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titanium alloys undoped and doped with phosphorus and sulfur
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Abstract

The mechanical properties and grain boundary composition affected by neutron irradiation (9.8 X 10** n/m?: E > 0.1
MeV at 438°C) in undoped, P-doped and S-doped V-20 wt% Ti alloys all containing residual C and O have been studied
using a small punch testing method and scanning Auger microprobe analysis. Neutron irradiation facilitated heterogeneous
formation of intergranular microcracks, not leading to specimen failure, in all undoped and some S-doped specimens. An
irradiated undoped alloy indicated ductility loss to a smaller extent than expected from the easy microcracking due to a
mixture of intergranular and transgranular macrocracking. The irradiation effect on the ductility varied in the S-doped alloy,
while the irradiation exerted a beneficial effect on low temperature ductility in P-doped alloys. Intergranular S segregation in
the undoped alloy and S desegregation in the S-doped alloy occurred during the irradiation. Unirradiated and irradiated
P-doped alloys exhibited negligible S segregation and much smaller P segregation than the S segregation in the undoped and
S-doped alloys. The grain boundary content of C affecting the ductility was remarkably reduced in the irradiated P-doped
alloy and S-doped specimens with ductility foss. The ductility loss and improvement observed in the irradiated alloys are
interpreted in light of the variations in segregated and precipitated impurities together with hardening behavior. © 1998
Elsevier Science B.V.

1. Introduction diation, and generated hydrogen and helium in a wide
temperature range [2,4]. Major efforts have been made to
examine how the addition of alloying elements influences
the susceptibility of the V alloys to the various embrittle-
ment. Moreover, recent studies [5—7] have indicated that
intergranular segregation of impurities like S produces a
detrimental effect on the ductility and fracture toughness
due to grain boundary weakening in several V alloys.
Thus, there is a need to examine the role of segregated
impurities in controlling the fracture behavior in irradiated,
hydrogenated and helium containing vanadium alloys to
develop better vanadium alloys.

The present study is undertaken to examine the effect
of neutron irradiation (9.8 X 10%* n/m?*: E> 0.1 MeV at
438°C) on the deformation and fracture behavior in three

Since vanadium base alloys possess low neutron activa-
tion and excellent strength, they are considered as candi-
date materials for fusion nuclear reactors [1,2]. The me-
chanical properties of solid solution strengthened vana-
dium alloys containing Ti, Cr, Nb or Ta are well known to
be strongly influenced by the amount and type of alloying
elements and interstitial impurities [2—4]. For example, the
yield strength and ductile—brittle transition temperature
tend to increase with increasing amount of alloying ele-
ments such as Ti and Cr. Under fusion nuclear reactor
environments, the vanadium alloys are shown to undergo
mechanical property degradation induced by neutron irra-
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V-20 wt% Ti alloys undoped and individually doped with
P or S using a small punch (SP) testing technigue. Changes
in the grain boundary composition induced by the irradia-
tion are studied by a selected area analysis of scanning
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Auger microprobe (SAM). The irradiation effect on the
fracture properties is elucidated by the impurity segrega-
tion and precipitation as well as hardening.

2. Experimental procedure

The materials used in this study were three types of
V-20 wt% Ti alloys undoped and individually doped with
P or S. The undoped, P-doped and S-doped alloys are
designated as UND, PD and SD. The chemical composi-
tion of the alloys is shown in Table 1. All the alloys
contained different levels of residual C and O in an
uncontrolled manner and the SD alloy had the highest
content of C and O. Ingots of the alloys were prepared
using an electron beam melting method and subsequently
rolled at 22°C or about 500°C down to a thickness of about
0.6 mm. Disk-shaped SP specimens with a diameter of 8
mm were punched out from the rolled alloys. The SP
specimens of the UND and impurity-doped (PD and SD)
alloys were recrystallized at 1170°C and 1230°C for 2 h.
All the recrystallized alloys were then annealed at 600°C
for 2 h. The recrystallization and annealing treatments
were followed by furnace cooling. The resuiting grain size
of the alloys varied from 110 to 160 pm depending on the
SP specimen.

SP specimens, which had been stacked in a lithium-
filled TMZ container, were irradiated by fast neutrons at
438°C for 2120 h using the EBR-II reactor. The stacked SP
specimens (about 20 mm long) were subjected to the
neutron fluence ranging from 9.3 to 10.3 X 10** n/m?
(E>0.1 MeV). The average fluence was 9.8 X 10*
n/m*. Irradiated SP specimens were cooled down to ra-
dioactivity levels low enough to be handled safely. Since
irradiated alloys were damaged due to lithium attack, the
damaged surface (10-20 pm) of the irradiated SP speci-
men was removed using emery paper (grit 600). Some SP
specimens with the surface damage were also prepared.
The thickness of the unirradiated and irradiated SP speci-
mens was reduced to 0.5 mm.

SP specimens were set into specially designed speci-
men holders consisting of lower and upper dies and four
clamping screws [8]. A puncher with a hemispherical tip
with a diameter of 2.4 mm was used during SP loading. SP
tests on unirradiated and irradiated specimens were carried
out using a screw driven Instron testing machine in a
temperature range from — 196°C to 85°C. Load vs. deflec-
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Fig. 1. Load vs. deflection curves obtained from SP tests on

irradiated undoped (UND) alloys at (a) —85°C, (b) —110°C and
(c) —196°C together with various SP deformation regimes. A
loading rate change and a series of load drop can be observed in
Fig. 1(b) and (c), respectively. The yield load is represented by
Py. The critical detlection required for the microcrack formation,
the macrocrack initiation and propagation are depicted by §,,, 8
and &, respectively.

tion curves were recorded during the punch loading at a
cross head speed of 2 X 107° m/s. In SP tests, it has been
shown [9,10] that the equivalent strain (&) can be given by

e(%) =12(8/1))" ", (N

where 7, is the SP specimen thickness and & the deflec-
tion. The cracking behavior of load-interrupted and frac-
tured SP specimens was examined using scanning electron
microscopy (SEM).

Notched SAM specimens were machined from the un-
deformed portion of SP specimens tested. SAM specimens
were fractured by impact loading below —100°C in an
ultra high vacuum chamber of 2 X 10~ Pa. Selected area
SAM analysis was performed on fracture surfaces of the
unirradiated and irradiated alloys using Physical Electron-
ics model 660 with a cylindrical mirror analyzer operated
at 5 keV. The first derivative peak height ratio (PHR) of
various elements, i.e., P55, Ss3, Ca7s. Osyg and Tisyy, to

Table 1
Chemical composition of V=20 wi% Ti alloys undoped and doped with P or S (wt%)

Ti C N 0 P S H
Undoped alloy (UND) 193 0.0116 0.0048 0.0286 0.0009 <0.0010 0.0013
P-doped alloy (PD) 19.9 0.0061 0.0038 0.0249 0.0300 <0.0010 0.0012
S-doped alloy (SD) 19.6 0.0140 0.0063 0.0335 0.0020 0.0025 0.0028
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V-5, normalized by the relative sensitivity factor is given
by

Normalized PHR = .S, /1, S,, (2)

where I, and S, are the first derivative peak height and
relative sensitivity factor of the individual elements, and /,
and S, indicate the values of vanadium. The average
normalized PHR was determined by taking 25-50 data
points on individual grain boundary facets. Since the pri-
mary Os,, and minor Vs, peaks overlap each other, the
peak height of Oy, was estimated by subtracting the
contribution of the minor Vy,, peak, which is 0.23 of the
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Fig. 2. Comparison of temperature dependence of yield strength

(0,) in unirradiated (UNIRR) and irradiated (IRR) alloys: ()

undoped (UND), (b) P-doped (PD) and (c) S-doped (SD) alloys.
An asterisk indicates yield strength controlled by twinning.

Fig. 3. Cracking morphologies observed in irradiated undoped
(UND) SP specimen (a) load-interrupted (8,,, = 8,, = 0.65 mm)
and (b) fractured at —85°C. An arrow indicates nucleated microc-
rack during early deformation.

Vs peak. The magnitude of segregated impurities is
represented by the normalized PHR. The composition of
precipitates (C.) is estimated using an equation of C,
(at.%) = 1001,/5S, /(1 /8,) [11]. Intergranular and trans-
granular fracture surfaces were sputtered in Ar atmosphere
(5% 107° Pa) at 3 keV to determine a depth profile of the
elements.

3. Results
3.1. Mechanical properties

Several load vs. deflection curves in SP tests on irradi-
ated UND alloys at various testing temperatures are shown
in Fig. 1. The flow curves were reconstructed from SP
tests which had been load-interrupted at several deforma-
tion stages to examine the cracking behavior. These results
represent the typical SP flow curves observed in the V
alloys [12]. The SP deformation behavior during punch
loading is divided into (I) elastic bending, (II) plastic
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bending and (III) membrane stretching regimes indicating
an increase in the load carrying capacity (Fig. 1(a)). The
yield load (P,) was determined at the transition point from
the elastic to plastic bending regime, as shown in Fig. 1.
The regime III is followed by a change in the loading rate
at &; and an abrupt load drop at &;. A discrete drop in the
loading rate, reflected by the formation of microcracks,
appeared at §, prior to §, at — 110°C (Fig. 1(b)). A series
of load drop caused by twinning or microcracking pro-
ceeded in the flow curve at very low temperatures (Fig.
1(c)).

The temperature dependence of the yield strength (a,)
was estimated from the value of P, in the unirradiated and
irradiated alloys (Fig. 2) [9]. In this figure, the deformation
behavior controlled by twinning is indicated by an asterisk.
The tensile test result at 22°C in unirradiated UND alloys
showed good agreement with the SP result [7]. For the
unirradiated alloys, the yield strength became higher in the
order of UND, PD and SD alioys. Neutron irradiation-in-
duced hardening occurred in the UND and PD alloys but
not in the SD alloy. Unirradiated and irradiated SD alloys

Fig. 4. Cracking morphologies observed in irradiated undoped
(UND) SP specimen (a) load-interrupted (5, = 1.0 mm) and (b)
fractured at — 110°C. Arrows indicate nucleated microcracks dur-
ing early deformation.

Fig. 5. Cracking morphologies observed in irradiated undoped
(UND) SP specimen (a) load-interrupted (8;,, = 0.5 mm) and (b)
fractured at — 196°C. An arrow indicates the linkage of nucleated
microcrack to the macrocrack extension.

had the highest yield strength among the variously treated
alloys. The magnitude of the hardening observed in the
UND and PD alloys was nearly identical and independent
of the testing temperature. This suggests that the irradia-
tion-induced hardening would arise from the formation of
defect clusters but not from the precipitation.

The cracking behavior was examined in deformed SP
specimens. SEM micrographs of the irradiated UND speci-
mens load-interrupted and fractured at —85°C, —110°C
and — 196°C are shown, respectively, in Figs. 3-5 (each
corresponding to the flow curve shown in Fig. 1{a)-(c)).
As shown in Fig. 3(a)-Fig. 5(a), the onset of grain bound-
ary microcracks occurred during an early stage of deforma-
tion near the center region. It is apparent that the micro-
crack formation caused the loading rate or load to drop at
lower temperatures (Fig. 1(b) and (c¢)) but not at higher
temperatures (Fig. 1(a)). When no discrete changes in the
loading rate and the load drop caused by either twinning or
microcracking appeared in the flow curve, the value of &,
was estimated by SEM observation on load-interrupted SP
specimens (Fig. 1(a) and (¢)) [12]. After further deforming
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specimens, macrocracks were found to form at &; and
extend along the tangential direction, eventually leading to
a sudden load drop at ;. Microcracks and macrocrack
were not linked to each other in all the alloys except the
irradiated UND specimen tested at — 196°C (Fig. 3(b)-Fig.
5(b)). Similar cracking behavior was observed in most of
the alloys [12]. However, the unirradiated UND alloy
indicated no microcracking [12] and unirradiated PD alloys
revealed many surface cracks (Fig. 6).

The ductility (&;) and the critical strain required for the
onset of grain boundary microcracks (&, ) were determined
from the values of §; and &, respectively, using Eq. (1).
The results for the unirradiated and irradiated alloys are
plotted against the test temperature in Fig. 7. It is evident
that the formation of intergranular microcracks in the UND
alloy was made easier by the neutron irradiation. The
ductility controlled by the macrocrack propagation de-
creased to some extent during the irradiation but remained
higher than 30% even at — 196°C. The irradiated SD alloy
revealed two sets of &, and g;: one group maintained the
same &, and &; as the unirradiated one and the other
exhibited easy initiation of microcracks and ductility loss.

Fig. 6. Cracking morphology observed in unirradiated P-doped
(PD) specimen fractured at — 125°C: (a) low and (b) high magni-
fication.
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Fig. 7. Comparison of temperature dependence of ductility (&)
and critical strain required for microcrack formation (&) in
unirradiated (UNIRR) and irradiated (IRR) alloys: (a) undoped
(UND), (b) P-doped (PD) and (c) S-doped (SD) alloys. # indi-
cates the result of SP tests on irradiated specimens with surface
damage.

In the PD alloy, the irradiation unexpectedly suppressed
microcracking and resulted in an increase in the ductility
below —90°C. Several other points are summarized: (1)
peaks of &, emerged at —~120°C in the irradiated UND
and PD alloys and at —50°C in the SD alloy although the
reason is not clear; (2) the presence of surface damage
(data points with # in Fig. 7) did not affect the values of
&q and &;; (3) the ductility obtained from the tensile and
SP tests at 22°C on the unirradiated UND alloy agreed
with each other [7).
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Fig. 8. SEM micrographs of fracture surfaces obtained by SAM impact tests on (a) unirradiated and (b) irradiated undoped (UND) alloys,
(¢) unirradiated and (d) irradiated P-doped (PD) alloys, and (e) unirradiated and (f) irradiated S-doped (SD) alloys.

SEM fractography of SAM specimens broken by im-
pact loading below —100°C is shown in Fig. 8. All the
unirradiated and irradiated alloys depicted a mixture of
intergranular and transgranular fracture. The transgranular
cracking is due to microvoid coalescence. The unirradiated
PD alloy exhibited more transgranular fracture than the
unirradiated and SD UND alloys. The neutron irradiation
tended to promote intergranular cracking in the vanadium
alloys. It must be pointed out [12] that the irradiated SD
alloy maintained the same fracture morphology despite the
ductility variation.

3.2. Grain boundary composition

The enrichment of S, P, C, O and Ti was identified on
intergranular fracture surfaces of the unirradiated and irra-
diated alloys by the selected area SAM analysis. The
dispersion of coarse S or P rich precipitates was detected
on transgranular fracture surfaces of the impurity-doped
alloys [12]. Argon sputtering experiments on the intergran-
ular fracture surface demonstrated that most of segregated
S, P, C, O and Ti was within a monolayer (Fig. 9%(a)) [12].
However, deeper profiles of C and Ti were found below
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Fig. 10. Comparison of average normalized peak height ratio
(PHR) of S in various unirradiated (UNIRR) and irradiated (IRR)
alloys. The number on the top of bars indicates the standard
deviation. Note that two sets of data are obtained from irradiated
S-doped (SD) alloy and an asterisk indicates the data taken from
SP specimens showing ductility loss.
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Fig. 11. Comparison of average normalized peak height ratio
(PHR) of P in various unirradiated (UNIRR) and irradiated (IRR)
alloys. The number on the top of bars indicates the standard
deviation. Note that two sets of data are obtained from irradiated
S-doped (SD) alloy and an asterisk indicates the data taken from
SP specimens showing ductility loss.

the intergranular fracture surface, which are indicative of
Ti rich carbides. The depth profile of C, O and Ti on the
transgranular fracture surface indicates the presence of Ti
rich carbides and oxides in the grain matrix (Fig. 9(b))
[12].

Figs. 10-14 depict the average normalized PHR of S,
P, C, O and Ti over 25--50 fractured grain boundary facets
of the unirradiated and irradiated alloys. The standard
deviations are shown on the top of the bars in these
figures. The standard deviation of S and P was comparable
to the average value. This means that heterogeneous impu-
rity segregation reflected by the different grain boundary
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Fig. 12. Comparison of average normalized peak height ratio
(PHR) of C in various unirradiated (UNIRR) and irradiated (IRR)
alloys. The number on the top of bars indicates the standard
deviation. Note that two sets of data are obtained from irradiated
S-doped (SD) alloy and an asterisk indicates the data taken from
SP specimens showing ductility loss.
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structure occurs in the V alloy. Two sets of SAM data
were measured in the SD specimens with and without
irradiation-induced ductility loss. The asterisk indicates the
SAM results for the irradiated SD specimen with ductility
loss. The unirradiated SD alloy showed a twofold increase
in segregated S over the unirradiated UND alloy (Fig. 10).
The neutron irradiation exerted opposite effects on the
intergranular S segregation in the UND and SD alloys. The
S segregation slightly increased during the irradiation in
the UND alloy whereas it decreased by 40% in the SD
alloy. However, the unirradiated and irradiated PD alloys
had negligible S segregation. Doping P did not enhance the
P segregation in the unirradiated alloys and the irradiation
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deviation. Note that two sets of data are obtained from irradiated
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SP specimens showing ductility loss.
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produced more P segregation in the impurity-doped alloys
than in the UND alloy (Fig. 11). The vanadium alloys
showed much smaller P segregation, compared to the S
segregation observed in the UND and SD alloys (Figs. 10
and 11). In the unirradiated alloys, the grain boundary
content of C and O varied in a similar trend to the bulk
and the Ti content also changed despite the constant bulk
composition (Figs. 12—-14). The irradiation led to a reduc-
tion in the grain boundary content of C, O and Ti in all the
alloys and the grain boundaries in the irradiated PD alloy
possessed the smallest amount of C, O and Ti. Further-
more, it should be noted that the SD specimen with
ductility loss induced by the irradiation revealed smaller
grain boundary contents of C and O than that not affected
by the irradiation (Figs. 10~14). However, the amount of
S, P and Ti at grain boundaries remained the same inde-
pendent of the ductility variation in the irradiated SD
specimens.

The compositions of coarse phosphides and sulfides
dispersed on the transgranular fracture surface of the PD
and SD alloys are shown, respectively, in Fig. 15(a) and
(b). Tt is clear that the phosphide and sulfide contained
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Fig. 15. Chemical compositions of (a) phosphides and (b) sulfides
observed in the P-doped (PD) and S-doped (SD) alloys. respec-
tively.
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large amounts of Ti. It was found [12] that the irradiation
did not affect the dispersion of the coarse precipitates and
the density of the phosphides and sulfides was not much
different in the impurity-doped alloys despite the different
bulk content of P and S.

4. Discussion

By means of the SP testing method and SAM analysis,
the present study has shown how neutron irradiation (9.8
X 107 n/m?: E> 0.1 MeV at 438°C) influences the
mechanical properties and grain boundary composition in
the three V-20 wt% Ti alloys, undoped, P-doped and
S-doped all containing residual C and O. The neutron
irradiation produced a deleterious or beneficial effect on
the ductility in the V alloys. Intergranular segregation and
desegregation of impurities were induced by the irradiation
depending on the type of alloys and impurities. In this
section, the rationale for the irradiation effect on the
fracture properties is given by the impurity segregation and
precipitation as well as the hardening behavior. The varia-
tions in the grain boundary composition induced by the
irradiation are interpreted in light of the dynamic interac-
tion between impurity and defect fluxes and the impurity
solubility.

In order to account for the irradiation effect on the
fracture properties in the V-20 wt% Ti alloys, intergranu-
lar cracking mechanisms are briefly presented. As
schematically illustrated in Fig. 16, grain boundary micro-
cracks nucleate at precipitates along grain boundaries due

Embrittled P

pauqus
sso
Less
Embrittled

T

1

Fig. 16. Schematic representation of onset of brittle cracks along
grain boundaries with segregated and precipitated impurities.

to the pileup of dislocations and then propagate under a
biaxial loading mode by expending the grain boundary
cohesive energy and plastic work. Thus three factors, i.e.,
grain boundary precipitation, impurity segregation and
hardness, which are affected by the irradiation, would
dominantly control the intergranular fracture. In iron base
alloys, it is shown [13,14] that the segregation of S with
higher electronegativity more strongly reduces the grain
boundary cohesion than that of P, and the C segregation
conversely gives rise to grain boundary toughening. These
findings would be applied to the V alloys although the role
of segregated oxygen is not clear. The grain boundary
cohesion would highly vary due to a wide distribution of
the impurity segregation in the V alloys. Thus two types of
cracking were observed: (1) grain boundary microcracks
heterogeneously initiated at lower strains below 30%,
which propagated a limited distance; (2) macrocrack prop-
agation governing the ductility occurred in mixed inter-
granular and transgranular modes along the tangential di-
rection.

The irradiation effect on the mechanical properties and
grain boundary composition in the vanadium alloys un-
doped and doped with impurities is summarized in Table
2. In the irradiated UND alloy, the grain boundary cohe-
sion and dislocation activity would be reduced as a result
of the S and P segregation and the C desegregation as well
as the hardening. Thus brittle microcracks would readily
form at grain boundaries with larger amounts of segregated
S and P and /or smaller amounts of segregated C in the
irradiated UND alloy [15]. However, the nucleated microc-
rack would not be able to grow extensively along contigu-
ous grain boundaries with higher cohesion at lower strain
levels. In addition. microvoid coalescence, leading to
transgranular cracking, would not easily occur in the UND
alloy without coarse incoherent precipitates. Hence the
ductility controlled by a mixture of intergranular and trans-
granular cracking did not drop as much as expected from
the easy formation of microcracks in the irradiated UND
alloy.

The fracture properties in the impurity-doped alloys
were influenced by the irradiation in a more complex
manner. It was found that some irradiated S-doped speci-
mens showed ductility loss and others did not (Fig. 7). In
the SD alloy, the irradiation induced the P segregation and
reduced the grain boundary content of S, C, O and Ti
(Figs. 10-14 and Table 2). Moreover, the SD specimen
showing irradiation-induced ductility loss had a smaller
grain boundary content of C than that not affected by the
irradiation while both maintained the same amount of S, P
and Ti at grain boundaries. This implies that the irradiation
would cause a change in segregated C but not in Ti rich
carbides at grain boundaries in the SD alloy. Thus it is
most likely that the ductility loss in the irradiated SD
specimen would be ascribed to a larger reduction of segre-
gated C producing a weaker toughening effect. In the
irradiated SD specimen with the larger content of C, the
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Table 2

Summary of the irradiation effect on the mechanical properties and grain boundary composition in various V alloys

Undoped alloy P-doped alloy S-doped alloy
Ductility decrease increase decrease none
Hardening yes none

small increase
small increase
small decrease
medium decrease

S segregation
P segregation
C content
Ti content

medium increase
large decrease
small decrease

large decrease
medium increase
farge decrease small decrease
large decrease

toughening effect induced by the S desegregation would
offset against the embrittling effect due to the small P
segregation and C desegregation, thereby exerting no irra-
diation effects on the ductility.

On the contrary, the irradiation enhanced the ductility
at low temperatures in the PD alloy (Fig. 7) although it
produced the P segregation, the C desegregation and the
hardening (Table 2). This unexpected result would be
related to the finding that the irradiated PD alloy had the
smallest grain boundary content of C, O and Ti (Figs.
12—14). That is, the irradiation would reduce not only the
C and O segregation but also the density of grain boundary
precipitates, being crack nuclei. Thus crack nucleation
would become more difficult than crack propagation along
grain boundaries in the irradiated PD alloy with negligible
segregated S, thereby improving the ductility controlled by
the crack nucleation. Furthermore, in the impurity-doped
alloys, the dispersion of incoherent precipitates would
promote the nucleation and coalescence of microvoids
regardless of the irradiation effect, leading to lower ductil-
ity at higher temperatures than the UND alloy.

The underlying mechanisms controlling the grain
boundary composition during irradiation are taken into
account in light of the defect/impurity interaction affect-
ing the impurity flux and the grain boundary capacity of
segregated impurities. During neutron irradiation, some of
the interstitials and vacancies migrate to grain boundaries
for their annihilation. The dynamic interaction of defects
with impurities during the neutron irradiation would cause
the grain boundary composition to change. It is shown in
irradiated materials [16-19] that intergranular impurity
segregation is driven by forming mobile interstitial-impur-
ity pairs and impurity concentration gradients while impu-
rity desegregation is controlled by vacancy annihilating
fluxes, i.e., inverse Kirkendall effect. S and P regarded as
undersized substitutional impurities in the vanadium alloy
would interact with both interstitials and vacancies [20].
The segregation and desegregation of S and P are expected
to occur during the irradiation depending on the relative
strength of impurity fluxes via interstitials, concentration
gradients and vacancies near grain boundaries (Fig. 17)
[21].

It is possible that irradiation would affect the capacity
of grain boundaries to absorb impurities by changing the

impurity solubility. The grain boundary enrichment of
impurities is well known to be inversely related to the
solubility [22]. Guttmann and McLean [23] have suggested
that the precipitation and grain boundary segregation of
impurities would be analogous and simultaneous conse-
quences. As schematically illustrated in Fig. 18(a) and (b),
increasing the free energy of bulk precipitates enhances the
impurity solubility while increasing the free energy of
segregated boundaries reduces the impurity segregation
and vice versa. A reduction in the impurity solubility
facilitates the precipitation and segregation by repelling
foreign atoms. By applying hypothetically the free energy
in irradiated materials, it is shown [24] that irradiation
destabilizes undersized precipitates by increasing the free
energy of the precipitates and conversely stabilizes over-
sized ones (Fig. 18(a)). The free energy of segregated
boundaries and bulk precipitates would change in a similar
trend because of the interaction of defects with segregants
and precipitates.

A recent study [25,26] has indicated that the irradiated
UND and SD alloys contained considerably lower amounts
of segregated S, compared to alloys thermally aging at
438°C for 2120 h (equivalent to the irradiation condition)
which maintained the equilibrium segregation. The irradia-
tion would promote the dissolution of undersized Ti rich
sulfides, thereby reducing the grain boundary capacity of
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the bulk and F¢ is Hermholz free energy of segregated boundary.

segregated S. This presumption is consistent with the
present results that irradiation-induced hardening is con-
trolled by an athermal process in the UND and PD alloys
and there is no hardening behavior in the SD alloy.
Moreover, the desegregation flux of S assisted by annihi-
lating vacancies would compete and overwhelm the segre-
gation flux via interstitials and /or concentration gradient,
respectively, in the UND and SD alloys. The absence of
segregated S in the unirradiated, irradiated and thermally
aged PD alloys would arise not from the site occupation by
segregated P but from the solubility increase because of
their small P segregation [25,26].

All the irradiated and thermally aged alloys had much
smaller P segregation than the S segregation observed in
the UND and SD alloys [25,26]. The dispersion of coarse
phosphides in the PD alloy was found similar to that of
sulfides in the SD alloy despite higher bulk contents of P
in the PD alloy [12]. Thus the vanadium alloy would have
higher solubility of P than S. In this way, the grain
boundary would not accommodate large P segregation
even in the PD alloy. The irradiation would not affect the
solubility of P as much as that of S probably because of

smaller volume misfit of Ti rich phosphides. Also the role
of defects in controlling the P fluxes would be minimal
[25].

The neutron irradiation reduced the grain boundary
content of C and O, as opposed to the thermal ageing
[25,26]. Increasing the free energy of undersized precipi-
tates such as titanium rich carbides or oxides in the
irradiated matrix would enhance the solubility of intersti-
tial elements. Thus segregated C and O and precipitates at
grain boundaries would be dissolved into the grain matrix
during the irradiation. In addition, the irradiated SD alloy
had a variation in the irradiation effect on the grain
boundary content of C and O. The solubility of C and O
heterogeneously would change in the irradiated SD alloy
with the large bulk content of C and O due to possible
large variations in the precipitation distribution induced by
the irradiation.

5. Conclusions

The mechanical properties in unirradiated and neutron
irradiated (9.8 X 10** n/m’: E>0.1 MeV at 438°C)
V-20 wt% Ti alloys, undoped, P-doped and S-doped all
containing residual C and O have been studied using a
small punch (SP) testing method in conjunction with scan-
ning Auger microprobe analysis on the grain boundary
composition. The results obtained in this study are summa-
rized in the following.

(1) Neutron irradiation-induced hardening occurred in
undoped and P-doped alloys but not in S-doped alloy. The
magnitude of the hardening remained almost the same and
was independent of the testing temperature.

(2) The formation of intergranular microcracks, not
leading to specimen failure, was promoted by neutron
irradiation in all the undoped and some S-doped speci-
mens.

(3) An irradiated undoped alloy had ductility loss to
smaller extents than expected from the easy microcracking
as a result of mixed modes of intergranular and transgranu-
lar fracture.

{4) The S-doped alloy showed variations in the irradia-
tion effect on the ductility. The irradiation produced a
beneficial effect on low temperature ductility in the PD
alloy.

(5) The neutron irradiation induced intergranular S
segregation in the undoped alloy and S desegregation in
the S-doped alloy. Unirradiated and irradiated P-doped
alloys indicated negligible S segregation.

(6) All the alloys had much smaller P segregation
independent of the bulk P content than the S segregation
observed in the undoped and S-doped alloys though the
irradiation enhanced the P segregation.

(7) The grain boundary content of C, O and Ti in the V
alloys was reduced during the irradiation. A large decrease
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in the C content affecting the ductility occurred in the
irradiated P-doped alloy and S-doped specimens showing
ductility loss.

(8) The irradiation effect on the fracture behavior is
rationalized by the changes in segregated and precipitated
impurities as well as the hardening. The mechanisms of
irradiation-induced impurity segregation and desegregation
are taken into account in light of the defect/impurity
interaction affecting the impurity flux and solubility.
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