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Abstract

The formation and growth of TiC precipitates in Ti-modified austenitic stainless steel (D-9 alloy) is monitored by
positron lifetime spectroscopy. From isochronal annealing studies various recovery stages are identified. TiC precipi-
tates are found to be more stable in 20% cold worked alloy than in a 17.5% cold worked sample. From the isothermal
annealing studies, it is found that TiC precipitation is controlled by dislocations. The limited temperature dependence
of dislocation controlled TiC precipitation is governed by an apparent activation energy of 1.6 eV. In 20% cold worked
alloy, TiC precipitates are found to be stable against growth even after 1000 h of annealing at 923 K. For higher an-
nealing temperatures, TiC precipitate coarsening occurs due to recrystallisation. © 1998 Elsevier Science B.V. All

rights reserved.

1. Introduction

Austenitic stainless steels have been adopted as can-
didate materials for the fast breeder reactor core appli-
cations. Many efforts at improving their strength at
elevated temperature and swelling resistance have been
made to prolong their lives. In order to improve and en-
hance their resistance to irradiation induced void swell-
ing, efficient traps for vacancies and helium such as
dislocations and precipitate-matrix interfaces have been
introduced by adjusting alloying elements and thermo-
mechanical treatments [1,2]. Accordingly, Ti-modified
austenitic stainless steel has become a primary candidate
material for structural applications, with extensive stud-
ies on this alloy reported in recent years, covering differ-
ent physical and mechanical properties (see Refs. [1-6]
and references contained therein). Ti-modified stainless
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steel type D-9 with Ti/C ratio of 6 is the material chosen
to be used for the fuel clad and the hexagonal wrapper
for the fuel sub-assemblies of prototype fast breeder re-
actors in India [3]. Studies on D-9 alloy using micro-
hardness measurements [3] showed that 17.5% is the
highest prior cold work level that gives minimum varia-
tion in hardness measurements, and a refined analysis of
hardness measurements in D-9 alloy concludes that 20%
cold working is the optimum level for the stability of this
alloy [6]. This is important because the production of
cold-work-induced microstructures, which are stable at
service temperatures up to 973 K in the reactor, is one
of the crucial controlling factors for irradiation induced
void swelling [3]. It has also been reported that the ben-
eficial effects of prior cold work are lost in type 316
stainless steel by heating to 923 K for 100 h prior to ir-
radiation [7,8]. Hence, the optimisation of the cold
worked level and the stability of the induced microstruc-
ture are very important.

The clad wrapper would be subjected to prolonged
exposure at an elevated service temperature of about
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823 K and also to short time transient to higher temper-
atures. For prototype fast breeder reactor clad, the spec-
ified maximum mid-wall hot spot temperature is 973 K
in the steady state and 1073 K in the transient state
[3]- Studies on the microstructural evolution of the ma-
terial due to aging at elevated temperature are important
because the latter would lead to alteration in the micro-
structure and growth of TiC precipitates.

Positron annihilation spectroscopy (PAS) is an estab-
lished technique for studies on the properties of vacan-
cies and dislocations [9] as well as studies on early
stages of solute atom clustering and precipitation [10].
Positron annihilation results showing significant refine-
ment of helium bubble size and bubble concentration
upon titanium addition have been reported in Ti-stabi-
lised austenitic stainless steel [11]. In our recent report,
we have demonstrated the ability of PAS to monitor
the TiC precipitation process in D-9 alloy [12]. In this
paper, results of studies on the kinetics of the formation
and growth of TiC precipitates by positron annihilation
spectroscopy are discussed.

2. Experimental details

The chemical composition of D-9 alloy used in the
present study is given elsewhere [12]. D-9 samples of di-
mensions 10 mm x 10 mm x 0.5 mm were subjected to
solution annealing treatment at 1343 K for 30 min, fol-
lowed by holding at 1373 K for 5 min [13] and then slow
cooling. These samples were cold rolled to 20% thickness
reduction. Isochronal annealing treatments were done
from 300 to 1273 K in steps of 50 K in a vacuum of
10~* Pa. The annealing time for each temperature was
fixed at 30 min. Isothermal annealing treatments were
done at four different temperatures viz. 873, 923, 1073
and 1123 K from 1072 to 10° h in a vacuum of 10~*
Pa. Positron lifetime measurements were carried out at
room temperature after each isochronal and isothermal
annealing step using a spectrometer having a time reso-
lution of 225 ps (FWHM). The measured positron life-
time spectra were analysed into different lifetime
components and their intensities using programmes
RESOLUTION and POSITRONFIT [14].

3. Results and discussion
3.1. Isochronal annealing studies

Positron lifetime measurements were carried out on
20% cold worked (CW) D-9 alloy to monitor the defect
recovery during isochoronal annealing. Fig. 1 shows the
variation of positron lifetime t, with annealing tempera-
ture for 20% CW sample. For comparison, the recovery
curve corresponding to 17.5% CW D-9 [12] is also in-

170 T T T T T T L L

160

150

140

T (ps)

130

120

110

P EEU RN U TR N
300 500 700 900 1100 1300
ANNEALING TEMPERATURE

Fig. 1. Variation of positron lifetime with annealing tempera-
ture for D-9 alloy cold worked to 20% (solid circle) and
17.5% (solid triangles) thickness reduction. The data for
17.5% are taken from our earlier study [12].

cluded in Fig. 1. Only one lifetime component is re-
solved in the entire annealing range. Positron lifetime
in the solution annealed state for D-9 alloy is 110 % 1
ps and that in the 20% CW sample is 167 = 2 ps which
corresponds to saturation trapping of positrons at cold
work induced defects [12]. The observed variation of
lifetime t in Fig. 1 shows four distinct stages viz., (a)
an initial monotonic decrease in t from CW state till
823 K, which corresponds to point defect recovery
[12], (b) followed by a sharp increase in the interval
823-973 K, which corresponds to the formation of
TiC precipitates, giving rise to positron trapping at mis-
fit dislocations [12], (c) a plateau region in the interval of
973-1073 K, suggesting the completion of TiC precipita-
tion and stability of these precipitates and (d) beyond
1073 K, a final decrease to near solution annealed state
corresponding to the growth of TiC precipitates during
recrystallisation [12].

The stage (a), corresponding to point defect recovery,
is identified by comparing positron lifetime results on
defect recovery in cold worked D-9 and in a model alloy
without titanium [12]. The point defect recovery is seen
to be identical in both cases. The stages (b)-(d), which
occur beyond point defect recovery stage, are completely
absent in model alloy without titanium [12] and hence,
these three stages are associated with the presence of ti-
tanium in D-9 alloy. It is well established that TiC pre-
cipitates are formed above 800 K in Ti-stabilised
stainless steels [4]. These precipitates have high lattice
mismatch, which results in the generation of misfit dislo-
cations [4]. These misfit dislocations form effective traps
for positrons beyond the recovery of point defects. The
stage (b), which shows an increase in positron lifetime,
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corresponds to an increase in positron trapping rate.
The increase in positron trapping rate can arise either
due to a change in the nature of positron traps or due
to increase in the number density of traps. Since the only
traps for positrons are misfit dislocations at these tem-
peratures, the increase in positron trapping rate is attrib-
uted to the increase in number density of misfit
dislocations [12]. The increase in number density of mis-
fit dislocations can only arise from increased concentra-
tion of TiC precipitates. Hence, the stage (b) is
attributed to TiC precipitate formation [12]. The posi-
tron lifetime shows saturation value of ~152 ps in stage
(c). The saturation in lifetime in stage (c) implies comple-
tion of TiC precipitation [12]. The decrease in lifetime
corresponding to stage (d) suggests that the number den-
sity of TiC precipitates is decreasing. Coarsening of TiC
precipitates due to recrystallisation in this temperature
regime was observed in Ti-stabilised stainless steel [4].
Hence, stage (d) is attributed to TiC precipitate coarsen-
ing during recrystallisation [12].

In the case of 20% CW D-9, TiC precipitate forma-
tion starts at a lower temperature as compared to
17.5% CW sample (Fig. 1). This is understandable as
the higher degree of cold work provides larger density
of dislocations which ultimately control TiC precipita-
tion [15]. It is also interesting to note that the plateau
value is higher for 20% CW sample as compared to
17.5% CW sample, implying that the number density
of nucleated TiC precipitates is higher in the former
sample. Hence, 20% cold work provides higher density
of fine TiC precipitates as required by material design
[1,2]. This finding again supports the choice of cold work
level to be 20%, based on hardness measurements [6].
Though the lifetime behaviour above 1100 K, corre-
sponding to the recrystallisation assisted growth of
TiC precipitates, is alike for 17.5% and 20% CW sam-
ples, 20% CW sample seems to retain a small fraction
of TiC precipitate structure as revealed by the slightly
larger value of T even at 1273 K, as compared to the so-
lution annealed value.

3.2. Isothermal annealing studies

In order to monitor the kinetics of formation and
growth of TiC precipitates isothermal annealing studies
were carried out at 873, 923, 1073 and 1123 K as a func-
tion of time from 1072 to 10* h. The above temperatures
are so chosen that both nucleation and growth stages of
TiC precipitates are covered. Fig. 2 shows the variation
of positron lifetime as a function of annealing time for
different temperatures. As seen from Fig. 2, the time
evolution of the stages discussed in the previous section
are observed in the isothermal annealing curves corre-
sponding to 1073 and 1123 K. On the other hand, 873
and 923 K samples do not show the last stage corre-
sponding to the recrystallisation assisted growth of
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Fig. 2. Variation of positron lifetime as a function of isothermal
annealing time for different annealing temperatures of 873, 923,
1073 and 1123 K. Lines are drawn to guide the eye. As-cold-
worked value is shown in t-axis.

TiC precipitates. Stage (a), namely, point defect recov-
ery, is seen to be complete in 10 min for 873 and 923 K,
while it took just a minute for point defect recovery at
1073 and 1123 K. This is understandable, as these an-
nealing temperatures are well above the point defect re-
covery stage seen in isochronal annealing studies shown
in Fig. 1. It is interesting to note that the value of life-
time t after point defect recovery, is still higher than
the defect free value for all temperatures. This is under-
stood as due to the retention of significant dislocation
density in the sample because of the nucleation of TiC
precipitates on dislocations which arrest the movement
of dislocations. The stage (b), which correspond to the
formation of TiC precipitates, is marked by an increase
in lifetime t towards a saturation value of ~152 ps. The
onset of this stage is seen to shift towards shorter times
with increasing temperature. However, increasing the
temperature beyond 1073 K does not show any change
in stage (b). This implies that beyond 1073 K, the forma-
tion of TiC precipitates is not completely controlled by a
thermally activated process. The plateau region (c)
which signifies the stability of TiC precipitates [12], is
seen to extend beyond 1000 h (10° s) for 873 and 923 K.
With increasing temperature, plateau region is found to
narrow down. Finally, the region (d), corresponding to
the TiC precipitate growth during recrystallisation [12],
is not seen even up to 1000 h of annealing at 873 and
923 K. As the temperature is increased, the onset of re-
crystallisation shifts to shorter times which is the charac-
teristic of a thermally activated process. It is interesting
to note that the lifetime value reaches close to solution
annealed state for 1123 K. On the other hand, for
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1073 K sample, lifetime t tends to level off around 125 ps
beyond 100 h (3 x 10° s). This implies that the TiC pre-
cipitate coarsening is not complete and considerable
fraction of smaller TiC precipitates are still present.
TEM results of Kesternich [15] clearly show the presence
of TiC precipitates in Ti-stabilised stainless steel 1.4970
annealed at 1073 K.

Fig. 3 shows microstructures of D-9 alloy corre-
sponding to: (a) solution annealed, (b) 20% cold worked,
(c) cold worked and annealed at 923 K for 1000 h, (d)
cold worked and annealed at 1073 K for 1000 h and

(e) cold worked and annealed at 1123 K for 100 h. Mi-
crostructure of solution annealed sample shows austen-
ite grains of size ~20 pm, typical of well annealed
state. Cold worked sample shows deformed grains with
etch pits revealing dislocation structure. Microstructure
of cold worked alloy annealed at 923 K for 1000 h
(Fig. 3(c)) shows no recrystallisation and cold worked
structure is retained even after this long annealing treat-
ment. No TiC precipitates are seen in Fig. 3(c). For an-
nealing at 1073 K for 1000 h, recrystallisation is seen to
set-in and etched grain boundaries are not seen.

Fig. 3. Optical micrographs of D-9 alloy corresponding to different conditions of: (a) solution annealed, (b) 20% cold worked, (c) cold
worked + annealed at 923 K for 1000 h, (d) cold worked + annealed at 1073 K for 1000 h and (e) cold worked + annealed at 1123 K for
100 h.
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However, the microstructure of this sample exhibits a
significant density of secondary TiC precipitates
(Fig. 3(d)). On the other hand, annealing at 1123 K
for 100 h results in recrystallised grains with very few
TiC precipitates, as seen in Fig. 3(e).

3.2.1. TiC precipitate formation

TiC precipitates have large positive misfit of ~21% in
the austenitic matrix [15]. The possibility of relieving
parts of the strain energy arising out of this large misfit,
by replacement of section of the grain boundary or dis-
locations by the precipitate nuclei increases the probabil-
ity of nucleation of TiC precipitates at edge dislocations
and incoherent grainboundaries. Kesternich [15-17] re-
ported extensive TEM studies on TiC precipitation in
Ti-modified stainless steel and concluded that TiC pre-
cipitation require dislocations as nucleation centres. In-
deed, our positron lifetime measurements on solution
annealed D-9 sample subjected to isochronal treatment,
do not show any TiC precipitation. This coupled with
the fact that the cold worked sample shows TiC precip-
itation agrees well with the TEM observation of Kester-
nich [16].

Precipitate formation can be controlled by solute dif-
fusion in the bulk, pipe diffusion through dislocations,
interfacial reactions at precipitate-matrix boundaries
and mutual dislocation recovery along with precipitate
formation [16]. As seen from Fig. 2, the stage (b) corre-
sponding to increase in average lifetime is attributed to
TiC precipitate formation [18]. This increase in average
lifetime is brought about by the increase in the number
density of TiC precipitates. This precipitation stage is
a thermally activated process as seen from Fig. 2, where
increase in temperature decreases the time for precipitate
formation. However, the subsequent saturation in life-
time after a certain annealing time indicates that the pre-
cipitate formation is complete and that the coarsening of
so-formed precipitates is retarded. It should be noted
that beyond 1073 K, the saturation behaviour of lifetime
changes. Also, the plateau region for 1123 K is less
prominent. This aspect may be attributed to recrystalli-
sation induced precipitate coarsening which is discussed
in Section 3.2.2.

In order to study the kinetics of TiC precipitate for-
mation below 1073 K, a nucleation parameter is defined
as {(t — t)/(Tpp — 1)} X 100, where, 1y, is lifetime of de-
fect free sample and 1, is the saturation lifetime at mis-
fit dislocations associated with TiC precipitates. The
above expression for the nucleation parameter has the
following implications. Any increase in average lifetime
T can arise either from a change in the nature of defect
that trap positrons or increase in the defect concentra-
tion [9]. For the high annealing temperatures above
point defect recovery in the present study, the only trap
for positrons is the misfit dislocation associated with the
TiC precipitates. Thus ruling out any change in the

nature of defect responsible for lifetime variation, the
observed increase in t beyond a certain annealing time,
signifies the increase in the concentration of TiC precip-
itates. Hence, the nucleation parameter, as defined
above, is a measure of the percentage increase in the
concentration of so-formed TiC precipitates. Fig. 4
shows variation of nucleation parameter as a function
of annealing time for 873, 923 and 1073 K. A horizontal
line is drawn corresponding to 50% increase in nucle-
ation parameter. For the limited temperature regime un-
der consideration, an apparent activation energy of 1.6
eV is estimated. This rules out Ti diffusion in austenitic
matrix as the rate limiting process, since it requires a
much higher activation energy of 2.6 eV [19]. Consider-
ing the non-equilibrium nature of the TiC precipitate
formation process, a more detailed modelling of precip-
itate nucleation kinetics such as the one developed for
NDb(CN) precipitates in austenitic steels [20] is needed
for further understanding. However, such an analysis
is beyond the scope of this paper.

3.2.2. Recrystallisation assisted precipitate coarsening

It is seen from Fig. 2 that positron lifetime continues
to be at the saturation value even after 1000 h of anneal-
ing at 873 and 923 K. However at higher temperature
range > 1073 K, positron lifetime shows a systematic
decrease to a new value which is still larger than that
of bulk austenite. This decrease is associated with TiC
precipitate coarsening during recrystallisation at higher
temperatures [18]. Such a behaviour has also been re-
ported from hardness studies in D-9 [21,22]. It is clear
that recrystallisation sets in at earlier times for higher
annealing temperatures, as can be seen from the fact that
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Fig. 4. Variation of nucleation parameter (see text) with anneal-
ing time for 873, 923 and 1073 K. Dashed horizontal line shows
50% nucleation level for TiC precipitates.
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the plateau region corresponding to saturation lifetime t
is less pronounced for the case of 1123 K anneal, as
compared to that for 1073 K anneal (Fig. 2). A growth
parameter, similar to the nucleation parameter discussed
in previous section, is defined as {(tpp — T/(Tpp —

Tp)} X 100. This parameter which has the same implica-
tion as that discussed in Section 3.2.1, is a measure of
the percentage change in TiC precipitate concentration
due to coarsening. Fig. 5 shows variation of growth pa-
rameter as a function of annealing time for 923, 1073
and 1123 K. As seen from Fig. 5, the precipitate growth
is temperature dependent, showing a decrease in time for
50% growth with increasing annealing temperature. Un-
fortunately, among the temperatures chosen in the pres-
ent study, only 1073 and 1123 K show the growth
behaviour which restricts the computation of activation
energy for recrystallisation controlled growth of TiC
precipitates.

4. Conclusions

The formation and growth of TiC precipitates in D-9
alloy has been studied by positron lifetime spectroscopy.
Since TiC precipitates have large positive misfit in the
austenitic matrix, positron trapping at misfit disloca-
tions has been used as a signature to monitor the kinetics
of formation and growth of TiC precipitates. TiC pre-
cipitates are found to be more stable for 20% cold work-
ing than 17.5%. From the isothermal annealing studies,
it is found that TiC precipitation is controlled by dislo-
cations. A limited temperature dependency of disloca-
tion controlled TiC precipitation is observed with an
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Fig. 5. Variation of growth parameter (see text) as a function of
annealing time for 923, 1073 and 1123 K. Dashed horizontal
line marks the completion of 50% of growth of TiC precipitates.

apparent activation energy of 1.6 eV in 20% cold worked
D-9 alloy. TiC precipitates are found to be stable against
growth even after 1000 h of annealing at <923 K. For
higher annealing temperatures > 1073 K, the observed
growth curves indicate strong recrystallisation assisted
TiC precipitate coarsening. Since TiC precipitates are ef-
ficient traps for helium and vacancies, the present results
may be significant in the context of evaluation of helium
embrittlement and void swelling in the D-9 alloy.
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