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METALLOGRAPHIC EVIDENCE OF STRAIN- AND IRRADIATION-INDUCED

PRECIPITATION IN PRECONDITIONED HASTELLOY X-280

INTRODUCTION

The combination of oxidation re-
sistance and high temperature strength
places the nickel-base alloys among
the more promising materials for nu-
clear reactor application. These al-
loys, however, when irradiated at high
temperature, generally suffer damage
in the form of reduced ductility and
strength unrecoverable by postirradia-
tion treatments.

A program, under the sponsorship
of the Nivision of Reactor Development,
USAEC, has been undertaken to determine
the effects of modified microstructures
upon the irradiation stability of
nickel-base alloys. These structural
modifications are made by preirradia-
tion thermal and/or mechanical treat-
ments, and are evaluated by tensile
and stress-rupture tests and by met-
allographic examination.

Among the alloys being investi-
gated is Hastelloy X-280, a low-cobalt

version of the solution-hardenable
nickel-base alloy Hastelloy X. Tensile

specimens of this alloy, representing
various experimental preirradiation
treatments, were irradiated at 540 °F
to approximately 1 x 1020 nvt, and

then tensile tested at room temperature
and 1350 °F.
been shown to improve postirradiation

Several treatments have

properties when compared to a standard
treatment.(l) The investigations upon
this alloy continued with metallogra-
phic examination of the broken tensile

specimens. This report describes some

significant results of these metallog-
raphic examinations.
SUMMARY

Tensile specimens of Hastelloy
X-280, a solution-hardenable nickel-
base alloy, were given various experi-
mental preirradiation thermomechanical
treatments. They were subsequently ir-
radiated at 540 °F to approximately
1 x 1020 nvt, tensile tested at
1350 °F, and subjected to metallogra-
phic examination. Comparisons were
made with metallographic examinations
performed on control specimens given
similar treatments.

Evidence is presented of the occur-
rence of precipitation induced by
strain, by irradiation, and by the com-
bination of both strain and irradia-
tion. Tentative identification of the

phases produced is made.

EXPERIMENTAL PROCEDURE

Material

The Hastelloy X-280 was obtained
from 1/2-and 1-in. thick plates stock-
ed at Pacific Northwest Laboratory for
the AEC-sponsored Irradiation Effects
to Reactor Structural Materials Pro-
gram. Table I gives the chemical com-
position of the material tested as ob-
tained by the National Spectrographic
Laboratories.

Hastelloy X-280, a low-cobalt ver-
sion of Hastelloy X, is a representa-
tive of the solution-hardenable class
of nickel-base alloys. The presence

of tungsten, molybdenum, and chromium
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TABLE 1. Chemical Composition of Hastelloy X-280, Heat E-9518
Wt %
Ni &t Fe Mo C M Co si
Bal (47.3) 22.78 17.51 9.17 0.10 0.71 0.61 0.59
W Ta P A B N H 0D
0.56 0.01 0.007 0.005 <0.001 0.064 0.004 0.016
Total Rare Earths
< 20 ppm
Trace Elements: Al Cu \) Zr Sn; Tr,

Mg, Bi, Pb, Ag, Cb

0.26 0.030 0.13

0.07 0.010 Each < 0.01%

may be the cause of the thermally un-
stable microstructure shown by this
alloy in several studies.(2’3’4’5’6)

Preirradiation Treatments
The treatments were designed to

precipitate, and stabilize generally
within the matrix, the carbide phases
which would normally tend to form de-
posits at, and embrittle, grain boun-
aries during service.

Plates of suitable size, 12 in. x
3 in. x 1 in. (or 1/2 in.)}, were cut
with a water-cooled saw from the stock
material and examined ultrasonically
for homogeneity of grain size and ab-
sence of voids. They were then
solution-treated at 2150 °F for 1 hr
and air-cooled. These plates were
cold-rolled 0, 10, 15, or 20% along
the original longitudinal fabrication
direction. Tensile specimens (Figure
1) were machined from the plates with
their tensile axis parallel to the
rolling direction. The machined spec-
imens were examined for quality of
finish with zyglow penetrant dye, ul-
trasonically checked for voids which
may have excaped detection in the ear-

lier examination of the plate stock,

and finally given a dimensional toler-
ance examination with an optical com-

parator. The acceptable specimens

were then annealed at 1500 °F and air-

cooled (Table 2 summarizes these treat-
ments).

Irradiation Conditions

Specimens were irradiated for ap-
proximately 18 days in the G-7 hot
water loop facility of the Experimen-
tal Test Reactor (ETR) at National
Reactor Testing Station (NRTS), Arco,
Idaho. The irradiation temperature
was 540 °F., The average neutron ex-
posure was 0.89 x 1020 nvt (E > 1 MeV),
ranging from .646 to 1.22 x 1020 nvt.
As previously reported, the tensile
properties showed no effect of this

exposure variation.!

To determine the
effects of the irradiation upon the
properties and microstructure of the
material, duplicate specimens were
held in an ex-reactor loop under the
same conditions of time, temperature,
and water chemistry, and used as
controls.

Tensile Test Conditions

Specimens were tested at 1350 °F

in air on an Instron tensile testing
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FIGURE 1. Tensile Specimen

TABLE II. Preirradiation Treatments for Tensile Specimens of Hastelloy X-280

Standard Treatment: 2150 F/1 hr,
Experimental Treatment #1 2150 F/1 hr,
Experimental Treatment #2 2150 F/1 hr,
Experimental Treatment #3 2150 F/1 hr,
Experimental Treatment #4 2150 F/1 hr,

e

C.

C. $ C. W.,1500 F/24 hr, A. C.
C. 10% C. W.,1500 F/24 hr, A. C.
C. 15% C. W.,1500 F/24 hr, A. C.
C. $ C. W.,1500 F/24 hr, A. C.

machine at a crosshead speed of 0.05
in./min. Time for the furnace tempera-
tures to reach equilibrium was approxi-
mately 30 min., soak time prior to
testing was 15 min., and test duration
approximately 5 min.

Metallographic Procedures

Subsequent to tensile testing at
1350 °F, metallographic examination
was made of both control and irradiated
specimens. Sections, transverse to
the tensile axis, were taken from the
buttonhead and from the gage section
adjacent to the fracture area. The
metallographic procedures used were
as follows:

® The specimens were placed in
metallographic mounts--bakelite
for the unirradiated specimens
and stainless steel for the

irradiated ones. The specimens

were ground flat using a 120 grit

wet belt sander.

® Rough polishing was initiated by

using emory polishing paper wetted
with kerosend, first with the 2/0
grade paper, then with the 3/0
grade.

The specimens were then polished

on a Syntron vibratory polisher

for approximately 20 hr. Metcloth
and Linde A abrasive with distilled

water were used in the polishing.

® Final polishing was accomplished

on the Syntron in three stages:
30 min. on Microcloth with Linde
A abrasive and distilled water;
30 to 45 min. on Gamal cloth with
Metpolish No. 3 and distilled
water; and 30 min., or until no
scratches appeared upon examina-

tion under 500 X magnification,



of electronic grade MgO on Gamal
cloth with distilled water. After
the final polish, precipitate par-
ticles appeared in relief at 100 X,

¢ To prevent staining, it was deter-
mined that etching had to proceed
immediately after the MgO polish.
If a delay was unavoidable, etching
was preceded by a short polish
with the MgO.

e The etchant used was a solution of
92% HCl, 3% HNO,, and 5% H,50, by
volume. The samples were immersed
from 5 to 15 sec., with the time
variation due to the influence of
heat treatment and irradiation up-
on reaction rates.

® Electron micrographs were made
from UOZ shadowed, negative, fax-
film and carbon replicas by using
a Philips EM-100B microscope.

RESULTS

Comparisons were made of the micro-
graphs from transverse sections of
the buttonhead and gage sections of
control and irradiated specimens.
These comparisons produced evidence
that precipitation could be induced
by strain, by irradiation, and by a
combination of strain and irradiation.
Strain-Induced Precipitation

Figure 2 shows the evidence of

strain induced precipitation. The
figure compares the microstructure of
unirradiated material from the un-
strained buttonhead portion of the
tensile specimen with that from the
strained gage section. The specimens
had been given an experimental treat-
ment that included 20% cold-rolling
prior to the 1500 °F anneal. An in-
crease in precipitate volume in the

stressed area over that which is in

BNWL-211

the buttonhead is immediately evident. .
This increased precipitation appears
to take the form of small triangular-
or tetrahedral-shaped particles, and
occurs in both the matrix and the
grain boundaries. Though these parti-
cles are etched out in this figure, .
transmission electrons microscopy in

progress on this sample shows them to

be blocky and triangular.(7) The

amounts of the larger globular and
rod-shaped matrix structures and the

amounts of the globular deposits in *
the grain boundaries appear not to
have undergone much change due to

strain.

Irradiation-Induced Precipitation

Figure 3 shows evidence of
irradiation-induced precipitation.
The figure compares an unirradiated
buttonhead with an irradiated button-
head from specimens each of which
had received an experimental treat-
ment that included 15% cold-rolling
prior to the 1500 °F anneal. Since
these are sections from the unstrain-
ed portions of the specimens, no pre-
cipitation due to strain is involved. ¢
An increase in precipitate volume in
the irradiated buttonhead is evident
on close examination of the 3000 X
At the 10,000 X magni-
fication, this increase is shown to .

micrograph.

be due to the formation of an extrem-
ly small, mainly triangular shaped
matrix precipitate. It appears here
also that there has been no increase
in the volume of globular and rod-
shaped matrix structures, nor of

the grain boundary deposits. The
apparent denuding of the area adja-
cent to one of the grain boundaries
in the irradiated buttonhead is not

wholly representative of the sample,




UNIRRADIATED BUTTONHEAD

{a) {b)
Neg. 3366A (Originally 3000X) Neg. 3366B (Originally 10, 000X)

UNIRRADIATED STRESSED SECTION

(c) {d)
Neg. 3506A (Originally 3000X) Neg. 35068 (Originally 10,000X)

FIGURE 2. Strain-Induced Precipitation

(Heat Treatment: 2150 °F/1 hr, A.C.; 20%
C.W.; 1500 °F/24 hr, A.C.)
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UNIRRADIATED BUTTONHEAD

(b}

igl 10, 000X
Neg. 3360A (Originally 3000X) Neg. 33608 (Originally 10 )

IRRADIATED BUTTONHEAD

(@)

(c) ' (d)
Neg. 3383A (Originally 3000X) Neg. 3383B (Originally 10, 000X)

FIGURE 3. Irradiation-Induced Precipitation

(Heat Treatment: 2150 °F/1 hr, A.C.; 15% C.W.;

1500 °F/24 hr, A.C.)
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though the narrow, continuous grain
boundary deposit that is seen is as
common as the globular type.
Combined Strain- and Irradiation-

Induced Precipitation

Figure 4 shows evidence of pre-
cipitation induced by the combined
effect of strain and irradiation.

Buttonhead

BNWL-211

The figure compares the buttonheads
and gage sections of an unirradiated
tensile specimen with those of an

irradiated specimen, with each speci-

men having received the same treat-
ment. In this instance, the treat-
ment did not involve cold-rolling
prior to the 1500 °F anneal. The

UNIRRADIATED

Stressed Section

(a)

Neg. 46512278 (Originally 1000X)

Buttonhead

(b)
Neg. 4651338C (Originally 1000X)

IRRADIATED

Stressed Section

{c)
Neg. C9778 {Originally 1000X)

(d)
Neg. D614 (Originally 1000X)

FIGURE 4., Combined Irradiation-Induced and

Strain-Induced Precipitation (Heat Treatment:

2150 °F/1 hr, A. C.; 0% C.W.; 1500 °f/24 hr, A.C.)



irradiated gage section shows a
large increase in precipitate over
that seen in any of the other three
sections. While there appears to
be a finer precipitate in the back-
ground of the irradiated gage sec-
tion micrograph, the gross effect
of irradiation followed by tensile
strain at 1350 °F was a massive
precipitation of rod-shaped

particles.
DISCUSSION

The Combined Effect of Strain and

Irradiation Upon Precipitation Reactions

The material in wich evidence was
found of combined strain- and
irradiation-induced precipitation had
not received cold-rolling during the
experimental preirradiation treatment.
For those where evidence was found of
either strain- or irradiation-induced
precipitation, the experimental treat-
ment included either 15 or 20% cold
work.

In the "zero cold-worked material",
the gross effect of irradiation and
strain was a precipitation of the rod-
like structures. This precipitate was
not in evidence prior to either irra-
diation or strain in this material
(Figure 4: a,b,c), but was already
evident in that material receiving
the prior cold work (Figure 2: a,b;
Figure 3: a,b).

It would appear, therefore, that
the combined effect of strain and ir-
radiation on material given only the
1500 °F anneal and then strained at
1350 °F is to reproduce the effect of
cold work followed by a 1500 °F anneal
and a soak at 1350 °F. As evidence
for this reasoning, Figure 5 shows a
unstrained buttonhead section from a
specimen that had received a prior
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treatment that included 20% cold work,
and then tensile tested at 1350 °F.
The similarity of microstructure with
that of the irradiated and strained
section shown in Figure 4d is quite
apparent. Therefore, in the tempera-
ture range of concern here, namely
1350 °F to 1500 °F, precipitation re-
actions result from the combination
of strain and irradiation similar to
those caused by extensive cold work.

4651228B (1000X)
FIGURE 5. Buttonhead Section of

Hastelloy X-280 Tensile Specimen
(Heat Treatment; 2150 °F/1 hr, A.C.;

20% C.W.; 1500 °F/24 hr. A.C.)

The precipitates shown in the Fig-
ure 4 micrographs are identified as
follows. The massive, globular pre-
cipitate found in the matrix and grain
boundaries is MgC which has been shown
to develop during the 2150 °F phase
of the treatment.(3’4’8) The major
grain boundary phase is additional
MgC brought out by the annealing



treatment.(4’8) The same precipitates
are seen in Figure 2: a,b, and in

Figure 3: a,b. Smaller amounts of
MgC also precipitate along disloca-
tions,(8J
seen in Figure 4: a,c

examples of which can be
decorating
dislocations formed around the larger
M6C globules.

the rod-shaped structures resulting

The identification of

from the combination of strain and ir-
radiation (or from prior cold work in
the other figures) is less certain.

It could be sigma phase (FeCr). This
phase had been shown earlier to form
in this alloy as long Widmanstatten
platelets after aging for 100 hr at
1700 °F,(4)but after only 10 hr at that
temperature, this phase more often
appears in a shorter form similar to
that seen here.(g)An investigation by
(6)of the aging be-
havior of Hastelloy X at 1400 °F in-
dicated that after 1025 hr a major

Comprelli and Lewis

matrix phase of MgC, a minor amount
of AB, Laves types phase, and a trace
of My3Cq had formed; positive identi-
fication of the constituents or of
the morphology of these phases could
not be made with the selective etch-
ing technique used. Beattie and
Hagel(lo)studied the effect of a 1000
hr age at 1500 °F upon complex aus-
tenitic alloys, several of which had
compositions similar to that of
Hastelloy X-280.
found to precipitate both (Fe;MOg)

These alloys were

and Mg C phases abundantly, with a
small amount of M23C6. Further, their
data indicated that, of these alloys
compositionally similar to Hastelloy
X, sigma phase appeared only in those
alloys having both high titanium and

Also, the u phase is

1)

high aluminum.
usually found in platelet form.
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Therefore, it would appear that the
rod-shaped structures are either u or
an M6C—type phase.

Strain-Induced and Irradiation-Induced
Precipitation

Figures 2 and 3 showed, respective-
ly, strain-induced and irradiation-
induced precipitation for specimens
having received 15 and 20% cold work
prior to the 1500 °F anneal.

The induced precipitate has a mor-
phology completely distinct from the
rod-shaped precipitate discussed
above. Also, from the higher magni-
fication necessary to see this phase
it would appear that the amount of it
is smaller. Kaufman(s)found evidence
of trace amounts of a Laves phase in
Hastelloy X after aging at 1400° F
for 100 hr or at 1550° F for 48 hr.
Comprelli and Lewis(6)f0und a minor
amount of an AB, type Laves phase and
a trace of M23C6 also after aging at
1400 °F. Beattie and Hagel(lo)found a
small amount of My3Ce after 1000 hr
at 1500° F.

after the initial precipitation of the
rod-shaped phase (M6C or u) had resulted

It is conceivable that

from the experimental treatment, the in-
dividual effect of strain or irradiation
was the precipitation of a Laves and/or
a M23C6 phase.

Since neither of the buttonhead
specimens showed this phase at 10,000 X
(Figure 2, b; Figure 3, b), the indi-
vidual effect of strain or irradiation
was apparently an increase of the rate
for the precipitation reaction.

The smaller size of the irradiation-
induced precipitation, relative to that
induced by strain, might be related to
the smaller amount of prior cold work
(15% versus 20%), to the smaller com-

bined amount of cold-work and tensile
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strain (15% plus 0% for the irradiated
buttonhead versus 20% plus 15% for the
strained section), or to differences
in the effects of irradiation and
strain upon the mechanisms of precip-
itate growth.

Further Study

A correlation is being made between

the post-irradiation tensile behavior
of preconditioned Hastelloy X—280(1)and
the microstructures of the specimens

in order to rationalize the mechanisms
involved. Such an understanding could
lead to improved preirradiation treat-
ments. This study will be the subject
of future reports.

An area of investigation that must
be given serious consideration is that
of the creep-rupture behavior of these
materials. If the effect of irradi-
ation and strain is to induce precip-
itation after less that 1 hr at 1350°F
during a tensile test, what will be
the effect of hundreds or thousands of
hours of service at 1350° F? To answer
the question, a creep-rupture test pro-
gram has been initiated upon irradiated
specimens that have received some of
the same treatments described here.

The results will be presented in a
topical report.
CONCLUSION
¢ Evidence has been presented for the
occurrence in Hastelloy X-280 of

BNWL-211

is considered to be either an MgC or
a u phase.
Evidence has been presented for the
occurrence in Hastelloy X-280 of
strain-induced and irradiation-
induced precipitation. The precip-
itate has a very fine, triangular
or tetrahedral form and may be a
Laves phase, similar to that found
subsequent to long thermal exposure.
Strain or irradiation appears to in-
crease the rate of this precipita-
tion. The smaller size of the ir-
radiation-induced precipitate rel-
ative to that induced by strain
may be due to the smaller amount of
prior cold work, the smaller com-
bined amount of cold-work and ten-
sile strain, or to differences in
the effects of irradiation and
strain upon precipitation growth.
A correlation of the tensile be-
havior of preconditioned Hastelloy
X-280 with specimen microstructure
will be the subject of future
reports.
The effect of long-term service up-
on microstructural stability of ir-
radiated specimens that have re-
ceived the experimental treatments
must be investigated; this investi-
gation is in progress.
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