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INSTRUMENTED IMPACT PROPERTIES OF
ZIRCALOY -OXY GEN AND
ZIRCALOY -HYDROGEN ALLOYS

by

A. M. Garde and T. F., Kassner

ABSTRACT

Instrumented-impact tests were performed on subsize
Charpy specimens of Zircaloy-2 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
10* 7/m?, a dynamic fracture toughness of ~10 MPa~m”Z, and a
ductility index of ~0, were established relative to the tempera-
ture and oxygen concentration of the trarsformed g -phase
material. The effect of hydrogen concentration and hydride
morphology, produced by cooling Zircaloy-2 specimens through
the temperature range of the 8 - o' + 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
fraction basis, oxygen has a greater effect than hydrogen on
the impact properties of Zircaloy at temperatures between
~400 and 600 K.
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INSTRUMENTED IMPACT PROPERTIES OF
ZIRCALOY -OXYGEN AND
Z1ACALOY -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 frem 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'’?, (c) ductility index
of ~0, (d) <25% of the fracture surface arca exhibiting shear dimples, and
(e) deflection angle of the deformed specimene 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 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 § = o' + 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 o' 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 hydrogen
ranged from ~10to 15 MPa'm'/* attemperatures 1573 K, whereas the material
exhibited large toughness values of ~40-60 MPa*m'/* at673 K. Because of the fine,
discontinuous hydride morphelogy 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 373t0o 573K (e.g., ~10-60MPa'm'/* for Zircaloy with ~1000 wt ppm hydrogen).

Based upon atom fraction, oxygen has a greater effect than hydrogen
on the impact properties of transformed B-phase Zircaloy at temperatures
between ~400 and 600 K. Consequently, information on the {racture 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



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 assemblies subjected to both seismic and LOCA loads.'”* 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, irradicted 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 seismic loads,

Failure boundaries relative to the time-temperature conditions during
transient oxidation of ballooned and ruptured cladding have been established
for thermal shock as well as imnact and compressive loads at low tempera-
tures.” 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 cf 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 oi
reactor fuel assemblies to mechanical loads during the latter stages of hypo-
thetical ILOCA 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 1978.77!'% The information represents
part of the mechanical-property data generated in a U. S. Nuclear Regulatory
Commission-sponsored program to determine the influence of oxidation on
the tensile'’ and impact properties of Zircaloy as well as the tube -burst,'*

thermal-shock, impact, and diametral-compression properties® of Zircaloy
cladding.
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II. MATERIALS, APPARATUS, AND EXPERIMENTAL METHODS

A. Materials

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,

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

Zircaloy-2 Zircaloy-4

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

Al, ppm <20 <35

B, ppm <0.2 <0.25

C, ppm 112 <100

Cd, ppm <0.2 <0.25

1 Co, ppm <10 <10

Cu, ppm <25 <25

Hf, ppm 90 <80

H, ppm 10 -

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 <1.8

Zr Balance Balance
Grain Size, pm ~15 ~15
Thickness, mm 6.35 6 35
Specification ASTM Z-59 ASTM B352.73
Heat Treatment Hot-rolled Hot-rolied

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



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 Kip requires that the basic assumptions of linear-elastic fracture
mechanics must be satisfied in the experimental test methods and conditions;!®
e.g., the crack length, thickness, and !igament length must be larger than the
plastic zone size, which is proportional to (KID/Oyg)-z wheare oyg is the yield
strese 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 are 22,5 and 0.4 mm, respectively, at ~373 K, These
values are based upon yield-stress and K|p values of ~300 MPa, 45 MPa.m!/?
and ~500 MPa, 10 MPa-m'"? for the respective materials along with the prem-
ise that because of the low strain-rate sensitivity'’ (0.03 at room tempera-
ture), yield-stress values at a strain rate of ~10~’ s-' 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
2400 K are larger than the true plane-strain fracture toughness.

Impact tests were performed on notched specimens with and without
fatigue precracks. Problems were encountered in producing a planar crack
with an a/W ratio of 0.5 (a is the crack length and W is the specimen width)
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 B-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-bead rotary fatigue precracker., Frequently, specimens
with high concentrations of oxygen (20.6 wt %) fractured during formation of
the fatigue precrack.

Impact tests were performed on both longitudinal and transverse spec-
imens (length paraliel 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

The oxidation of Zircaloy at high temperatures results in the for-
mation of a ZrO, oxide layer ui a-phase Zircaloy below the a - B phase
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transformation temperature of ~1085 K and a ZrO;/a/B 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 ZrO, and a-phase layers
and ensure a uniform oxvgen concentration in the material.

The impact spocimens were degreased in toluene and acetone,
dried, and then weighed on . microbalance. Groups of up to eight specimens
were suspended ineide a si' -a tube which was evacuac ! to a pressure of
~4 x 10°? Pa by diffusion and mechanical pumps. A split furnace Leated 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 tube and the furnace was
removed to achieve a cooling rate of ~3 K/s through the temperature range
of the B + o' phase transformation. The total cxygen uptake by the specimens
was determined from the weight-gain mea urements.

Two high-temperature, high-vacuum Centorr furnaces were used
for homogenization of the Zircaloy &y cimens. Both systems have tungsten
heating elements and tantalum heat shie!ds 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 tharmal-converter readings. Uniform temperatures were maintained
over half the length of the 61l -mm-diameter, 125-mm-long and 75-mm-
diameter, 200-mm-long heat zones.

The oxygen-charged specimens were suspended by rhenium hooke
‘aside a tantalum capsule, which acted as a getter for residual impurities in
the hich-purity helium atmosphere. The furnace was evacuated to a pressure
vt ~4 x 107? 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 p = o'
phase transformation at a rate of ~3 K/s. The time-temperature conditions
during oxidation and homogenization are given in Table II.

TABLE . Oxygen-charging and Homogenization Conditions for Zircaloy Subsize Charyy Impact Specimens

Oxygen Charging Car fitions Homoger.ization Conditions
Steam
Temp., T.me, Pressure, Teinp., Time, Oxygen,
Materiaid K s Pa K ks wl %
4 121 ixn %0 1623 &3 nM
a 1% &80 0 1573 516.6 on
4 1293 b6l 500 1613 312 105
a 14 £ 500 1573 3888 0.2
a 1303 120 %0 1563 &40 0%
4 1278 w0 00 1673 112 1.00
a 1283 360 50 1623 348 0.73
A 1275 510 500 1623 ar4 0.82
A 1290 sio %0 1673 920 1.00
2 1273 L] 500 1573 514 0.08
an 1283 180 500 1673 280 1.00

#he symbois 27, 41, 2, and 4L refer to Zircaloy-2 and -4 with transverse and longitudingl textures.



After homcgenization, 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
~1.3 x 10™* Pa, the specimens were heted to a temperature in the E-phase re-
gion (~1200 K), and a reasured quantity of a hydrogen-helium gas mixture
(ultrahigh-purity) was admitted to the furnace tube. After a sufficient period
for hydrogen absorptinn and homogenization, the specimens were cooled at
controlled rates of 0.5 and 3 K/s to produce different microstructures during
the £ = o' + 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

Temp., of H, and He, Time, Hydrogen,
K kPa ks wt ppm

1198 4.0 (H,) 3.6 600
66.6 (He)

1198 11.2 (H,;) 10.8 760
63.3 (He)

1223 13.5 (H;) 5.4 940
56.7 (He)

1198 8.0 (H;) 5.4 1000
66.6 (He)

1198 10.2 (H,;) 5.4 1200
63.3 (He)

1223 20.0 (H,) 5.4 1330

53.32 (He)
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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 EBCg for a given a/W ratio com‘)ared 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
v T T T modulus,!? the curve in Fig. 5 will
LONGITUDINAL ZIRCALOY-4, 298 not result in additional uncertainty
1600 }— :ns:cgfmg?m S—— -4 for Zircaloy specimens with oxygen
O V-NOTCH concentrations of 1.0 wt %. The
| & 00 | 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-
3 alent load in the case of elastic-
plastic deformation, which is de-
scribed in Section II.LF. In the latter
case, the curve in Fig. 5 can lead
r - to an overestimate of the dynamic
| fracture toughness.

400 —

r % The impact test procedure
was as follows: The specimen di-
mensions were measured and a
" T TPl SRR WS | . | | macrophotograph of the notch area
0 02 o 06 was obtained to provide a record of

G/W the transformed B-grain orientation
near the root of the notch or tip of
the precrack. A 0.25-mm-diameter
Type K Chromel-Alumel thermo-

A

Fig. 5. Nondimensional Plot of the Compliance Cg
of Zircaloy-4 Subsize Charpy Specimens at
298 K as a Function of the Crack Length to

Specimen Width Ratio (a/W), Where E and coup%e was spot welded near the
B Are Young's Modulus and the Specimen specimen notch, ~1 mm away from
Thickness. Respectively. ANL Neg.No. 3067, 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-
acquisition system.

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



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-
sitioned at the desired value and the temperature was monitored on the digital
thermometer. 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
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 to
reveal the grain structure. Anodization®® of the specimens in a solution con-
taining 0.06 m’ absolute ethanol:0.035 m® H,0:0.02 m’® glycerine:0.01 m’® lactic
acid (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

et . - r . . -
( 4REA PROPORTIONAL TO ! ‘
AREA PROPORTIONAL TO

| SV, | |
|
|

LOAD

i | R P
| L W e \ i ’
e g #
|
| 1
i ' |

A | . : - R ]
o Y 0 B
TiME TIME
Fig. 6. Load-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. 306-77-653,
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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 (elastic) portions of
both curves are due to inertial effects.’’’** The interference imposed by these
oscillations during loading can be minimized by decreasing the initial impact
velocity.

In Fig. 7, PQY 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 AE, absorbed by the specimen, can be divided into two
parts: the energy required for fracture initiation Ef (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®?*'** can be defined as

Oy = g (1)

The dynamic fracture toughness Kip can be calculated from Eq. 2 for
specimens that exhibit linear-elastic behavior, in which fracture occurs before
general yielding (i.e., Pinax < Pgy in Fig. 6):

6Yao'stax
Kip = W : (2)

where Y is a function of a/W and can be obtained from reported curves,'”

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 EJ, the corrected energy to initiate
fracture, which can be obtained from

Ef = W[ - Ep,, (3)

where Wi represents the energy associated with the maximum load on the
load-time record, and Ep, is the elastic stored energy in the testing machine,
which can be obtained from the machine compliance Cm. The machine com-
pliance can be represented by

Cm = Ci -~ Cy, (4)

where Ct and Cg are the total system and specimen compliances, respectively.
The specimen compliance can be obtained from a plot of EBCg versus the
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



total compliance can be obtained from the elastic portion of the load-time
trace; i.e.,

Ct = Da/Pa, (5)

where D, is the apparent combined deflection of the specimen and the machine
under the load P;. The deflection Dy can be obtained from

where Vv is the average velocity of the crosshead during impact, and t, is the

time to produce fracture in the specimen. The elastic stored energy in the
machine can be obtained from

Sl (7)

and the result can be substituted into Eq. 3 to obtain values for Ej. The equiv-
alent load P* is given by

ZEO.S
. (8)

$ =
P~C’5

The equivalent-energy fracture toughness Kf) 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,

11
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1II. RESULTS

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-2
and -4 specimens has been evaluated from the impact-test results. The effect
of oxygen concentration on the maximum load for notched and precracked
specimens of Zircaloy-2 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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and -4 Specimens with Longitudinal and Transverse Textures at Temperatures of (a) 373,
(b) 473, (¢) 673, and (d) 823 K. Impact velocity was 0.75 m/s. Neg. Nos. MSD-65987,
=65970, -65992 and -65971,
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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
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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 in a brittle manner, e.g., material with

0.45, v.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
¢oncentration increases at the various temperatures, and the values become
independent of oxygen concentration, texture, and geometry (notch versus
precrack) under conditions where predominantly brittle 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, z
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 (€1 x 10* J/m?) for
oxygen concentrations 0.5 wt % at 373 and 473 K. The cifect of oxygen con-
centration in Zircaloy-2 and -4 on the total absorbed energy for notched and
precracked 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'’? as the
oxygen concentration increases, and the cucrves 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 rzuge of~300 to 700 K
is small.
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Fig. 14. Total Absorbed Energy per Unit Area as a Function of Oxygen Concentration of Homogeneous

Zircaloy-2 and -4 Specimens with Longitudinal and Transverse Textures at Temperatures of
(a) 373, (b) 473, (c) 673, and (d) 823 K. Open and closed symbols refer to notched and
fatigue-precracked specimens, respectively. Impact velocity was 0.75 m/s. Neg. Nos,
MSD-65917, -65980, -65926, and -65974,
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Fig. 16, Dynamic Fracture Toughness as a Function of Oxygen Concentration of Homogeneous
Zircaloy-2 and ~4 Specimens with Longitudinal and Transverse Textures at Tempera-
tures of (a) 373, (b) 473, (¢) 673, and (d) 823 K. Open and closed symbols refer to

notched and fatigue-precracked specimens, respectively. Impact velocity was 0.75 m/s.
Neg. Nos. MSD-65968, -65923, 65984, and -65922.
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Fig. 17. Effect of Temperature on Dynamic Fracture Toughness of Homogeneous Zircaloy-2 and -4 Specimens
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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 o' 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 brittle fracture in specimens with 0.62 and 1.10 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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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-2 specimens, which were cooled through the
temperature range of the 8 =~ @' + 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 indepéndent of hydrogen concentration
(2600 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-+ o' + hydride
phase tranformation atratesof (a) 3 K/s and (b) 0.3 K /s. Neg. Nos, MSD~-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 (2400 wt ppm) at the two cooling
rates are similar (<3 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
energy 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).*® Hardie indicates that the crack propaga-
tion characteristics are determined by the interhydride spacing and the flow
properties of the matrix.*’

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 % Nh alloy’” and cold-worked
Zircaloy-2 (Ref. 31) with ~13 to 250 wt ppm hydrogen.
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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 (2600 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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as a Function of Hydrogen Concentration
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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 g - o' +
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'm'’? at temperatures of <573 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 (240 MPa'm'’?). 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 8 -~ o' + hydride phase transformation on the morphology
and distribution of hydrides in Zircaloy-2 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 o' grains (Fig. 28), and the fracture path is
coincident with this region (Fig. 29) in specimens tested at ] >w temperatures
(~373 K). Figure 30 shows the microstructure of materijal 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-2 specimens with 600
and 227 wt ppm hydrogen that were cooled through the temperature range of
the § - o' + 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 twc cooling
rates could infiuence 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 rela-ively 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®~*7 and zirconium alloys"""o has been studied ex-
tensively by optical and electron microscopy and x-rav 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 ‘um alloys ’ls41-43

C. Comparison of Embrittlement Characteristics of Oxygen and Hydrogen

The relative effect of oxygen and hydrogen on the dynamic fracture
toughness of Zircaloy-2 is shown in Fig. 33, On the basis of atom fraction,
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Fig. 353. Comparison of the Effect of Oxygen and
Hydrogen on the Dynamic Fracture
Toughness of Zircaloy at Temperatures
of %400 and €00 K Respectively

oxy,ien has a greater effect on the
impact properties of transformed
f-phase Zircaloy at temperatures of
€600 K. At higher temperatures, the
influence of hydrogen on fracture
toughness decreases markedly (Fig. 26).

The smaller dependence of
fracture toughness on hydrogen con-
centration, coupled with the fact that
oxygen decreases the solubility of
hydrogen in B-phase zirconium,**
provides a rationale for the observa-
tion that the thermal-shock-failur.
properties of Zircaloy cladding, which
was oxidized in steam at high temper-
atures, can be correlated with the
thickness and oxygen content of the
transformed B-phase layer,®* al-
though the tubes contain up to 2200 wt ppm
hydrogen. When the cladding cools

through the temperature range of the g - o phase transformation (~1450-1100 K)
at a rate of -5 K/s, oxygen partitioning occurs and the o' 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 B 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 precipitatior is suppressed’ or a fine hydride structure
is produced’® which cannot be easily resolved by optical or scanning-electron
microscopy. 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.* 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 iz the fracture toughness of Zircaloy containing 20.4 wt%
oxygen relative to the curve in Fig. 33,

Fig. 34

Three-dimensional Representation of
the Plastic Deflection to Maximum
Load at 300 K Relative to the B-layer
Centerline Oxygen Concentration and
Hydrogen Content of Zircaloy-4
Cladding.5 ANL Neg. No. 306-79-849.

PLASTIC DEFLECTION TO MAXIMUM LOAD (mm!
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IV. SUMMARY AND CONCLUSIONS

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 from 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''?, (c) ductility index
of ~0, (d) <25% of the fracture surface area with shear dimples, and (e) de-
tfection 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 § = o' + 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. Hydrice
precipitation in material cooled at the slower rate occurred primarily at the
periphery of the o' 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 3600 wt ppm hydro-
gen ranged from -~ 10 to 15 MPa-m'/? at temperatures ¢573 K, whereas the
material exhibited toughness values of ~40-60 MPa.m'’? at 673 K. Because
of the fine, 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
temperatuce over the range of 373 to 573 K (e.g., ~10-60 MPa.-m!'’? for
Zircaloy with ~1000 wt ppm hydrogen).

Based upon atom fraction, oxygen has a greater effect than hydrogen
on the impact properties of transformed f-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.
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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-charige measurements was +100 ug for a nominal specimen
weight of ~8.8 g. Therefore, the uncertainty in the oxygen and hydrogen con-
centrations in the specimens is +25 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.,
a = (a; + a;)/2. The accuracy of the actual measurement of a;, a, and W was
£0.01 mm, and the uncertainty in the a/W ratio is +5%,

lL.oad Measurements. The sources nf 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 o' 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 +60 us. Since the time to maximum load was greater than the rise time
for the oscilloscope (125 us), 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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Energy Measurements. Factors that contribute to the estimated ran-
dom error in the impact energy of +15% include: velocity of the crosshead at
impact (£10%), oscilloscope readings (+3%), specimen cross-sectional area
(£1%), and planimetric measurements of the area under the load-time curve
(£1%) 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 elastic-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%.




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 8 + o' phase transfor-
mation on the impact properties of longitudinal Zircaloy-4 specimens with
~0.13 wt % oxygen. Impact data for as-received Zircaloy-2 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 8 =+ a' + hy-
dride phase transformation at rates of ~3 and 0.3 K/s, are given in
Tables B.8B and B.9, respectively,
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TABLE B.2. Impact Results® from Precracked Zircaloy-4/Oxygen Specimens with Transverse Texture®
—lead, W8 = Time, ys / 2
Specimen Uxvgen, Temp., VYield Max. To Yield To Max. To Fracture Total To Max. opagat {on 72 Duceilitw
Numher wt % alw K (Poy)  (Ppax) {tey)  Load (tg) (tg) (Eg/A)  Load {Ey/A) (Ep/A) Kips MPa-m’ Index
H4B 0.13 0.3 373 0.62 0.80 700 700 16500 19.3 4.2 15.1 25.0 3.6
25 0.13 0.39 298 0.64 0.78 600 1500 9000 17.9 4.0 13.9 0.8 3.5
47 0.13 0.38 3713 0.62 0.78 650 2200 10400 2.5 .6 17.9 38.6 2.7
45¢ 0.13 0.42 473 0.48 0.56 700 1800 - e 4.2 - 29.4 -
20¢ 0.13 0.42 673 0.32 0.53 600 8600 - - 17.9 - 58.1 -
H4E 0.13 0.51 73 0.37 0.47 900 1890 13520 15.9 3.5 12.4 25.2 3.5
H26 0.30 0.38 1373 0.88 0.88 800 800 1600 2.6 1.4 1.2 19.3 0.8
HIS 0.41 0.32 I 0.60 0. 60 820 820 1840 1.8 1.0 0.8 ) 0.8
H3i8 0.46 0.38 373 0. 54 0. 54 650 650 2000 1.6 1.0 0.6 11.9 0.6
H&O 0.47 0.37 473 0. 60 0.60 100 700 2000 2.2 1.0 1.2 12.8 1.3
H18 0.78 0.38 473 0.56 0.56 700 700 1720 1.7 6.9 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.%
H 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
HNS 1.16 0.45 673 .44 0.46 850 1000 2500 2.3 1.% 3 146.1 1.0
;llplct velocity was G.75 m/s.
The subsize Charpy specimens were cocled through the temperature range of the © ' phase transformation at a rate of 3 K/s.

Partial fracrure.
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TABLE B.3. Impact Results” from Homogeneous Zircalov-4/Oxygen Specimens with Longitudinal Texture

Load, kN Time, us Energy/Area, 10‘ J[-z

Specimen Oxygen, Temp., Yield Max. To Yield To Max. To Fracture
Number wt % a/v K (Puax) (tgy) Load (ty) (tg) Kips MPa'm
Nl4 0.13 0.20 298 1.08 1.56 900 2200 12000 8.2 38.4 0.85
NI13 0.13 0.20 373 0.96 1.44 800 2400 15000 9.2 41.4 2.50
N16, 0.13 0.20 3713 0.96 1.44 800 2600 14600 9.6 42.5 1.90
N1S, 0.13 0.20 473 0.90 1.20 800 2800 - 9.0 40.3 -
N17 0.13 0.20 473 0.76 112 900 ‘110 - 9.5 40.3 -
HN31© 0.41 0.20 673 0.88 0,98 1400 2200 .- 5.0 23.7 i
HN28 0.44 0.20 313 1.08 1.08 1200 1200 3200 2.5 14.8 0.18
HN30 0.44 0.20 473 1.16 1.16 1000 1000 3400 2.0 15.9 1.00
HN12 0.52 0.20 373 0.72 0.72 8BS 885 2460 1.1 8.3 0.20
HN11® 0.55 0.20 673 0.88 1.16 1000 1800 -— 4.3 22.4 -—
HN1O 0.56 0.20 473 0.82 0.82 1000 1000 1000 1.5 6.0 11.3 0.0
HN72° G. 61 0.20 673 0.98 1.16 1145 1720 - 5.0 - 24.7 -
HNG 0.64 0.20 373 0. 60 0.64 8O0 1200 2400 2 1.8 0.6 15.9 0.50
HN39 0.70 0.20 373 0.52 0.52 820 820 4100 1 1.0 0.1 7.1 0.10
HNIB 0.71 0.20 473 1.02 1.02 1225 1225 1225 2 2.0 0.0 14.0 0.00
ane2© 0.72 0.20 673 1.12 1.12 1635 1635 - - 3.3 - 15.3 -
HN4O 0.77 .20 473 0.55 0.55 1125 1125 1385 1.2 1.0 0.2 7.5 0.12
HNAS 0.80 0.20 673 1.08 1.08 1200 1200 1200 2.8 2.3 0.0 14.8 0.00
HNG6 0.87 0.20 473 0.62 0.62 655 655 1230 1.0 0.9 0.1 8.5 0.15
HNG T 0.91 0.20 673 0.84 0.84 920 920 1845 1.7 1.5 0.2 11.5 0.10
HN22 1.2 0.20 673 0.42 0.42 490 490 1640 0.6 0.4 0.2 5.8 0.50
HN23 1.24 0.20 823 .38 0.38 920 920 1945 0.7 0.5 0.2 5.2 0.30

4 1.28 0.26 823 0.76 0.76 1025 1025 1895 1.6 3.3 0.3 10.5 0.20
HY 0.59 0.38 473 0.51 0.51 735 735 3360 1.5 0.9 0.6 11.2 0.70
H50 € 0.86 0.50 473 0.29 0.29 715 715 2150 0.9 0.5 0.4 8.9 0.80
HIB® 1.24 0.3 673 0.56 0. 56 940 940 3215 Y. 0.9 0.8 9.1 0.90
H53°¢ 1.05 0.26 473 n.52 0.52 470 470 3235 1.7 0.5 1.2 8.5 2.50
H54 © 0. 98 0.52 673, 0.66 0.66 1085 1190 5120 12.3 3.3 9.0 26.7 2.70

3mpact velocity was 0.75 m/s.

bThe subsize Charpy specimens were conled through the temperature range of the ¢
“Partial fracture.

dprecracked.

€Sawcut .

' phase transformation at a rate of



TABLE B.4. Impact Results from Homogeneous Zircaloy-2/Oxygen Specimens with Transverse Texture"

Partial fracture.
Precracked.

—load, kN Time, us nergy/Area, 10 J/m”

Specimen  Oxygen, Temp. , To Yield To Max. To Fracture Total Ductility

a/w K (tey) Load (tp) (rg) (tr/‘) Kip» MParm Index
Velocity 1.50 m/s
:on: F 0.32 298 0. 60 200 306 1100 2.%0 1.20 14.8 1.50
1037 0.30 473 0. 80 450 500 -- - 2.30 22.1 -
ue© 0.35 413 0. 7% 350 500 360801 6. 50 2.00 19.8 2.20
HN9O 0.20 473 1.40 700 800 3100 8.00 5.50 2.0 0.45
HN92 0.20 673 1.32 650 750 - - 4.00 20.1 -
CHN94 0.20 473 0.48 250 300 450 2.25 2.00 16.9 0.13
CHN96 0.20 673 0.80 260 400 - - 1.50 15.) -
CHN9 ) 0.20 823 0.88 550 750 - - 2.50 16.3 -
Veloc 0,75
CHN104 0.20 298 1,44 1000 2000 4000 7.80 6.90 0.90 31.0 0.29
ks 0.41 373 0.53 T4t 1065 4625 7.20 1.70 5.50 12.1 3.17
CHN10S 0.20 373 1.28 1000 2200 9800 12.40 680 5. 60 32.3 0.7
CHNLD2 © 0.36 373 0.72 800 1200 10000 10.30 2,50 7.80 21.0 2.70
curr’ 0.44 373 0.53 735 940 98730 6.00 1.30 4.70 14.6 3.50
cnss i 0.40 473 0.56 500 800 -— - 1.20 - 15.1 -
cH73 ¢ 0.48 1713 ; 0.35 735 735 2660 2.3 0.70 1.60 11.1 2.00
CH74 © 0.33 298 0.56 0.56 800 800 800 1.20 1.20 0.00 10.8 0.00
CcH3IS © 0.29 37 0.66  0.66 860 86O 2450 2.80 1.00 1.80 11.5 1.70
CHE9 © 0,35 473 0.90  0.90 850 900 5700 6.10 1.70 440 17.8 2.60
cH70© 0.55 373 0.48  0.48 940 940 2275 2.60 1.50 1.10 17.4 0.73
CH67 © 0.4 373 G.43 0.43 685 H85 1230 1.50 0.75 0.75 11.0 1.00
CHI0D © 0.5 3713 0.23 0.23 410 410 755 0.60 0.30 0.30 8.1 1.10
el © 0.62 473 0.42 0.46 630 1000 4400 3.60 1.40 2.20 15.2 1.60
cH32® 0.39 413 0.38  0.38 510 510 1810 0.80 .40 0.40 5.6 1.20
CH84 © 0.38 473 0.67 0.67 785 785 1670 2.30 1.90 0.40 14.7 0.20
cH49 © 0.51 373 0,43  0.43 540 540 1280 1.40 0.80 0.60 13.7 0.80
CHYE 0.20 673 0.72 0,72 1000 1060 1200 1.50 1.50 0.00 9.9 0.00
cHs100 b 0.20 823 0.72 0.8 1000 1200 == - 1.80 ey 1.5 —
“The subsize Charpy specimens were cooled through the temperature range of the ¢ =~ ' phase transformation at a rate of
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TABLE B.5. Impact Results® from Homogeneous Zircaloy-2/Oxygen Specimens with Longitudinal Tmu«b

—Load, kN Time, vo ___Energy/Aves, 10° y/m’
Specimen Oxygen, Temp., Yield Max. To Yield To Max, To Fracture Total To Max. Propagation 12 Ductility
Number wt T a/v K (Pgy) (Pgax) (tgy) Load (ty) (tg) (Eq/A)  Load (Ep/A) (Ep/A) Kip, MPa-m Index
8 0.13 0.20 298 0.B4 1.13 900 1555 2870 4.3 4.0 0.3 23.8 0.07
9 0.13 0.20 373 0.70 1.17 740 2420 5120 8.5 1.3 1.2 35.7 0.16
1l 0.13 0,20 313 0,80 1.18 460 2130 H170 8.0 6.3 3.2 32.1 0.26
10 0.13 2.20 473 0:72 1.09 900 3030 17360 M4 9.4 11.0 39.8 1.17
13 0.42 0.20 298 0.55 0.55 780 780 2170 1.1 0.6 0.5 7.5 0.75
12 0.42 0.20 1313 0.52 0.52 980 980 L S 1.2 0.9 0.3 7.2 0.32
15 0.44 0.20 473 1.04 1.04 1400 1400 352 2.8 2.4 0.4 14.2 0.20
16 0.45 6.20 473 1.15 1.15 1400 1400 2050 3.2 3.2 0.1 15,7 0.
14° 0.45 0.20 673 0.88  1.05 1390 2040 - - 4.9 - 22.3 -
27" 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 ¥.2 1.0 0.2 9.9 0.12
30 0.71 0.20 473 0.89 0.89 940 940 1845 1.9 1.4 0.5 12.2 0.30
29° 0.76 0.20 73 G.70 1.06 1925 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 0.08
44 n.80 0.20 673 0.82 0.82 1325 1325 1735 2.3 2.1 0.2 11.3 0.11
63‘:' 0.82 0.20 823 0.76 0.98 1230 6960 -- - 22.3 - 37.0 -
42* 0.88 0.20 673 0.70 0. 70 820 820 - - 15 - 9.9 -
51 0.97 0.20 673 0.74 0.7 870 870 925 1.2 1.0 0.2 10.2 8.13
50 0.98 0.20 673 0.70 g.70 1225 1225 2360 1.9 1.5 0.4 9.6 0.23
47 1.00 0.20 473 0.72 0.72 920 920 2250 1.9 1.3 0.6 9.9 0.40
4“9 1.01 0.20 823 0.80 0.80 1475 1475 14750 10.2 25 - 2% 11.0 3.07
184 0.42 0.32 313 0.79 0.79 825 825 17.0 3.9 1,6 23 4.9 1.46
674 0.56 0.37 4123 0. 56 0. 56 715 715 1535 2.3 1.0 1.3 12.0 1.29
ldc'd 0.74 0.3 473 0.99 0,99 1165 1165 - - 2.0 - 18.2 -
31 0.73 0.56 473 0.39 0,139 820 820 2725 3.0 1.1 1.9 14.7 1.61
32 0.77 0.5 373 0.26 0.26 620 620 2700 2.0 0.5 1.3 8.0 3.05
33 0.79 0.31 373 0.31 0.3 480 480 1749 0.6 0.3 0.2 5.6 0.62
46 0.83 0.28 473 0.48 0.48 870 870 PR 1.1 0.9 0.2 8.2 0.28
53 0.93 0.25 473 0.52 0.52 665 665 1760 1.0 0.7 0.3 8.2 0.51
2 0.94 0.52 473 0.36 0.36 975 975 1870 1.0 0.7 0.3 12.0 0.41
‘l-p.sct velocity was 0.75 m/s.
The subsize Charpy specimens were cooled through the temperature range of the : - .* phase transformation at a rate of .3 K/s.
Partial fracture.
Precracked.
- -
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TABLE B.6. Impact Results” from Longitudinal -texture Zircaloy-4 Specimens in the As-received Condition and
after Cooling through the Temperature Range of the £ - ' Phase Transformation at a Rate of '3 K/s
Load, k¥ Time, ys Energy/Avea, 10° J/n®
Specimen Oxygen, Temp., Yield Max. To Yield To Max. To Fracture Total To Max. Propagation 1/2 Ductiliey
Number wt ¥ a/w K (Pgy)  (Puax) (tgy) Load (ty) (tg) (Ep/A)  lLoad (Ep/A) (Ep/A) Kips» MPa-m Index
L el
b

Cllb 0.13 0.20 298 1.30 1.92 500 1600 - - £7.5 - 60,7 -
Clib 0.13 0.20 ' 3713 0.96 1.52 250 2000 - - 19.3 - 65.0 -
mh 0.13 0.20 473 0.95 1.44 350 2300 - - 22.0 - 63.8 .-
CN& 0.13 0.20 673 0.60 0.98 300 3800 e -- 23.4 - 63.5 -
Ne© 0.13 0.35 298 0.61 0.85 300 500 5600 11.0 2.0 9.0 19.5 4.4
a; == Me Cooled (3 K/s)

“ 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 -~

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

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

3® 0.13 0.37 473 0.5  0.70 250 600 -~ e 7.7 — 19.9 -

2 1mpact velocity was 1.5 m/s.
bParu.a.l fracture.

SPrecracked.




TABLE B.7. Impact Results from As-received Zircaloy-2 Specimens (0,13

wt I Oxygen) with Longitudinal and Transverse Textures

Load, k¥ Time, s Energy/Area, 10° J/m’
Specimen  Velocity, Temp. , Yield Max. To Yield To Max. To Fracture Total To Max. Propagat ton 1/2 Ductility
Sumber a/s alw K (Poy)  Ppay) (tgy) Load (ty) (tg) (E7/A)  Load (Ey/A) (Ep/A) Kip, MPa'm Index
Longteudinal Texture
N3 1.50 0,20 77 1.60 2.20 400 1250 1250 16.0 14.0 2.0 57.0 0.14
NS 1.50 0.20 193 1.44 2.08 400 1250 3000 22.0 15.5 6.5 58.0 0.42
ll. 1.50 0.20 298 1.36 1.84 550 1450 3400 26.5 15.0 11.5 53.0 0.77
N. 1.50 0.20 373 1,20 353 400 2000 - - 19.0 - 63.0 -
llb 1.50 0.20 473 0.88 1.24 350 2500 —_— - 20,0 - 61.0 -—
N8 5 1.50 0.28 298 0.91 .17 100 500 4400 11.3 2.4 8.9 23,1 3.69
o* 1.50 0.28 473 0.69 0.9 300 500 - - 3.7 - 27.1 -
N7‘ 0.75 0.20 198 1.04 1.68 00 3600 10000 30.8 16.6 14.2 58.0 0.86
l&b 0.75 0,20 373 1.03 1.3 1230 4500 - - 19.4 - 61.3 -
635 0.75 0.21 298 0.85% 1.04 900 1270 G830 .3 2.6 6.9 18.2 2.61
62b .75 0.29 298 0.74 0.4: 890 1200 11200 9.4 2.4 7.0 19.3 .95
61 0.75 0.18 373 0,91 1.04 1065 1720 16465 22.4 4.1 18.3 23.5% 4.43
Transverse Texture
CN1 1.50 0,20 298 1.60 2.00 500 1400 1750 25.0 16,0 9.0 52.9 0.56
CcN3a 1,50 0.20 473 0.96 1.48 350 1650 - _— 14.0 - S1.5 -
®partial fracture.
b?mrnck-d.
- -
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TABLE B.8. Impact Results” from Longitudinal-texture Zircaloy-2/Hydrogen Specimens Which Were Cooled
through the Temperature Range of the # + o' + Hydride Phase Transformation at a Rete of 3 K/s
& 2
—Load, kN _ lime, us _Energy/Area, 10 J/m

Specimen  Hydrogen, Temp., Yield Max. To Yield To Max. To Fracture Total To Max. Propagat lon 1/2 Ductility

Number wt. ppm a/w [ (Pgy)  (Pygx) (tey) Load (ty) (eg) (Eg/A)  Load (Ep/A) (Ep/A) Kipy MPacm™ " Index
LCHN11 10 0.20 373 0.80 1.18 860 2130 6,270 8.0 6.3 b 9% § 32:3 0.26
HL31 114 0.22 373 0.76 1.08 840 1535 4,300 6.0 3.8 ;2 24,0 0.57
HL33 147 .22 an 0.68 1.05 700 1310 2,235 4.1 3.0 1.1 20.7 0.38
HL3S5 216 0.21 a3 0.84 1.00 820 1145 2,500 2.9 2.5 0.4 18.8 0.18
HL21 424 0.20 713 G.81 0.81 880 B80 2,660 2.0 1:3 0.7 11.1 0.50
HL25 R84 0.25 373 0.70 0.70 760 760 2,540 1.7 23 0.6 1.0 0.46
LCHN1O 10 0.20 473 .12 1.08 So0 1030 17,360 20.4 9.4 11.0 3%.8 1.17
HL32 125 0.19 473 0.82 1.15 1020 3238 16,385 26.8 10.5 16.3 41.4 1.55
HL36 222 0.20 473 0.82 1.18% 920 2250 9,625 1%.7 6.6 8.1 32,2 1.21
HL22 422 0.25 473 0.66 0.90 715 1435 3,685 3.8 3.1 0.7 22.2 0.23
HL24 510 0.21 473 0.72 0,92 B20 1475 6,145 5.4 3.1 2.3 21.4 0,76
AL26 920 0,22 473 0. 95 0.95 1125 1I25 2,665 2.9 2.4 0.5 13.8 0.23
HL23b 516 0,20 573 0.69 1.18 820 7535 - - 27.0 -~ 69.6 -
HLZ7 1447 0.24 573 0.90 1.29 1065 3030 4,015 12.) 12.3 0 6.5 0
HL1Y 2500 0.:0 573 1.01 1.55 1045 2045 3,810 11.3 10.7 0.6 40,2 0.05
HL28 b 1466 0,21 673 0.79 1.39 1150 7540 - - 31.5 - 74.8 -
HL20 2518 0.22 673 0.92 1.45 1145 6300 2,625 42.9 28.4 14.5 0.9 0.51
a

Impact velocity was 0.75 m/s.
'P‘ttnl fracture.
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TABLE B.9.

lopact Results?® from Longitudinal-texture Zircalov-2/Hydrogen Specimens Which Were Cooled
through the Temperature Range of the & » 4" + Hudride Phase Transformation at a rate of 0.3 K/s

__Load, kN _Time, vo Energy/Avea, 10° ym?
Specimen  Hydrogen, Temp., Yield Max. Ts Yield To Max. To Fracture Total To Max. Propagation Ductiltr
Number wt. ppm  a/W K (Pgy)  (Pgay) (tgy)  Load (ty) (tg) (Ex/A)  Load (Ey/A) (Ep/A) Kipe wpa-n't/? Index )
i 600 0.20 373 0.63 0.67 685 870 2,180 2.3 1.5 0.8 14.9 0.52
3 1000 0.20 n 0.63 0.61 685 685 1,270 1.5 1.0 0.5 8.7 0.51
4 1015 0.20 i 0.79 0.719 800 800 3,070 2.1 [ % 0.8 10.8 0.61
5 1200 0.20 373 0.68 0.68 675 675 1,720 1.4 0.9 0.5 9.3 0.60
17 1320 0.18 373 0.61 0.61 585 585 2,200 0.9 0.7 0.2 B.4 0.32
2 610 0.18 473 0.68 0.84 735 1025 9,135 4.9 1.9 3.0 15.5 1.860
11 878 0.18 473 0.65 0.65 840 840 4,120 3.5 1.2 2.2 8.5 2.00
14 930 0.23 473 0.47 0.60 510 820 4,400 3.6 1.2 2.4 12.2 2.00
18 1360 n.19 473 0. 60 0.60 575 575 2,130 1.1 0.7 0.4 8.2 0.50
8 655 0.24 573 0.59 0.5%9 820 B20 10,250 1.4 1.2 6.2 9.0 5.30
7 750 0.21 573 0.52 0.62 635 B&d 10,240 6.0 1.1 “.9 10.5 4.50
13 %0 0.21 573 0.60 0.70 600 1000 10,400 6.4 | %, 4.9 13.8 3.40
15 1325 0.20 573 0.74 0.74 830 830 2,255 1.7 1.3 0.4 10.1 0.32
10b 661 0.22 673 0.53 0.92 820 7535 -~ -— 21.2 - 62.0 -
gb 770 0.23 673 0.52 0.3 820 6065 -— - 17.4 -— 52.2 -—
12b 455 0.18 673 0.57 0.88 740 4750 - - 12.7 - 46.1 -—
6b 1027 0.32 672 0.44 0. 66 735 4505 - - 10.6 -- 42.5 -
16® 1230 0.18 573 0.56 0.9%0 820 3440 - - 8.8 - 36.9 - |
:Imct velocity was 0.75 m/s. '
Partial fracture. 1
J
l
)
|
|
|
I
" = Y - '
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