride phase*

. transformation at rates of (a) 3 K/s and (b) 0.3 K/s. Impact velocity was 0.75 m/s. Neg.Nos.
MSD-6G174 and -66176.

.

1

8
i 'g | |

,

J

. -

! "O
I I I I e

$ LONGITUDINAL 2iRCALOV-2 6 - -

; 3 32 - COOLING RATE 3 K/s _

@ - -

8
_8
5 Eo

h 24 - 4 - -

o
na

h 8 o
a

LONGITUDINAL ZlRCALOY-2
g-

. e 16
- -

g - C00 LING RATE 03 K/s
g o 373 g

$ 5.2 -
'#3 * Na.

--

'
8 -

473 ,
- *

_

I I I I I !- |i , i .
0 500 1000 1500 2000 2500 0 400 800 1200 1600

HYOROGEN CONCENTRATION (ppm) HYOROGEN CONCENTRAfl0N (ppm)
< .
. (a) (b)

. Fig. 24. . Total Absorbed Energy per Unit Area as a Function of Hydrogen Concentration in Zircaloy-2,

I *
Specimens at Several Temperatures between 373 and 573 K. The subsize Charpy specimens
with longitudinal texture were cooled through the temperature range of the 8-+ a' + hydride
phase t ansformation at rates of(a) 3 K/s and (b) 0.3 K/s. Impact velocity was 0.75 m/s.
Neg. Nos. MSD-66182 and -66181,

i

_. _ .,-



! 28

Figure 25. shows _the dependence of the ductility index on hydrogen con-
; centration at several temperatures. At 373 K, the ductility index is quite small .

| (-0.5) and independent of the hydrogen content (>600 wt ppm); however, at 573 K,
[ the ductility index is large and decreases linearly with hydrogen concentration
| over the range of ~600 to 1300 wt ppm. -
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The effect of hydrogen on the dynamic fracture toughness of Zircaloy-2 '

specimens, which were cooled through the temperature range of the -a'+
hydride phase transformation at ~3 and 0.3 K/s, is shown in Fig. 26. All
specimens that were cooled at the slower rate (Fig. 26b) exhibit fracture
toughness values of ~10-15 MPa md2 at temperatures of 5573 K and a brittle

fracture mode (e.g., Fig. 27). At 673 K, specimens with (1400 wt ppm hydrogen
have a ductile fracture mode and large toughness values (>40 MPa m"2).( For
temperatures of >473 K, the fracture toughness of the specimens cooled
through the phase transformation at 3 K/s is considerably larger than that of
the slow-cooled material.

The effect of hydrogen concentration and cooling rate through the tem-
perature range of the s - a' + hydride phase transformation on the morphology

j and distribution of hydrides in Zircaloy-Z specimens is illustratedin Figs. 28-32.
| For material cooled at the slow rate (~0.3 K/s), hydride precipitation occurs
| primarily at the periphery of the a' grains (Fig. 28), and the fracture path is

coincident with this region (Fig. 29) in specimens tested at law temperatures
(~373 K). Figure 30 shows the microstructure of material cooled at the higher

,

rate (-3 K/s). Preferential fracture at the a-grain boundaries is not evident
after impact at 473 K. SEM micrographs of Zircaloy-Z specimens with 600

- and 227-wt ppm hydrogen that were cooled through the temperature range of
.

the p - a' + hydride phase transformation at rates of ~0.3 and 3.0 K/s, re-
spectively, are shown in Figs. 31 and 32. The slow-cooling rate is conducive
to the formation of relatively large hydride platelets (e.g., Fig. 31).

. _
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The hydride distribution and morphology produced by the two cooling
rates could influence the dynamic toughness behavior, depicted in Fig. 26, in

.

the following manner: As the test temperature increases, hydrogen dissolves
in the matrix and the particle size decreases, while the distance between
particles increases. For material with a more uniform distribution of hydrides -

(Fig. 26a), propagation of microcracks in the region between the hydride
particles becomes more difficult as the toughness of the matrix and the frac-
ture path length between particles increase. When hydrides are located
primarily in the grain-boundary region (Fig. 26b), a relatively large increase
in temperature (i.e., to ~600 K) is required to have a significant effect on
interparticle fracture path, and, consequently, the dynamic fracture toughness
is independent of temperature over the range of ~373 to 573 K.

The precipitation of zirconium hydrides from supersaturated solutions
of hydrogen in zirconium 32-" and zirconium alloys has been studied ex-36-4

tensively by optical and electron microscopy and x-ray and electron-diffraction
techniques. In addition to alloy composition, hydrogen content, and cooling
rate, the stress state in the material has a strong influence on the distribution
and morphology of hydrides in zircc ium alloys.31'41-43

C. Comparison of Embrittlement Characteristics of Oxygen and Hydrogen -

The relative effect of oxygen and hydrogen on the dynamic fracture
toughness of Zircaloy-Z is shown in Fig. 33. On the basis of atom fraction, '

oxyp,en has a greater effect on the
HYDROGEN (et ppm) impact properties of transformed0 400 800 1200

E-phase Zircaloy at temperatures ofi > i > > > i i
.

I40 (600 K. At higher temperatures, the0 02 to 12
40' ,' ,' ',' influence of hydrogen on fracture

' '

, ,_i
_ toughness decreases markedly (Fig. 26).

~
~

g
-

~

fracture toughness on hydrogen con-
The smaller dependence of

3
j 20 -

C -HvoROGEN -

centration, coupled with the fact that
J:

-
- oxygen decreases the solubility of

10 -
- hydrogen in E-phase zirconium,44'45

_ Zig-0XYGEN _ provides a rationale for the observa-
I | | | | tion that the thermal-shock-failureg

0 2 4 6 8 10 12 properties of Zircaloy cladding, which
CONCENTRATION (ot %)

was oxidized in bteam at high temper-
Fig. 33. Comparison of the Effect of Oxygen and '

Hydrogen on the Dynamic Fracture thickness and oxygen content of the
Toughness of Zircaloy at Temperatures transformed -phase layer,s,46 al-

,

of 6400 and 600 K. Respectively though the tubes contain up to 2200 wt ppm
hydrogen. When the cladding cools

through the temperature range of the E - o' phase transformation (~1450-1100 K)
at a rate of ~5 K/s, oxygen partitioning occurs and the a' grains are enriched
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in oxygen compared with the grain boundaries. Hydrogen tends to segregate
to the grain-boundary regions during cooling because of the higher solubility
in the E phase; however, during rapid cooling (~970 K/s) from -850 K (due to-

the transition from film to nucleate boiling during flooding of the tube with
water), either hydride precipitation is suppressed or a fine hydride structure5

*
55is produced which cannot be easily resolved by optical or scanning-electron

mic ros c opy. Hydrogen or a fine hydride distribution in rapidly quenched
Zircaloy cladding has a minimal effect on the thermal-shock-failure character-

istics of the material. This observation is consistent with the effect of cooling
rate on the fracture toughness of Zircaloy-hydrogen alloys.

Although the impact properties of Zircaloy-oxygen-hydrogen alloys
(with >0.14 wt % oxygen and >25 wt ppm hydrogen) were not investigated, the
dynamic fracture toughness of material containing high concentrations of both
elements could be represented by a three-dimensional plot similar to Fig. 34,
which shows the effect of these elements on the plastic deflection to the point
of maximum load from diametral compression tests on Zircaloy cladding at'

300 K.5 As in the case of the diametral compression properties, it is unlikely
that high concentrations of hydrogen (~100-1000 wt ppm) would result in a
significant decrease in the fracture toughness of Zircaloy containing 30.4 wt%
oxygen relative to the curve in Fig. 33.

.

7 ,

7
1. 2g ig
%5 i
E

i ~4 4 ; Fig. 34
12

g3 , Three-dimensional Representation of
Q the Plastic Deflection to Maximum
j2 / . Ioad at 300 K Relative to the B-layers

y .- -

, centerline oxygen (.~oncentration and
!! 8 -

s Ilydrogen Content of Zircaloy-4
"

Cladding.5 ANL Neg. No. 300-70-819.s
0 (i, //# ha , %0d

E+6 N p/' g\0

($!;p on .xw er
Wry 'O'P /

,

e



_ _ - . . . _ .- _ _ _ _ . __ . _ _ __

'

|

34

,

f

IV. SUMMARY AND CONCLUSIONS
,

-

; The impact properties of Zircaloy with ~0.13 to 1.3 wt % oxygen and
i ~10 to 2500 wt ppm hydrogen have been evaluated at temperatures between
! 373 and 823 K. Self-consistent criteria for the transition from ductile to *

j brittle fracture relative to the temperature and oxygen concentration of the
i material were established on the basis of (a) total absorbed energy of ~1.3 x
| 10 4 2

J/m , (b) dynamic fracture toughness of ~10 MPa m /2, (c) ductility indexl

i of ~0, (d) <25% of the fracture surface area with shear dimples, and (e) de-
i ff#ection angle of the deformed specimens of <5*. The type of alloy (e.g.,

Zircaloy-2 or -4), texture (i.e., specimen orientation in relation to the roll-
; ing direction of the material), and specimen geometry (notch versus fatigue

precrack) had virtually no effect on the total absorbed energy and dynamic,

fracture toughness of specimens which exhibit a predominantly brittle frac-;

ture mode.
,

:

The influence of hydrogen concentration and the morphology and dis-;

tribution of the hydride phase, produced by cooling the specimens through
the temperature range of the s - a' + hydride phase transformation at ratesi

of ~0.3 and 3 K/s, on the impact properties of Zircaloy-2 with a longitudinal
texture was investigated at temperatures between 373 and 673 K. Hydride -

p:ecipitation in material cooled at the slower rate occurred primarily at the
periphery of the a' grains and the fracture path coincided with this region in:

; specimens that were tested at a low temperature (e.g., 373 K). Dynamic- '

fracture-toughness values for slow-cooled material with >600 wt ppm hydro-t
~

gen ranged from ~ 10 to 15 MPa.m'/2 at temperatures $573 K, whereas the
4

material exhibited toughness values of ~40-60 MPa m /2 at 673 K. B ecause3

;
of the fine, discontinuous hydride morphology and transgranular fracture of

. material that was cooled through the phase-transformation range at the
j higher rate, the fracture toughness values exhibited a strong dependence on

temperature over the range of 373 to 573 K (e.g., ~ 10-60 MPa m /2 forl

] Zircaloy with ~1000 wt ppm hydrogen).

Based upon atom fraction, oxygen has a greater effect than hydrogen I

on the impact properties of transformed 8-phase Zircaloy at temperatures
<

between ~400 and 600 K. Consequently, information on the fracture toughness
of Zircaloy-oxygen alloys at low temperatures is appropriate for use in anal-

; yses 'of the structural integrity of fuel rods which are subjected to high-
temperature oxidation in steam during postulated accident situations in LWRs.

:

.

1

,-.--e .,nn- ,-4,,e-- - - r,, ,- -----,e----w- , - -, , - - , . . - - ~ ,w , - - , , , - ,.
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APPENDIX A

Analysis of Uncertainties in the Experimental Data.

The uncertainty level for various measured quantities pertaining to

the impact properties of Zircaloy-oxygen / hydrogen alloys has been evaluated.*

The uncertainty in the impact properties results from the normal random er-
rors in the laboratory measurements and the effects of the local microstruc-

ture in the vicinity of the V-notch on crack propagation, which was discussed
in Section II.

Temperature. The error in the temperature measurement in the im-
pact tests, due to thermocouple calibration and the digital-readout instru-
ments, is 5 K.

Concentration of Oxygen and Hydrogen in the Zircaloy. The oxygen
and hydrogen uptake by the impact specimens during the charging and homog-
enization period was determined by gravimetric measurements. The accu-
racy of the weight-change measurements was 100 g for a nominal specimen
weight of ~8.8 g. Therefore, the uncertainty in the oxygen and hydrogen con-

cent rations in the specimens is 2 5 wt ppm. The hydrogen concentration of
. the specimens was also determined by inert-gas fusion analyses of the spec-

imens after the impact tests.

Measurements of the Crack Length and Specimen Width (a/W Ratio).*

The crack length in fatigue-precracked specimens was obtained from the av-
erage of the crack lengths on the opposite surfaces of the specimen, i.e.,

= (ai + a )/ 2. The accuracy of the actual measurement of ai, a2 and W wasa z

0.01 mm, and the uncertainty in the a/W ratio is tS%.

Load Measurements. The sources of uncertainty in the load measure-
ments result from random errors in the electronic measurement system
(i.e., oscilloscope trace ( 3%), analog to digital converter ( 0.2%), analog plot
on the X Y recorder ( 1% of full scale), and amplifier error due to static
rather than dynamic calibration], as well as microstructural variations in
the material in the vicinity of the V-notch, i.e., the orientation of a' platelets
and the presence of a grain boundary below the notch. The error in the load
values due to the electronic measurement system is small ( 5%) in compari-
son with microstructural effects, which produce most of the variability in the

experimental data.

~

Time Measurements. The maximum random error in the time mea-
surements from the energy and load versus time traces on the oscilloscope
is 160 s. Since the time to maximum load was greater than the rise time

'

for the oscilloscope (125 ps), the load was not attenuated. The estimated er-
,

'

ror in the time values obtained from the Nova II computer systems is 2%.

!

!

|

-
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i

Energy Measurements. Factors that contribute to the estimated ran-
dom error in the impact enWgy of il5% include: velocity of the crosshead at -

impact (t10%), oscilloscope readings (t3%), specimen cross-sectional area
( 1%), and planimetric measurements of the area under the load-time curve
(il%) when this method is used to calculate the impact energy. *

Fracture Toughness Measurements. In addition to the factors that
contribute to the uncertainty in the load measurements, a deviation from
plane-strain conditions and the absence of a fatigue precrack in specimens
with low oxygen or hydrogen concentrations result in clastic-plastic (ductile)
fracture, and, consequently, a significant overestimate of the dynamic frac-
ture toughness for these specimens. From the standpoint of Zircaloy em-
brittlement by oxygen and hydrogen, the impact properties of as-received
material at low temperatures and the alloys of Zircaloy with hydrogen and
oxygen at high temperatures are not relevant, but the results are included

,

for comparison.

Ductility Index. Because of the relatively large uncertainty in the
crack initiation and propagation energies, the uncertainty in the values of the
ductility index, which is the ratio of these quantities, is quite large, i.e., 35%.

,
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APPENDIX B

Summary of Impact-test Results.

The results of the impact measurements on Zircaloy-oxygen and
Zircaloy-hydrogen alloys are given in Tables B.1-B.7 and B.8-B.9, respec-*

tively. Results for notched and precracked Zircaloy-4/ oxygen specimens
with transverse texture are contained in Tables B.1 and B.2, respectively.

; Data for Zircaloy-4/ oxygen specimens with a longitudinal texture are given
in Table B.3. Information on the impact properties of Zircaloy-2/ oxygen
specimens with transverse and longitudinal textures is listed in Tables B.4

and B.5, respectively. Table B.6 provides information on the effect of cool-
ing rate (-3 K/s) through the temperature range of the E - a' phase transfor-.

mation on the impact properties of longitudinal Zircaloy 4 specimens with'

-0.13 wt % oxygen. Impact data for as-received Zircaloy-Z specimens with
longitudinal and transverse textures are listed in Table B.7.

Impact results for longitudinal-texture Zircaloy-2/ hydrogen speci-
mens, which were cooled through the temperature range of the E -+ o' + hy-
dride phase transformation at rates of ~ 3 and 0.3 K/ s, are given in
Tables B.8 and B.9, respectively.
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TABLE B.2. Impact Results" from Precracked Zircaloy-4/0xygen Specimens with Transverse Texture

1. cad, kN Time, to Fnergy/ Area. 10 J/m

Specimen twvgen. Temp., Yield Max. To Yield To Max. To Fracture Total To Max. Propasstion Ductility

ID, MPa a /21Number wt % a/W K (PCY) (Imax) (tCY) L ad (tm) (tg) (E /A) Load (Eg/A) (Ep/A) K IndenT

H48 0.13 0.34 373 0.62 0.80 700 1700 16500 19.3 4.2 15.1 29.0 3.6
25 0.13 0.39 298 0.64 0.78 600 1500 9000 17.9 4.0 13.9 30.8 3.5
47 0.13 0.39 373 0.62 0.78 650 2200 10400 24.5 6.6 17.9 38.6 2.7
45* 0.13 0.42 473 0.48 0.56 700 1800 -- -- 4.2 -- 29.4 --

20* 0.13 0.42 673 0.32 0.53 600 8600 -- -- 17.9 -- 58.1 -

H46 0.13 0.51 373 0.37 0.47 900 1890 13520 15.9 3.5 12.4 25.2 3.5
H26 0.30 0.38 373 0.88 0.88 800 800 1600 2.6 1.4 1.2 19.3 0.8
H39 0.41 0.32 373 0.60 0.60 820 820 1840 1.8 1.0 0.8 11.3 0.8
H38 0.46 0.38 373 0.54 0.54 650 650 2000 1.6 1.0 0.6 11.9 0.6
H40 0.47 0.37 473 0.60 0.60 700 700 2000 2.2 1.0 1.2 12.8 1.3
H18 0.78 0.38 473 0.56 0.56 700 700 17?0 1.7 0.9 0.8 12.3 0.9
H15 0.78 0.50 473 0.47 0.47 700 700 2460 2.9 1.0 1.9 14.6 1.9
H34 0.99 0.26 473 0.56 0.56 590 590 1280 0.8 0.6 0.2 9.0 0.4
H36 1.00 0.29 473 0.69 0.69 800 800 1545 1.6 1.0 0.6 12.0 0.6
HN5 1.16 0.45 673 0.44 0.46 850 1000 2500 2.7 1.4 1.3 14.1 1.0

*1mpact velocity was 0.75 m/s.
bThe substre Charpy specimens were cooled through the temperature range of the : phase transformation at a rate of L3 K/s.*

* Partial fracture.

W
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TABLE B.3. Impact Results* from Homogeneous Zircaloy-4/0xygen Specimens with 1.ongitudinal Texture

4 '1. cad, kN Time, os Energy / Area. 10 J/m'
Spectmen Oxygen. Temp., Yield Max. To Yield To Max. To Fracture Total To Max. Propagation DuctilityNumber we a/V K (Pcy) (Pmax) (tCY) Load (tm) (tg) (Ey/A) Load (Eg/A) (Ep/A) KID, MPaan Inden

gfy

N14 0.13 0.20 298 1.08 1.56 900 2200 12000 19.4 8.2 11.2 38.4 0.85N13 0.13 0.20 373 0.96 1.44 800 2400 15000 36.8 9.2 27.6 41.4 2.50N16 0.13 0.20 373 0.96 1.44 800 2600 14600 30.9 9.6 21.3 42.5 1.90N15 0.13 0.20 473 0.90 1.20 800 2800 -- - 9.0 -- 40.3 -C
N17 0.13 0.20 473 0.76 1.12 900 2110 -- -- 9.5 -- 40.3 --CHN31 0.41 0.20 673 0.88 0.98 1400 2200 -- - 5.0 - 23.7 -HN28 0.44 0.20 373 1.08 1.08 1200 1200 3200 3.1 2.5 0.6 14.8 0.18HN30 0.44 0.20 473 1.16 1.16 1000 1000 3400 4.0 2.0 2.0 15.9 1.00HN12 0.52 0.20 373 0.72 0.72 885 885 2460 1.3 1.1 0.2 8.3 0.20CHN11 0.55 0.20 673 0.88 1.16 1000 1800 - -- 4.3 -- 22.4 -HN10 0.56 0.20 473 0.82 0.82 1000 1000 1000 1.5 1.5 0.0 11.2 0.0CHN72 G.61 0.20 673 0.98 1.16 1145 1720 -- - 5.0 -- 24.7 -HN9 0.64 0.20 373 0.60 0.64 800 1200 2400 2.4 1.8 0.6 15.9 0.50HN39 0.70 0.20 373 0.52 0.52 820 820 4100 1.1 1.0 0.1 7.1 0.10HN38 0.71 0.20 473 1.02 1.02 1225 1225 1225 2.0 2.0 0.0 14.0 0.00C
HN42 0.72 0.20 673 1.12 1.12 1635 1635 -- -- 3.3 -- 15.3 --HN40 0.77 0.20 473 0.55 0.55 1125 1125 1385 1.2 1.0 0.2 7.5 0.12HN45 0.80 0.20 673 1.08 1.08 1200 1200 1200 2.3 2.3 0.0 14.8 0.00HN46 0.87 0.20 473 0.62 0.62 655 655 1230 1.0 0.9 0.1 8.5 0.15HN4 7 0.91 0.20 673 0.84 0.84 920 920 1845 1.7 1.5 0.2 11.5 0.10HN22 1.24 0.20 673 0.42 0.42 490 490 1640 0.6 0.4 0.2 5.8 0.50HN23 1.24 0.20 823 0.38 0.38 920 920 1945 0.7 0.5 0.2 5.2 0.30
H9}4
H. 1.28 0.20 823 0.76 0.76 1025 1025 1895 1. 6 1.3 0.3 10.5 0.200.59 0.38 473 0.51 0.51 735 735 3360 1.5 0.9 0.6 11.2 0.70H50' O.86 0.50 473 0.29 0.29 715 715 2150 0.9 0.5 0.4 8.9 0.80H18C 1.24 0.34 673 0.56 0.56 940 940 3215 1.7 0.9 0.8 9.1 0.90CH53 1.05 0.26 473 0.52 0.52 470 470 3235 1.7 0.5 1.2 8.5 2.50H54 e 0.98 0.52 673 0.66 0.66 1085 1190 5120 12.3 3.3 9.0 26.7 2.70

almpact velocity was 0.75 m/s.
bThe subsize Charpy specimens were cooled through the temperature range of the ? T' phase transformation at a rate of 13 K/s.C Partial fracture,

d recracked.P

'Sawcut.
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TABLE B.4 Impact Results from Homogeneous Zircaloy-2/0xygen Specimens with Transverse Texture"
-

4 9
load, kN Time, ps Energy / Area, 10 J/m'

Specimen Oxygen, Temp., Yield Max. To Yield To Max. To Fracture Total To Max. Propsgation DuctilitygfyNumber wt 3 a/W K (PCY) (Pmax) (tcy) Load (tm) (tg) (E /A) L ad (Eg/A) (Ep/A) KID, MPa *a IndexT

Velocity 1. 50 m/s

C101 0.13 0.32 298 0.60 0.84 200 300 1100 2.90 1.20 1.70 16.8 1.50103 ** 0.13 0.30 473 0.80 0.86 450 500 -- -- 2.30 -- 22.1 --

H76* 0.37 0.35 473 0.74 0.19 350 500 3600 n.50 2.00 4.50 19.8 2.20
HN90 0.56 0.20 473 1.40 1.64 700 800 3100 8.00 5.50 2.50 24.0 0.45b
HN92 0.58 0.20 673 1.32 1.44 650 750 -- -- 4.00 -- 20.1 --

CHN94 1.10 0.20 473 0.48 0.72 250 300 450 2.25 2.00 0.25 16.9 0.13
CHN96 1.10 0.20 673 0.80 0.88 260 400 -- -- 1.50 -- 15.3 --

h
CHN93 1.10 0.20 823 0.88 1.00 550 750 - -- 2.50 -- 14.3 --

Velocity 0.75 m/s

C1!N104 0.13 0.20 298 0.88 1.44 1000 2000 4000 7.80 6.90 0.90 31.0 0.29
CA 0.12 0.41 373 0.46 0.53 740 1065 9625 7.20 1.70 5.50 12.1 3.17

CHN105 0.13 0.20 373 0.88 1.28 1000 2200 9800 12.40 6.80 5.60 32.3 0.71cCHN102 0.13 0.36 373 0.64 0.72 800 1200 ID000 10.30 2.50 7.80 21.0 2.70
CH77" 0.36 0.44 373 0.'46 0.53 735 940 9830 6.00 1.30 4.70 14.6 3.50
C1188b,c 0 37 0.40 473 0.52 0.56 600 800 -- -- 1.20 -- 15.1 --

CH73c 0.46 0.48 373 0.39 0.38 735 735 2660 2.30 0.70 1.60 11.1 2.D0
CCH74 0.47 0.33 298 0.56 0.56 800 800 800 1.20 1.20 0.00 10.8 0.00
CCH35 0.50 0.29 373 0.66 0.66 860 860 2450 2.80 1.00 1.80 11.5 1.70
CCH69 0.50 0.35 473 0.90 0.90 850 900 5700 6.10 1.70 4.40 17.8 2.60
CCH70 0.53 0.55 373 0.48 0.48 940 940 2275 2.60 1.50 1.10 17.4 0.73
CCH67 0.62 0.44 373 G.43 0.43 685 685 1230 1.50 0.75 0.75 11.0 1.00
CCH30 0.65 0.54 373 0.23 0.23 410 410 755 0.60 0.30 0.30 8.1 1.10
CCH63 0.6b 0.42 473 0.42 0.46 630 1000 4400 3.60 1.40 2.20 15.7 1.60
CCH32 0.84 0.39 473 0.38 0.38 510 510 1810 0.80 0.40 0.40 8.6 1.20
CCH84 0.90 0.38 473 0.67 0.67 785 785 1670 2.30 1.90 0.40 14.7 0.20
CCH49 0.90 0.51 373 0.43 0.43 540 540 1280 1.40 0.80 0.60 13.7 0.80

CH98 0.95 0.20 673 0.72 0,72 1000 1060 3200 1.50 1.50 0.00 9.9 0.00
bCHN100 0.94 0.20 823 0.72 0.84 1000 1200 -- -- 1.80 -- 11.5 --

'The substre Charpy specimens were cooled through the temperature range of the '+ i phase transformation at a rate of .3 K/s.s

Partial fracture.
Precracked.
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Impact Results" from Ilomogeneous Zircaloy-2/0xygen Specimens with Longitudinal TextureTABLE B.5.

1.oad, kN Time, ts Energy / Area. 10' J/m
Specimen Oxygen. Temp., Yield Max. To Yield To Max. To Fracture Total To Max. Propagation DuctilityNumber wt % alk' K (PCY) (P.ax) (tCY) Load (tm) (tf) (E /A) K p. MPa a /21(E /A) Load (E /A)r T I P I Indeu

8 0.13 0.20 298 0.84 1.13 900 1555 2870 4.3 4.0 0.3 23.8 0.079 0.13 0.20 373 0.70 1.17 740 2420 5120 8.5 7.3 1.2 35.7 0.1611 0.13 0.20 373 0.80 1.18 860 2130 6270 8.0 6.3 1.7 32.1 0.2610 0.13 0.20 4 73 0. 72 1.09 900 3030 17360 10.4 9.4 11.0 39.8 1.1713 0.42 0.20 298 0.55 0.55 780 780 21'O 1.1 0.6 0.5 7. 5 0.7512 0.42 0.20 373 0.52 0.52 980 980 '?;o 1.2 0.9 0.3 7.2 0.3215 0.44 0.20 473 1.04 1.04 1400 1400 3525 2.8 2.4 0.4 14.2 0.2016 0.45 0.20 473 1.15 1.15 1400 1400 2050 3.2 3.1 0.1 15.? 0.04
#14 0.45 0.20 673 0.88 1.05 1390 2040 -- -- 4.9 - 22.3 --
C27 0.60 0.20 673 0.84 1.09 1310 2125 -- -- 4.9 -- 21.7 -28 0.72 0.20 373 0.72 0.72 820 820 1435 1.2 1.0 0.2 9.9 0.1230 0.71 0.20 473 0.89 0.89 940 940 1845 1.9 1.4 0.5 12.2 0.30C29 0.76 0.20 673 C.70 1.04 1025 1940 -- -- 4.2 -- 20.6 --41 0.80 0.20 473 0.66 0.66 1170 1170 1635 1.4 1.3 0.1 9.0 0.0844 0.80 0.20 673 0.82 0.82 1325 1325 1735 2.3 2.1 0.2 11.3 0.11
C43 0.82 0.20 823 0.76 0.98 1230 6960 -- -- 22.3 -- 57.0 --
C42 0.88 0.20 673 0.70 0,70 820 820 -- -- 1.5 -- 9.9 --51 0.97 0.20 673 0.74 0.74 870 870 925 1.2 1.0 0.2 10.2 0.1350 0.98 0.20 673 0.70 0.70 1225 1225 2 3to 1.9 1.5 0.4 9.6 0.2347 1.00 0.20 473 0.72 0.72 920 920 2250 1.9 1.3 0.6 9.9 0.4049 1.01 0.20 823 0.80 0.80 1475 1475 14750 10.2 2.5 7.7 11.0 3.07d18 0.42 0.32 373 0.79 0.79 825 825 17 0 3.9 1.6 2.3 14.9 1.4667d 0.56 0.37 473 0.56 0.56 715 715 1535 2.3 1.0 1.3 12.0 1.29C d45 a 0.74 0.31 473 0.99 0.99 1165 1165 -- -- 2.0 -- 18.2 --31 0.73 0.56 473 0.39 0.39 820 820 2725 3.0 1.1 1.9 14.7 1.6132 0.77 0.50 373 0.26 0.26 620 620 2700 2.0 0.5 1.5 8.0 3.0533 0.79 0.31 373 0.31 0.31 480 480 1749 0.6 0.3 0.2 5.6 0.6246 0.83 0.28 473 0.48 0.48 870 870 lo45 1.1 0.9 0.2 8.2 0.2853 0.93 0.25 473 0.52 0.52 665 665 1760 1.0 0.7 0.3 8.2 0.5152 0.94 0.52 473 0.36 0.36 975 975 1870 1.0 0.7 0.3 12.0 0.41

*1mpact vel city was 0.75 m/s.
b
The subsize Charpy specimens were cooled through the temperature range of the ? + ' phase transformation at a rate of t3 K/s.# i

Partial fracture.
Precracked.
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TABLE 8.6. Impact Results' from Longitudinal-texture Zircaloy-4 Specimens in the As-received Condition and
i' Phase Transformation at a Rate of '3 K/safter Cooling through the Temperature Range of the 2

Load, kN Time, ps Energy / Area, 10 J/m
Specimen Oxygen, Temp., Yield Max. To Yield To Max. To Fracture Total To Max. Propagation Ductility

gfyNumber wt % a/V K (PCT) (Imax) (ICY) L ad (tm) (tg) (E /A) Load (Eg/A) (Ep/A) KID, MPa*m IndexT

a -- As Received

b
CN1 0.13 0.20 298 1.30 1.92 500 1600 -- -- 17.5 -- 60.7 --

b
CN3 0.13 0.20 373 0.96 1.52 250 2000 -- -- 19.3 -- 65.0 --

b
CN2 0.13 0.20 473 0.95 1.44 350 2300 -- - 22.0 -- 63.8 --

b
CN4 0.13 0.20 673 0.60 0.98 300 3800 -- -- 23.4 -- 63.5 --

CNC 0.13 0.35 298 0.61 0.85 300 500 5000 11.0 2.0 9.0 19.5 4.4

a{--HeCooled (3 K/s)
4 0.13 0.20 298 1.20 1.64 400 1150 4150 18.0 10.0 8.0 45.1 0.8

Sb 0.13 0.20 473 1.00 1.28 250 2000 -- -- 26.0 -- 73.6 --

6b 0.13 0.20 673 0.56 0.92 300 3300 -- -- 19.6 -- 57.9 --

1 0.13 0.34 298 0.86 0.96 400 700 4300 14.8 4.8 10.0 32.5 2.1
b

2 0.13 0.37 473 0.56 0.70 250 600 -- -- 7.7 -- 39.9 --

" Impact velocity was 1.5 m/s.
Partial fracture.

"Precracked.
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TABLE B.7.
Impact Results from As-received Zircaloy-2 Specimens (0.13 wt % 0xygen) with Longitudinal and Transverse Textures

Load, kN Time. ps Energy / Area. 10 J/m
Srecimen Velocity. Temp., Yield Max. To Yield To Max. To Fracture Total To Max. Propagation Ductility% mber m/s a/W K (P y) (Pmax) (CCY) L ad (tm) (t t) U2c (E /A) Load (Ez/A) (Ep/A) KID. MPa's IndexT

Longitudinal Texture

N3 1.50 0.20 77 1.60 2.20 400 1250 1250 16.0 14.0 2.0 57.0 0.14NS 1.50 0.20 193 1.44 2.08 400 1250 3000 22.0 15.5 6.5 58.0 0.42N1 1.50 0.20 298 1.36 1.84 550 1450 3400 26.5 15.0 11.5 53.0 0.77N6' 1.50 0.20 373 1.20 1.52 400 2000 -- -- 19.0 -- 63.0 --N2* 1.50 0.20 473 0.88 1.24 350 2500 -- -- 20.0 -- 61.0 --
b

N8 1.50 0.28 298 0.91 1.17 300 500 4400 11.3 2.4 8.9 23.1 3.69O .b 1.50 0.28 473 0.69 0.91 300 500 -- -- 3.7 -- 27.1 -

a

N7 0.75 0.20 298 1.04 1.68 900 3600 10000 30.8 16.6 14.2 58.0 0.86N8' O.75 0.20 373 1.03 1. 3(. 1230 4500 -- -- 19.4 -- 61.3 --63 0.75 0.21 298 0.85 1.04 900 1270 9830 9.5 2.6 6.9 18.2 2.61
b62 0.75 0.29 293 0.74 0.61 890 1200 11200 9.4 2.4 7.0 19.3 2.95
b

61 0.75 0.18 373 0.91 1.04 1065 1720 16465 22.4 4.1 18.3 23.5 4.43Transverse Texture
CN1 1.50 0.20 298 1.60 2.00 500 1400 3750 25.0 16.0 9.0 51.9 0.56CN3a 1.50 0.20 473 0.96 1.48 350 1650 -- - 14.0 - 51.5 -

Partial fracture.bPrecracked.

. . . . e .
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TABLE B.8. Impact Results* from Longitudinal-texture Zircaloy-2/ Hydrogen Specimens k'hich k'ere Cooled
through the Temperature Range of the 6 + a' + Hydride Phase Transformation at a Rate of %3 K/s

Load, kN Time, os Ene rity / Ar ea . 10 J/m
Specimen Hydrogen, Temp., Yield Max. To Yield To Max. To Fracture Total To Max. Propagation NctihNumber wt. pra a/W K (Pcy) (Pmax) (tCY) Load (tm) (t() g j',(E /A) Load (Eg/A) (Ep/A) Kgg, MPa*m Inden7

LCHN11 10 0.20 373 0.80 1.18 860 2130 6,270 8.0 6.3 1.7 32.1 0.26HL31 114 0.22 373 0.76 1.08 840 1535 4,300 6.0 3.8 2.2 24.0 0.57HL33 147 0 22 373 0.68 1.05 700 1310 3,235 4.1 3.0 1.1 20.7 0. 38HL35 216 0.21 373 0.84 1.00 820 1145 2,500 2.9 2.5 0.4 18.8 0.18HL21 424 0.20 373 0.81 0.81 880 880 2,660 2.0 1.3 0.7 11.1 0.50HL25 884 0.25 373 0.70 0.70 760 760 2,540 1.7 1.1 0.6 11.0 0.46LCHN10 10 0.20 473 0.72 1.09 900 3030 17.360 20.4 9.4 11.0 39.8 1.17HL12 125 0 19 473 0.82 1.15 1020 3235 16,385 26.8 10.5 16.3 41.4 1.55RL36 227 0.20 473 0.82 1.15 920 2250 9,e25 14.7 6.6 8.1 32.2 1.21HL22 422 0.25 473 0.66 0.90 715 143s 3,685 3.8 3.1 0.7 22.2 0.23HL24 510 0.21 473 0.72 0.92 820 1475 6,145 5.4 3.1 2.3 21.4 0.76AL26 920 0.22 473 0.05 0.95 1125 1125 2,665 2.9 2.4 0.5 13.8 0.23HL23b 516 0.20 573 0.69 1.18 820 7535 -- -- 27.0 -- 69.6 --HL27 1447 0.24 573 0.90 1.29 1065 3030 4,015 12.3 12.3 0 46.5 0HL19 2500 0.20 573 1.01 1.55 1045 2745 3,810 11.3 10.7 0.6 40.2 0.05bHL28 1466 0.21 67) 0.79 1. 39 1150 7540 -- -- 31.5 -- 74.8 --HL20 2516 0.22 673 0.92 1.45 1145 6300 9,625 42.9 28.4 14.5 70.9 0.51

a
lapact velocity was 0.75 m/s.
Partial fracture.

A
ts'
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TABLE B.9. Impact Results' from Lonyttudinal-texture Zircalov-2/ Hydrogen Spec imens Which Were Cooled
through the Temperature Ranxe of the f

i' + Hvdride Phase fransformatten at a rate of -0.) K/s-

1.oad . kN Time, ps Energy / Area. 10' J/m
Specimen Hydrogen. Temp., Yield Max. Ta Yield To Max. To Fracture Total To Max. Prepagation DuctilityNumber wt. ppm a/W K (Pcy) (Pmax) (tCY) Load (tm) (tg) gy(E /A) Load (Eg/A) (Ep/A)T K p, MPa m Indexi

1 600 0.20 373 0.63 0.67 685 870 2,180 2.3 1.5 0.8 14.9 0.523 1000 0.20 373 0.63 0.63 685 685 1.270 1.5 1.0 0.5 8.7 0.514 1015 0.20 373 0.79 0.79 800 800 3,070 2.1 1. 3 0.8 10.8 0.615 1200 0.20 373 0.68 0.68 675 675 1,720 1.4 0.9 0.5 9.3 0.6017 1320 0.18 373 0.61 0.61 585 585 2,200 0.9 0.7 0.2 8.4 0.322 610 0.18 473 0.68 0.84 735 1025 9,135 4.9 1.9 3.0 15.5 1.6011 878 0.18 473 0.65 0.65 840 840 4,120 3.5 1.2 2.3 8.5 2.0014 930 0.23 4 73 0.47 0.60 510 820 4,400 3.6 1.2 2.4 12.2 2.0018 1360 0.19 473 0.60 0.60 575 575 2,130 1.1 0.7 0.4 8.2 0.508 655 0.24 573 0.59 0.59 820 820 10,250 7.4 1.2 6.2 9.0 5.307 750 0.21 573 0.52 0.62 635 860 10,240 6.0 1.1 4.9 10.5 4.5013 940 0.21 573 0.60 0.70 600 1000 10,400 6.4 1.5 4.9 13.8 3,4015 1325 0.20 573 0.74 0.74 830 830 2,255 1.7 1.3 0.4 10.1 0.32lob 661 0.22 673 0.53 0.92 820 7535 -- -- 21.2 -- 62.0 --gb 770 0.23 673 0.52 0.36 820 6065 -- -- 17.4 -- 52.2 --12b 955 0.18 673 0.57 0.88 740 4750 -- -- 12.7 - 46.1 --6b 1027 0.32 673 0.44 0.66 735 4505 - -- 10.6 -- 42.5 -16b 1230 0.18 573 0.56 0.90 820 3440 -- - 8.8 -- 36.9 --

a lmpact velocity was 0.75 m/s.
Partial fracture.

s . * *
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