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Abstract

Microstructures of three pressurized tubes of V-4Cr—4Ti heat 832665 following irradiation in the Advanced Test
Reactor at ~300 °C to ~5 dpa are examined and compared with thermal creep tubes tested at 700 and 800 °C. Irra-
diation creep response at 300 °C is found to be associated with dislocation development and may be affected by pre-
cipitation. Stress appears to encourage grain boundary migration during irradiation creep. Segregation of Cr to
boundaries and Si behind boundaries was found to accompany the grain boundary migration. Thermal creep is
probably due to dislocation climb influenced by TiO, precipitation.

© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Application of vanadium alloys such as V-4Cr—4Ti
for fusion requires understanding of irradiation creep
response in order to optimize reactor design. A number
of experiments are underway in order to provide that
data [1-4], but the nature of irradiation creep experi-
ments limits the number of data points that can be ac-
cumulated. Generally, this is done by irradiating
pressurized tubes and determining the change in tube
diameter as a function of irradiation dose. However,
recent experiments do not allow reirradiation of speci-
mens and therefore a diameter change measurement
includes effects of primary creep, steady state creep, and
perhaps, tertiary creep, as well as effects of swelling and
densification due to precipitation. It is therefore benefi-
cial to characterize the microstructure and to measure
densification and swelling response in order to better
assess pressurized tube response. This report is intended
to provide microstructural examinations of pressurized
tubes of V-4Cr-4Ti heat 832 665 following irradiation in
the Advanced Test Reactor, Idaho Falls, at ~300 °C to
~5 dpa in comparison with thermal response at 700 and
800 °C.
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2. Experimental procedure

Details for the pressurized tubes examined in this
study are provided in Table 1. Ring sections of tubing
were sectioned and ultrasonically drilled or punched to
produce 3 mm curved disks. Disks were thinned by
grinding but evidence of the curvature was retained in
order to be able to orient the microstructure relative to
the stress state. Disks were then electropolished at low
temperature (~—40 °C) in a 5% sulfuric acid—-methanol
solution at ~40 V using standard techniques to produce
thin foils. Each disk was mounted in the microscope so
that images could be related to the tube orientation and
therefore the state of stress could be related to the mi-
crostructure (generally, the tube length parallel to the
side-entry stage axis). Dislocation imaging involved
procedures that allowed identification of all (a/2)(111)
Burgers vectors present [5].

3. Results

Specimens for TEM were successfully prepared from
all specimens but for unirradiated conditions ARI1S,
AR17 and AR19 thin area was limited. All unirradiated
microstructures were found to contain a moderate den-
sity of dislocations non-uniformly distributed. However,
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Table 1

Conditions for specimens examined
1D Hoop stress (MPa) Temperature (°C) Time to failure/dose Strain (%)
ARI5 159 700 2804 h 13.0
AR17 93 800 864 h 13.6
ARI8 118 800 578 h 24.1
AR19 137 800 242 h 14.7
Al 0 286 4.3 dpa® 0.11
Al0 87 302 4.6 dpa* 0.10
A7 129 300 4.7 dpa® 0.28

%133 EFPD or 3192 h.

evidence for clearly defined cell walls and therefore a cell
diameter characteristic of dislocation-controlled thermal
creep behavior were not found. Instead the structure
contained areas with higher or lower dislocation density,
depending on location. However, in the vicinity of larger
TiO, precipitate particles (~200 nm in diameter), the
dislocation density was significantly higher, indicating
that such particles were probably obstacles to disloca-
tion evolution.

Examples of the unirradiated microstructures found
are given first for specimens tested at 800 °C and then
for the specimen tested at 700 °C. Fig. 1 shows low
magnification examples of specimen AR17, tested at 800
°C. Fig. 1(a) and (c) provide examples of grain boundary
nodes indicating that most grain boundaries are straight
and precipitate free, but some are heavily decorated with
precipitation, presumably formed on cooling during
heat treatment [6]. Fig. 1(b) and (c) indicate that the
dislocation structure consists of a moderate dislocation
density, but 200 nm diameter precipitate particles may
be decorated at higher density. Also, Fig. 1(b) shows
evidence of a poorly defined cell structure towards the
center of the micrograph.

Fig. 2 shows the dislocation structure in greater detail
for specimens AR17 and ARI1Y9, respectively. The
structures are shown using (1 10) bright field images, so
that only two of the four sets of (a/2)(111) dislocations
can be seen. From these figures, several observations can

be made. The dislocation structure is non-uniformly
distributed, with highest density near large TiO, parti-
cles, but with formation of poorly defined cell walls, and
containing lowest densities between these cell walls.
However, many small dark features that formed during
thermal creep exposure can be identified, believed to be
precipitation of Ti(O,C,N) type based on behavior at
higher and lower temperatures.

Finally, Fig. 3 is provided, showing examples of the
dislocation structure found in specimen ARI15, tested at
700 °C. In each case, contrast is due to (011). Fig. 3
demonstrates that dislocation evolution during thermal
creep at 700 °C is similar to that found at 800 °C.

The microstructure of the irradiated unstressed con-
dition A1l is shown in Fig. 4. This figure and the one that

Fig. 2. Dislocation structures found in specimens AR17 and
AR19 with g = (110) vertical.

Fig. 1. Low magnification examples of the microstructure of specimen AR17.
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Fig. 3. Examples of dislocation structures found in specimen
ARI15.

follows have been prepared to allow identification of all
(a/2){(111) Burgers vectors present with images in 011
contrast and in 200 contrast taken near a (01 1) orien-
tation and the third in 101 contrast was taken after a
large tilt of the foil. A large TiO, particle is located on
the lower right in order to reveal any changes in be-
havior near such particles.

Similar images are also provided for the stressed
condition A7 in Fig. 5. Examination and comparison of
Figs. 4 and 5 reveals that dislocation images are difficult
to identify due to extensive precipitation that is present.
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Similar response was found for condition A10. Diffrac-
tion only revealed additional intensity in the vicinity of
(2/3)(222). The dislocations appear to be only of type
(a/2)(111), based on imaging under 200 strain contrast,
as is usually the case in vanadium alloys. No evidence
for void swelling could be identified.

In the course of examination of condition A7, it be-
came apparent that several examples of grain boundary
migration could be identified. Two examples are pro-
vided in Fig. 6. In the first case, the boundary has moved

: e
S 200nm.

Fig. 6. Examples of grain boundary migration in condition A7
at 300 °C, 129 MPa to 4.3 dpa.

Fig. 5. Condition A7 at 300 °C, 129 MPa to 4.7 dpa and 0.28% strain.
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Fig. 7. Grain boundary composition profiles in condition A7 at 300 °C, 129 MPa to 4.3 dpa.

but was pinned by a large TiO, particle, so migration
probably is on the order of 800 nm, or close to 1 um, a
large distance compared to the effective matrix diffusion
distance for this irradiation temperature. In the second
case, the boundary has polished differently than the
surrounding matrix with what appears to be a denuded
zone (without precipitation, perhaps) adjacent. Speci-
men A7 was further examined using field emission gun
analytical electron microscopy in order to identify
chemistry changes near migrating boundaries. Results
are given in Fig. 7 showing plots of composition as a
function of position across the boundary which is
marked with an arrow. A digital image is inset for each
plot in order to show the positions of the points ana-
lyzed. Scan ‘gb 1’ indicates enhancement of Cr at the
boundary and depletion to the right with accompanying
enhancement of Si behind the boundary. Scans ‘gb ¢’
and ‘gb 7 of the same boundary but at different loca-
tions confirm Cr enrichment at a boundary that prob-
ably did not migrate. Scan ‘gb 3 repeat’ demonstrates
extremely high Si levels for another boundary that mi-

grated. Therefore, enrichment due to Cr and Si is indi-
cated, with the Si enrichment behind the migrating grain
boundary, but Ti shows negligible evidence of enrich-
ment.

4. Discussion

The microstructures found following thermal creep
indicate that strain is controlled by dislocation climb.
This is confirmed by the elongated grain structure found
using optical microscopy [2] and in agreement with the
high stress exponent found for other tests [1]. However,
it is also apparent that large TiO, particles play a role in
controlling creep rates by acting as obstacles to dislo-
cation climb. And the consequences of the small features
found following thermal creep and expected to be
Ti(O,C,N) precipitation are not yet understood. The
lack of a well-defined dislocation cell structure, and
therefore, a well-defined cell size, is possibly a conse-
quence of the lack of steady state creep response.
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A concern with the microstructural observations is
that specimen preparation procedures may have affected
the observed dislocation structures. TEM specimen
preparation using ultrasonic drilling has not been used
in the past, but was warranted because of the variation
in tube diameter found following creep testing. As
control specimens were not prepared, it cannot be shown
conclusively that ultrasonic preparation has not influ-
enced the results. Also, although most dislocation im-
ages appear to be typical of climbing dislocations, Fig.
2(a) can be interpreted to contain a large number of slip
dislocations oriented for optimum slip.

The results of microstructural examinations of irra-
diated V-4Cr—4Ti pressurized tubes may be summarized
as follows: (1) extensive fine precipitation was found
with diffraction intensity at (2/3)(222). Precipitates may
be nucleating near dislocation structure. (2) The dislo-
cation structure consisted of perfect dislocation line
segments with few loops identified. (3) Stress appears to
encourage grain boundary migration. (4) Evidence for
segregation of Cr to boundaries and Si behind bound-
aries was found to accompany grain boundary migra-
tion.

Therefore, irradiation creep of V-4Cr-4Ti is proba-
bly also controlled by climb of (a/2)(111) dislocations.
Grain boundary migration is observed, probably en-
hanced by stress, but it is not anticipated that grain
boundary sliding plays an important role in deforma-
tion. As with unstressed conditions, precipitation at low
temperatures is extensive, obscuring other microstruc-
tural features and probably leading to irradiation
hardening. Identification of the precipitate remains
poorly defined. No evidence for non-steady state creep
could be found.

Finally, it should be noted that a companion paper
included in this proceedings provides similar results for
V-3Fe-4Ti-0.18Si, but did not show precipitation during
low temperature irradiation [7], although interstitial
oxygen and nitrogen levels were similar.

5. Conclusions

Failed V-4Cr—4Ti biaxial thermal creep specimens
have been examined using OM, SEM and TEM in order
to assess creep and failure mechanisms. It was found
that deformation is probably due to dislocation climb,
influenced by TiO, precipitation, and that lack of steady
state creep response could be due to minor tube defects.

Irradiation creep at 300 °C is associated with dislo-
cation development and may be affected by precipita-
tion. Stress appears to encourage grain boundary
migration during irradiation creep. Segregation of Cr to
boundaries and Si behind boundaries was found to ac-
company the grain boundary migration.
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