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Summary
Crack-like flaws that might exist in hexagonal subassembly ducts are not generally cx-

pected to initiate brittle fracture, but there is reason to be concerned about the integrity
of cracked hexcans that have been severely embrittled by fast-neutron irradiation. In order
to check the applicability of linear elastic fracture mechanics analysis to such ducts, a
program of experiments with deliberately cracked and embrittled hexcan sections has been
undertaken.

Type 446 stainless steel was used for the test sections because this material may be
heat treated to alter its room-temperature mechanical properties to such an extent that they
simulate those of irradiated 20% cold-worked Type 316 stainless steel at reactor operating
temperature. Although these different materials are not metallurgically comparable in their
fracture properties, the structural response of hexcan sections fabricated from Type 446 may
be assumed similar to that of irradiated Type 316 stainless steel hexcans.

After heat treatment the yield strength cy of Type 446 stainless steel is approximately
V2 105 ket (1m 2],

This ratio of KIC/Gy is similar to that expected in end-of-life hexcan material, and thus

620 MPa (90 ksi) and its fracture toughness KIc is about 800 MPa (mm)

hexcan sections fabricated out of the heat-treated material provide an excellent means of
verifying experimentally the resistance of cracked ducts to brittle fracture and of checking
the predictions of linear elastic fracture mechanics. According to the failure criterion of
this theory, the high strength and low toughness of the hexcan material indicate that moder-
ately deep axial cracks in the hexcan corner or midflat could propagate in an unstable manner
even though the 3-mm (0.12-in) duct wall is normally comsidered a thin section and not subject
to a brittle fracture phenomenon. The possibility of brittle fracture becomes a concern un-—
der the test conditions because the crack-tip plastic zone, whose size is proportional to the
ratio (KIC/Uy)Z, is significantly smaller than the hexcan wall dimension.

A series of experiments involving several different crack depths at either the corners
or midflats of hexcan sections has been begun. After heat treatment and fatigue-sharpening
of the cracks, the duct sections were loaded at two opposite midflats, and the load vs crack
opening displacement was recorded for each test. Earlier analytical work provides stress in-
tensity factor calibrations for the test conditions, and these calibrations enable one to pre-
dict analytically the load at which brittle fracture could occur. In this paper, a comparison

of these analytical predictions and experimental results will be made and discussed.



1. Introduction

The relatively thin wall and ductile material of the hexagonal subassembly ducts found in
liquid metal fast breeder reactor designs make it generally unlikely that brittle fracture will
occur in these compomnents. However, after prolonged exposure to fast-neutron irradiation in
the reactor core, the material may become embrittled to such an extent that even a 3-mm (0.120
in) hexcan wall may be sufficiently thick to contain plastic deformation at the tip of a crack
and provide a potential for unstable crack propagation through the hexcan wall., If this should
happen, it would occur at relatively low load levels when compared to the strength of unflawed
ducts, and the line of assurance provided by the subassembly wrapper could be prematurely
breached.

In order to quantify the resistance of highly irradiated hexcans to the unstable propaga-
tion of cracks that might have grown from inadvertently introduced and unnoticed flaws, linear
elastic fracture mechanics has been employed. Stress intensity factors have already been de-
termined for different crack locations and loading conditions in the hexcans [1], and one may
use these analytical results to predict when a given crack might propagate through the hexcan
wall in a brittle manner, if the plasticity at the crack tip is sufficiently contained in the
uncracked ligament.

In order to validate such analyses and predictions of brittle fracture, it is necessary
to perform experiments. Some prototypic experiments on flawed and irradiated EBR-IT ducts
have already been performed [2], but the thinner sections of these ducts (1 mm, or 0.040 in)
make it unlikely that a sufficient constraint can exist to promote brittle fracture unless the
duct were irradiated to extremely high fluences. Furthermore, the extrapolation of any results
of fracture experiments on EBR-II ducts to the larger and thicker FFTF-type ducts would be
difficult to make because of complex size effects.

Prototypic experiments on larger irradiated ducts are not possible at this time not only
because of the unavailability of irradiated ducts with 3-mm walls but also because of the ab-
sence of valid fracture toughness measurements, which require test specimens large enough to
insure containment of crack-tip plasticlty. These latter measurements gilve values of the
material property which provides the critical value of the stress intensity factor at which
brittle fracture can occur.

Although prototypic experiments are not now possible, the analytical predictions of linear
elastic fracture mechanics may still be checked by performing experiments on deliberately
cracked hexcan sections of a suitable unirradiated material. Since the uniaxtial yield strength

ay and plane strain fracture toughness K_. are the only materials properties required by linear

IC
elastic fracture mechanics, chosing a material whose oy and K., values closely approximate

those expected in highly-irradiated reactor subassemblies shoigd provide an excellent means of
validating analytical predictionms. It must be emphasized, however, that any experiments with
such a "simulant" material can check analysis only and cannot be expected to provide any
metallurgical information on the fracture of prototypic subassembly ducts.
2. Analytical Background

According to linear elastic fracture mechanics, a crack of depth a under plane strain
conditions will become unstable when the stress intensity factor KI reaches the critical value
KIC' The stress intensity factor is a function of crack locatilon and size, as well as of the
geometry and loading of the structural element. For the hexcan section of Fig. 1 with a crack

at an inside corner or an outside midflat and loaded by forces P per unit hexcan length B at
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midflats remote from the cracked cornmer or at the cracked and opposite midflat, respectively,
calibrations of KI vs. a have been determined analytically {1]. The analytical results are
shown in Fig. 2. For a given crack depth a the critical failure load Pc given by linear elas-

tic fracture mechanics is

K. . BVR

IC

Pc = F(a/h) Y

where the dimensionless stress intensity factor

K; BVR
F(a/h) = —5— @

is determined as a function of crack location and size from Fig. 2.

In order for the linear elastic fracture criterion to apply, the degree of plasticity at
the crack tip must be kept small enough so that the plane strain elastic analysis is not in-
validated. The plastic zone size is proportional to (KIC/oy)2 for small scale yielding, and
a commonly used sufficient condition for plane strain to obtain is that the thickness and
crack depth be greater than t = 2.5 (KIC/cy)z. For an irradiated hexcan with KIC 2 695 MPa

1/2 [20 ksi (in)l/z] and cy > 690 MPa (100 ksi), we have t = 2.54 mm (0.10 in), which,

(mm)
since the criterion is generally conservative, indicates that the 3-mm hexcan wall may indeed
be thick enough to contain the plasticity for moderately deep cracks.

1f, instead of small-scale yielding, more extensive plasticity develops at the tip of a
crack, a better measure of the plastic zone size is required. One such measure is provided
by a strip-yield model, which assumes that a section of length b directly ahead of the crack
has completely yielded. This plastic zone slze may be computed for the cracked hexcan from
the stress intensity factor calibrations by a simple weight function technique [3], and the
results for a corner-cracked hexcan loaded at the midflats is shown in Fig. 3. Here the crack
length c plus plastic zone size b = a - ¢ 1s plotted as a function of load, both suitably nor-
malized. This figure illustrates the overall yielding behavior of the cracked hexcan under
increasing load, assuming the crack does not propagate.

Whether or not a crack in the hexcan wall does propagate unstably depends upon whether
or not the critical stress intenmsity factor is reached before extensive yielding of the un-
cracked ligament takes place. For a very short crack, because 1t requires a large load P to
raise K. to the value K

I 1C’
before brittle fracture can occur. For a very deep crack, on the other hand, the very small

the crack-tlp plastic zone will most likely grow to the far wall

uncracked ligament is very easily ylelded, even by a low load level, before KIC is reached.
Therefore, if brittle fracture is to occur in the hexcan wall, it should occur for moderate
crack depths, say in the range 0.3 < a/h < 0.5. To test these ideas a series of experiments
was designed.
3., Test Material

Type 446 stainless steel was chosen as a suitable material because i1t can be heat treated
to provide the desired KIC/oy ratio at room temperature. The chemical and as-received physical
properties of the material used (Heat No. 24340) are listed in Table I. Compact tension spec-
imens were designed in accordance with ASTM Standard E399-74. Due to the extreme hardness of

the steel, fabrication progressed slowly.
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After fabrication, the compact tension specimens were washed thoroughly and encapsulated
in a flowing-argon enviromment. They were then heat-treated at 475°C for 104 h (3.7 % lO5 s)
in order to obtain a yield stress of 620 MPa (90.0 ksi). After heat treatment, a slot was
cut at the crack tip of the compact tension specimen by electron-discharge machining in order
to promote the propagation of fatigue precracking. The compact tension specimens were fatigue—
precracked according to the ASTM Standard to give am overall crack length of about 12.7 mm.
The plane-strain fracture toughness KI of aged Type 446 stainless steel simulant material at
room temperature was measured to be 806 MPa (mm)l/2 [23.2 ksi (in)l/z]. Metallographic ob-
servations indicated no significant anisotropy of grain-size distribution in the heat—treated
specimens.

4. Test Procedure and Results

Mechanical-testing fixtures for the hexcan specimens with an inside corner flaw are shown
in Fig. 4, The hexcan specimens were loaded by 12.7 mm (0.5 in) dia pins at the center of
two opposite inside flats, and the variation of crack-opening displacement with applied load
was monitored by a crack-opening displacement gauge. In addition, two linear~displacement
gauges were mounted between upper and lower loading pins to ensure uniform application of load
during the tests.

A preliminary testing of the mechanical fixtures was conducted using a 207% cold-worked
Type 316 stainless steel hexcan. Tigure 5 is a curve of load vs. crack-opening displacement
for 2 50 mm (2 in) wide hexcan specimen with two 2,29 mm (0.080 in) deep inside corner
flaws. The hexcan specimen behaved elastically for the crack-opening displacement less than
0.35 mm (0.014 in), but significant deviation from the elastic behavior was observed for
higher crack-opening displacements, as expected for highly plastic materials.

Subsequently Type 446 corner-cracked hexcan sections 2.54 em (1 in) wide were fabricated,
heat-treated, and fatigue cracked. Early specimens were used to calibrate fatigue-crack growth
rates and gain experience with the heat-treated material. Three Type 446 specimens with ir-
regular crack fronts at depths of a/h = 0.61, 0.67, and 0.61, respectively, were loaded in the
testing fixture and provided load vs. crack-opening displacement traces as shown in Fig. 6.
Failure is assumed when there is a significant increase in deflection with no increase in load.

These load vs. crack-opening displacement curves indicate failure of the specimens at an
average load of 125 kg (275 1b), which corresponds to the limit load of the cracked hexcan as
calculated by beam theory. The cracks did not propagate through the hexcan wall at failure.
This indicates that plasticity effects provided the principal failure mechanism of the hexcan
sections, and this is supported by the Dugdale model, Fig. 3, which predicts that essentially
the entire uncracked ligament is yielded at the failure load level P/hBoy = 0.02.

5. Conclusion

The results of preliminary tests support the analytical expectation that deep cracks in
the hexcan wall do not leave enough of an uncracked ligament to contain the crack tip plasticity
Brittle fracture is more likely to occur in cracks of moderate depth for which the critical
stress intensity factor 1is reached before the plastic zone extends too far into the uncracked
ligament.

With the experience gained in fabricating, heat treating, and fatigue-precracking the
Type 446 stainless steel hexcan sections described above, it is now possible to control more
accurately the crack depth and the straightness af the crack front to provide good specimens

with moderately-deep cracks in the range 0.3 < a/h < 0.5. Experiments with such specimens

— 4 E 5/2



will indicate whether brittle fracture in hexagonal subassembly ducts occurs according to the
analytical predictions of linear elastic fracture mechanics.
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TABLE I. Chemical and Physical Properties of
Type 446 Stainless Steel (Heat No. 24340)
Chemical Composition, wt%

C P S Si Mn Ni Cr Fe

0.019 0.026 0.007 0.31 0.42 0.31 25.70 Balance
Physical Properties (As-received)
Tensile Strength Yield Strength % Elongation Hardness
580 MPa 395 MPa
(B3 ksi) (56.6 ksi) 22 B85-87
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Fig. 1. Hexcan Section with Corner and Midflat Cracks.
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Fig. 5. Load vs. Crack-opening Displacement

for 20% Cold-worked Type 316 Stainless Steel
Hexcan Section with Inside Cornmer Flaws.

301
Fig. 6. Load vs. Crack-opening Displacement

Traces for Aged Type 446 Stainless Steel Hexcan

. 4. Mechanical Testing Fixture for the
g. 4 echanica esting Frxture o Sectlons with Inside Corner Flaw.

xcan with an Inside Corner Flaw: (1) Crack-
ening Displacement Gauge, (2) Linear-
splacement Gauges, and (3) Loading pin.
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