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THE STRUCTURE AND COMPOSITION OF PHASES OCCURRING IN AUSTENITIC

STAINLESS STEELS IN THERMAL AND IRRADIATION ENVIRONMENTS* MASTER

E. H. Lee, P. J. Maziasz, and A. F. Rowcliffe
Metals and Ceramics Division
Ozk Ridge National Laboratory

Transmission electron diffraction techniques coupled with quantitative
X-ray energy dispersive spectroscopy have been used to characterize the
phases which develop in austenitic stainless steels during exposure to
thermal and to irradiation enviromments. In AISI 316 and Ti-modified stain-
less steels some thirteen phases have been identified and characterized in
terms of their crystal structure and chemical composition. Irradiation does
not produce any completely new phases. However, as a result of radiation-
induced segregation principally of Ni and Si, and of enhanced diffusion rates,
several major changes in phase relationships occur during irradiatiom.
Firstly, phases characteristic of remote regions of the phase diagram appear
unexpectedly and dissolve during postirradiation annealing (radiation-induced
phases). Secondly, some phases develop with their compositions significantly
altered by the incorporation of Ni or Si (radiation-modified phases). 1In
addition, several phases davelop at significantly lower temperatures during
neutron irradiation (radiation-enhanced phases).
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Introduction

The need to develop structural alloys which will withstand high levels
of displacement damage in breeder reactors and Magnetic Fusion Energy (MFE) machines
has revitalized interest in the effects of radiation on solid state precipitation
processes. It has recently been shown that both void swelling and irradiation creep
behavior of complex alloys are strongly influenced by the sequences of pre-
cipitation reactions which occur during irradiation. The major theoretical
and experimental efforts in this field have been directed towards under-
standing binary alloy systems. Several important radiation induced pheno-
mena have been defined, e.g., a) enhanced diffusion, b) precipitate nucle-
ation on point defeci clusters or loops, c) segregation resulting from the
coupling between solute and point defect fluxes , d) radiation induced
ordering and disordering, e) stabilization and destabilization of phases
by vacancy fluxes, f) cascade dissolution. These phenomena substantially modify
the phase mixture which normally develops during thermal aging, e.g., a) the relative
proportions of phases may be altered, b) the particle size distribution ani num-
ber density may be different, d) phases characteristic of another region of
the phase diagram may develop either as a result of segregation, or because
of changes in the relative free energies of phases.

The austenitic stainless stecls used for reactor applications such as
AISI 316, are complex alloys, and typically up to eight major phases may
develop during thermal aging in the temperature range of technological in-
terest. In high temperature irradiation environments the relationships be-
tween these phases are altered and unexpected phases frequently develop. In
the work described here, we have applied transmission electron microscopvy
(TEM), coupled with x-ray energy dispersive spectroscopy (EDS), to the task
of identifying and characterizing the major phases which develop in auste-
nitic stainless steels exposed to both thermal and radiation environments.
By comparing the phase mixtures in thermal and radiation environments and
the changes in phase chemistry, we are able to draw some conclusions re-
garding the relative importance of the various radiation induced phenomena.

Experimental

The data were derived from two types of austenitic stainless steels
ramely (a* AISI 316 and (b) titanium-stabilized versions of AISI 316. Sev-
eral heats of each alloy were utilized in the course of this work. The chem-
ical analyses of the heats examined fell within the ranges shown in Table I.
These alloys were irradiated in both a solution ammealed coundition and in
a 20% CW condition in the EBR-II fast reactor at Idaho Falls and also in the
High Flux Isotope Reactor (HFIR) at Oak Ridge. The damage rate in both
reactor experiments was =3 x 10> dpa/s, however, the helium generated in these
materials in HFIR was higher than that in EBR-II by a factor of ~102. In addition
both alloys were irradiated with 4 MeV Ni ions at a damage rate of ~5 x 10-3
dpa/s after preinjection with 5 appm helium. Generally, specimens were in
the form of 3 mm diam discs, 0.5 mm thick. Following irradiation or thermal
aging, one surface of each TEM disc was electropolished using 10% perchloric-—
acetic acid to clean the surface. A carbon fiim 100—200 nm thick was then
deposited on the clean surface, and the other side of the disc coated with
lacquer. Using platinum tweezers to grip the sides, the disc was immersed
in a 10% perchloric-10% glycerol-80% methyl alcohol (or 10% hydrochloric
methanol) solution for one minute te allow electrolyte to penetrate to the
polished surface before applying a current of 50 mA for two or three minutes
to extract the carbon film. The film was floated off, washed in methyl
alcohol, and retrieved on either a copper, beryllium, or carbon-coated vinyl
grid. In this way a record of the phases present in each disc was retained



Table I. Allov Compositions, wt %

Alloy Fe Cr Ni Mo Mn c Ti Si P

316 Bal 16-18 12-14 2.2-2.6 1.5-2.0 .04-.06 <.05 .4-.8 .01-.03
316+Ti Bal 14-17 12-16 2.0-2.5 1,5-2.0 .04-.06 .2-.25 .4-1.0 .01-.04

before proceeding with thinning and perforation. The extraction was used

for chemical analysis of phases and for obtaining unambiguous single crystal
diffraction patterns withoutmatrix double diffraction effects. Information
on precipitate orientation relationships was obtained from examination of

the thin foil. Most of the specimens were thinned by a drip electropolishing
technique (1) or direct jet polishing (2). Other advantages from examining
extracted phases are; (a) the gamma radiatioa from the highly radioactive
matrix is eliminated; (b) x-ray signals from the matrix are eliminated; and
(c) the microscope may be operated in the TEM mode rather than the STEM mode,
thus minimizing carbon contamination which tends to impair sensitivity. A
JEM-100CX microscope with @n energy dispersive x-ray detector was used for
TEM and microchemical analysis. The measured intensities were converted to
compositional information after subtracting the hole count, employing the standardless
approach outlined by Zaluzec {(3). The data showed some scatter from par-
ticle to particle, and several particles were analyzed to get a statistical
average. The precipitate phases which develuped during alloy solidification
or fabricaticn were often too thick to analyze by electron diffraction.

These phases were extracted from the bulk material and mixed with TaC as an
internal standard, and fixed on a Si-single crystal for x-ray analysis.

Some cof the bulk extracted precipitates were also embedded on a carbon film
for EDS analysis and the electron beam focused at a thin edge of the parti-
cle to minimize absorption effect by the precipitate itself.

Results

In the following, each of the major phases observed is considered sepa-
rately. The crystallography of each phase is described and previous obser-
vations briefly reviewed. Our own data is presented graphically to illus-
trate the temperature range over which the phase is observed in each environ-
meat, and also in tables to show the range of chemical compositions observed
in wt Z. Many of the irradiation experiments were carried out over restricted
temperature ranges and thus the full extent of the temperature range of for-
mation of a given phase is not often determined. This is indicated by
broken lines in the diagrams. In a few instances it was possible to deter-

mine an approximate cut-off temperature for a phase, and this is indicated
by a vertical bar. T

The pracision of an individual chemical analysis is largely determined
by the counti~ statistics and decreases with decreasing elemental concentration
because of the .- ng counting times involved. In general, the accuracy of the
measurements on individual particles is considered to be of the order of
1-2 wt Z. 1In the microchemical analysis tables, the average elemental con-~
centraticn is shown together with the range of observed values determined on
a number of particles; usually between 2 and 10 particles were analyzed at
a given irradiation temperature. Wider composition variations cccur where
data is reported feor a range of irradiation temperatures.
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Gamma Prime (y“) Phase

This phase has an ordered structure, Ll,, Ppyy with a lattice parameter
ag v 0,35 nm. The stoichiometric atomic composition is NijX where X typically
is Al, Si, or Nb, although there is considerable sol.ouility for other ele-
ments such as Ti, Fe, and Mo. This phase is a frequent component of stain-
less steels and nickel alloys in which the Ni concentration exceeds 25 wt 7%,
but it has never been observed to develop in thermally aged steels with Ni
contents <20 wt %. However, formation of a y” Ni3jSi compound during neutron
irradiation was reported in stainless steels containing 13—14 wt % Ni both
by Brager and Garner (4) and by Cawthorne and Brown (5). In the former case,
y” developed after irradiation of AISI 316 to 10 dpa at 427°C. With in-
creasing fluence, y” developed at increasingly higher temperatures with an
upper temperature cutoff at 510-520°C., Similarly Cawthorne and Brown observed
v® formation in an M316 stainless steel irradiated in the Dounreay Fast
Reactor. In this instance, precipitation was observed at temperatures as

low as 270°C and at doses as low as 3 dpa. The upper cut-off temperature
was 540°C.

Our own observatiouns on Yy~ formation are summarized in Fig. 1. 1In both
the ALS1 316 and 316 + Ti steels, Yy~ was observed after irradiation in
EBR-I1 to ~35 dpa over the range 400-5310°C. In experiments conducted in

HFIR, vy° was observed in AISI 316 irradiated to ~8 dpa over the range
300-400°cC.

Gamma Prime

_316 + Ti_
EBR-17, 30-40 dpa

36

EBR-11, 30-40 :lnu

316
HFIK, 311 dpa

1 ] 1 l
300 400 500 600

TEMPERATURE, °C

Fig. 1 - Temperature Range of vy~ Formation.

Data on the chemical composition of ¥y~ in the 316 + Ti irradiated in
EBR-II to a dose of 35 dpa are presented in Table II. An example of a v~ par-—
ticle EDS spectrum is presented in Fig. 2. Over the temperature range 427—
482°C, the major components of y” were Ni, Si, and Fe with minor amounts of
Ti and Cr sometimes being detected. The average composition, in wt %, was
215i-14Fe-64Ni and this compesition agrees well with the average v~ composi-

tion determined by Brager and Garner (4). Thus the Si concentration in the
Y~ is higher than in the matrix by a factor of ~20 and Ni is
enriched by a factor of ~4.

On an atomic basis, the ratio of all other atoms to Si, (M: Si), is only
1.5 at 42/°C increa51ng to 2.0 at 454°C and 2.2 at 482°C. THus in this
alloy, the Yy~ phase is hyperstoichiometric with respect to Si but tends to



Table TI. Microchemical Analysis of y*, wt %

Exposure
Alloy Condition Si Moj Ti} Cr Mn. Fe Ni
316 + Ti EBR-1L
33 dpa 23 -—1 = - - 11 65
427°C 22-25 11-12 | 64-66
316 + Ti EBR~I1
35 dpa 20 — 1 2 | 4 -~ 1 23 | 52
L_454°C 19-20 2-3 13-6_ 19~27 147-56
316 + Ti | EBR-II | . |
1 35 dpa 18 i e T - 74
|_a82°¢C ? ‘

ORUL-PHOTO 2887-B0

Fig. 2. Gamma Prime Precipitates in 316 + Ti Neﬁtron Irradiated to 35 dpa
at 454°C, (a) Bright Field and EDS Spectrum of Extracted Precipi-

tates {(Imsert) and (b) (110)vy” Dark Field and Corresponding Dif-~
fraction Pattern.

approach stoichiometry at higher temperatures. At all temperatures, nuclea-
tion of vy~ occurred at faulted Frank loops. At low fluences the loops were
decorated with discrete particles which eventually coalesced to form a contin-
uous ring of y”°. At this stage the loops were still faulted. With further



irradiation, the loops began to unfault and climb away from the y* which
eventually developed into an approximately spherical particle.

In the alloys examined here, vy~ could not be detected after irradiation
with 4MeV Ni ions over the range 525° to 750°C. However, Mazey et al (6)
observed y~ formation in the range 525° to 575°C in stainless steels contain-
ing 0.5-1.4%Si following irradiation with 46MeV Ni ions.

G Phase

A large number of G phases exist having the general formula TgNijgSi-v,
where T is a transition element such as Ti, Mn, Cr, Zr, V, Ta, Hf, or Nb.
These phases have the ThyMn,3 rubic structure Al, Fmim, with a " 1.12nm, and
containing 116 atoms per unit cell (7). This type of phase has been observed
to form during thermal aging of certain stainless steels and nickel alloys,
e.g, Silcock (8) reported a ZrgNi,;Si, phase in a 25Ni 20Cr austenite aged at
950°~1150°C. G phase has never been observed, however in thermally aged AISI
316 or 316 + Ti. The development of a G phase in 316 + Ti alloys during
neutron irradiation at 500°-600°C was rirst reported by Thomas (9).

Our observations on the occurrence of G phase are summarized in Fig, 3.
G phase was observed over the range 400°-600°C in 316 + Ti irradiated in
EBR-II to 35 dpa, but was not observed in AISI 316 irradiated under similar
conditions. G phase was not observed in either steel after irradiation in
HFIR over the range 400°-700°C to doses of 60 dpa.

For irradiations carried out with 4MeV Ni ions on 316 + Ti, the tempera-
ture range for G phase formation was shifted upwards by "200°C with the maxi-
mum volume fraction occurring at “700°C. Data on the composition of the G
phase is presented in Table IXI and a typical x-~ray spectrum shown in Fig. 4.
The average composition of the G phase formed during neutron irradiation be-
tween 400° and 550°C was 16Si-6Mo-2.57i-8Cr-7.5Mn-12Fe—48Ni. Compared to the
initial average matrix composition this represented enrichment by a factor of
2-3 for Ni and Mo, a factor of ~4 for Mn and factors of ~10 and 20 for Ti
and Si respectively. G phase is impoverished in Fe and Cr with respect to
the matrix. The range of concentrations observed is wide because the data
includes measurements over a wide temperature range. There is in fact a
pronounced tendency for the highest Cr and Mo concentrations to occur at the
upper end of the temperature range and for the maximum Si concentrations to
occur at ~450°C. An interesting feature is the strong partitioning of Mn to
this phase. The presence of this element provides a unique '"fingerprint"
which allows rapid preliminary identification of G phase from examination of
the x-ray spectrum. The composition of the G phase formed under ion irradia-
tion was remarkably similar to that observed under neutron irradiation.
During postirradiation annealing at the ion irradiation temperature, it was
found that the G phase gradually dissolved. The composition measured after
partial dissolution, TableIll, indicates that during annealing, Si, Mn, and Ni
diffused back into the matrix. The Fe, Cr, and Mo concentrations increased to
the point where one might expect a transformation to Laves phase. However,

the crystallography of the G phase persisted in spite of these major composi-
tional changes.

Very lictle is known regarding the nucleation of G phase. For example,
it is not known whether it is nucleated directly at interstitial loops or
whether it develops from the transformation of another phase, e.g., y”. Once
nucleated, G phase develops intn thick rods or blocky forms which do nct
exhibit a strong habit relationship with the matrix. The reasons for the
absence of a strong parallel orientation relationship are mot understood.
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Fig. 3. Temperature Range of G Phase Fermation.

Table ITI. Microchemical Analysis of G Phase, wtZ

- Exposure
Alloy Condirion si Mo | Ti Cr Mn Fe Ni
‘5%2 o 30’3‘8‘}1; w6 {218 s | 121 4
3 - _ - — - - - 5
400-550°C 11-231{ 0-14} 1-7 } 2-15} 4-17{ 2-26 | 26585
316 + Ti 4 MeV Ni Icn 21 5 4 8 5 9 51
SA 70-100 dpa 19-22( 4~6 | 3-5|6-9 | 4-5 | 8-% |48-33
675-700°C
316 + Ti Same as above _
sA (4MeV Ni Ton) | ° 161 2 25 7 19 29
6 h aged at ‘
700°C

Eta phase (n). The structure of the eta phase was first described
by Westgren (10) and reviewed later by Stadelmaier (11). The generic phase
encompasses carbides, nitrides, oxides, and silicides. Two types of struc-
ture exist, namely, (a) the filled type, MgX(X = C,N,0) and the unfilled
type M55iX in which Si occupies a metal atom site and the X sites are va-
cant. The crystal structure of the eta phase is of the cubie, E93 Fd3m
type with a v 1.1 nm and contains 96 atoms per unit cell.

Although the composition ranges and crystallography of the eta phases
have been vell documented, the occurence of a phase of this type in the 300
series stainless steels has not been well established because of its close
similarity to the Mz3Cg phase. However, it was shown by Maziasz (12) that
eta phase definitely develops in both annealed and 20% C.W. AISI 316 during
thermal aging in the range 600°-630°C. The presence of eta phase in AISI
316 aged for long periods at 650°C was aiso reported by Bolten et al (13).
It is highly probably that the presence of this phase has gone undetected

in a considerable numher of previously reported thermal aging experiments
with stainless steels.

Our observations on cta phase formation are summarized in Fig. 5.
In thermal aging experiments with AIST 316 over the range 500°-900°C, the
formation of eta phase was confined to the region 600°-650°C. However,
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Fig. 4. G Phase in 316 + Ti Trradiated with 4 MeV Ni Jons at 700°C
to 100 dpa and X-Ray Spectrum from Extracted Particle (imsert).

during neutron irradiation significant precipitation oceurred at much lower
temperatures for comparable exposure times. Following irradiation in HFIR,
eta phase was observed at temperatures down to 380°C with an upper cut—off
at 550°C. In EBR-II irradiations, eta phase occurred over the range 400°-
650°C with a maximum formation rate at 575°-600°C. For 316 + Ti similar
temperature ranges of eta formation were observed for irradiations in both
HFIR and EBR-II. During &4MeV Ni ion irradiation of AISI 316, very little
precipitation occurred over the ranges 550°-700°C although the particles
that did form were predomin-utly eta phase. In the 316 + Ti alloy, eta phase,
development was more pronounced and occurred at all ion irradiation temperatures
from 550 to 700°C. Data on the chemical composition of extracted eta phase
particles are shown in Table IV. For AISI 316 thermally aged at 600—650°C

the average composition was found to be 7Si-23Mo-31Cr-11Fe-25Ni with minor
amounts of Ti, Mn, and V. Compared with the initial matrix composition this
reprezents an enrichment in Ni and Cr by factors of ~2 and enrichment in Mo

and Si by a factor of ~10, Examination of eta phase particles extracted from
AISI 316 after irradiation in EBR-II at 500°-600°C, Fig. 6, showed that the
composition was very similar to that produced during thermal aging; further
enrichment of Ni or Si was not observed. Furthermore, the composition of eta
phase produced during HF{R irraciation at 370°-470°C was also essentially the
same as that produced by thermal aging. The only difference was a signifi-
cantly lower Mo concentration in the HFIR irradiation case, probably because

of the reduced mobility of Mo at the lower temperatures of this experiment.

The fourth set of composition data is for the eta phase produced in
316 + Ti irradiated in EBR-II over the range 400°-600°C. The average composi-
tion was fully consistent with the other three sets of data. In this instance
an effect of irradiation temperature was detected. As the irradiaticn temper-—
ature increased, the Ni and Cr concentrations in eta phase decreased steadily

and the Mo concentration increased rapidly above 500°C. Maximum Si concentra-
tions (n10%) were observed at ~450°C,

The composition of an eta phase which developed during 4MeV Ni ion
irradiation at 600°-700°C of a 316 + Ti alloy (LSIA) was reported previously
(14) as 9Si~7Mo-1Ti-32Cr-20Fe-31Ni . In spite of the higher damage rate and




temperature, this is fully consistent with the eta phase composition
described above.

In summary, although the analyses of individual elements vary from
particle to particle and also vary with irradiation temperature, the average
eta phase composition is very similar in both thermal and irradiation envi-
ronments and is also similar in both alloys. The general features are that
compared to the matrix composition, the eta phase is enriched in 8i, Mo, Cr,
and Ni and is depleted in Fe.

Eta l
316 )
EBR-IT, 30-40 dpa 1
318 _
~HFIR, 46-54 dna 316
3if + Ti 10,000 » Aged
TTTLFIR, 9-14 dpa
316 + Ti

T FBe-11, 30-40 dpa
316, 316 + Ti
4 MeV Ni, 100 dpa

1 [ 1
400 500 600 /100

TEMPERATURE, °C

Fig. 5, Temperature Kiange of n Phase Formationm.

Table IV. Microchemical Analysis of Eta Phase, wt¥%

Exposure 1
Allov Conditions Si Mo Ti Cr Mn Fe Ni \'
A 6 ino
31 Thermal Aging| o 23 | .81 31 .8 11 | 25 1
10,000 4-9 | 15-35 22-43
600-650°C _ - 0-3 ~4 0-3 3-25 | 14-31{ 0-6
316 EBR-II
i 7 17 32 15 30
30-40 dpa 6-7 | 1403 .
500-600°C =20} == { 31-32] --— |} 14-15]27-33} —-
316 HFIR 8 8 37 .4 17 | 20 2
48-54 dpa 2-10| 6-~9 | -—- [ 34-40] .1-.8 | 14-22 | 28-31] 1-3
370-470°C
e ]
316 + Ti EBR-II -
‘ | 30-40 dpa 10 13 41 30 17 28

400-600°C 5-14 | 3-34 | 0-2 [19-39) -— ] 11-19 |16-36 | ~~—
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. 95i-6Mo-1Ti-34Cr-16Fe-34Ni

Fig. 6. 'n Phase in SA316 Neutron Irradiated to 35 dpa at 585°C in EBR-II
and EDS Spectrum of Extracted Precipitate (Insert).

As with other phases, very little is known regarding the nucleation
cechanism for eta phases. The majority of the particles develop a rhiombohie-
dral disc shape having either a cube-on-cube or a twin orientation relation-
ship with the matrix. The morphelogy, lattice paranctets, and crystal struc-—
ture of the eta and M 3C phases are very similar and distirction betwean the
two phases requires cg;eétl diffraction analysis. On the basis of structure
factor considerations, it is expected that the diffraction patterns from the diamond
cubie cta phase would show systematic absences at (200), (420), etc. However,
non-zero intensity frequently occurs for these reflections either as a result
of ordering of atoms in the eta phase lattice or from double diffraction with
matrix reflections. It has been found that the most satisfactory means of
distinguishing between these phases is to extract particles on a carbon film
and to tilt to an (00l) zone axis. In this situatiom, although the forbid-
den eta phase reflections sometimes appear, they are of low intensity and are clearly
distinguishable from the strong reflections from the My3Cq phase, Fig. 7. 'In

addition, there are clear distinctions in phase chemistry which should be used
to eliminate any remaining ambiguity.

M23CG Phase

This phase is one of a large class of carbides and borides
which fall into the category of tau phases. The D8,, Fm3m structure
is a complex cubic structure containing 92 atoms per unit cell and having
a lartice parameter of ~1.06nm. A large number of metal atoms such as Fe,
Mo, W, Wi, etc. can be substituted for Cr atoms. This phase is a frequent
coamponent of 300 series stainless aged in the temperature range 550°-900°C

and its nucleation, composition, orientation relationship, and stability are
well documented (15,16).

The development of M23Cp in two hecats of AISI 316 during irradiation in
EBR~II has been reported by Brager and Garner (4). They observed this phase
over the temperatura range 525°-610°C, the volume fraction increasing with
irradiation temperature. Bramman et al (17) reported the development of this
phase in 20% C.W. 316 fuel pin cladding over the range 400°-610°C. Because
of the difficulties in positively identifying M23C6 (25 described in the
previous section), it is possible that some of the reported observations of
M23C6 phase may be more correctly described as eta phase.



"~ ORNL-Photo 3704-80

Fig. 7. (a) (001} Diffraction Patterns of n Phase on Extract
Replica and in the Matrix. (b) (001) Diffraction
Pagtern of M,.C. on Extraction Replica and in
. 2376
the Matrix.

The temperature ranges of M2 C6 formation in the present work are il-
lustrated in Fig. 8. MZSC deveioped in both AIST 316 and 316 + Ti during
thermal aging over the range 530° to 830°C, the volume fraction being sig-
nificantly lower in the latter alloy. This phase alsc developed, to a
lesser exteant, during irradiation of AISI 316 in both EBR-IT and HFIR,
primarily in the range 550°-600°C. Smaller amounts of M2366 developed
during neutron irradiation of 316 + Ti.

M, .C

23"
__ 3o, 316+ Ti ! ‘
10,000 h Aged '
| 316

{ EBR-1T, 5-10 dpa

36, 316 + Ti
HFIR, B-5/ dpa

1 | | i
500 600 700 800

TEMPERATURE, °C

Fig, 8. Temperature Range of M23C6 Formation.



Cur measurements on the composition of M, C6 are presented in Table V. In
each case goeat care was taken to distinguish %etween this phase and sta phase
since the two phases frequently coexist. After aging AISTI 316 for 10,000 hr.
at 600°-650°C, the average composition (wt%) of M,.C. was found to be l4Mo-
65Cr-16Fe-4N1i, with minor concentrations of §iy Ti, and V. This composition
represents an enrichment in Cr, and Mo compared to the initial matrix congosi-
tion by factors of "4 and 7 respectively. This phase evidently rejects Ni
strongly. Particles of M,,C. extracted from specimens of the same heat irra-
diated in EBR-II at 500°C were found to have essentially the same range of com-
positions. There was no significant enrichment in Ni and Si. The composition
of M ?Cﬁ produced in 316 + Ti during HFIR irradiations at 600°C vas very
simiiér to the previous examples and recent data frem thermally aged specinmens
also agrees well with those composition ranges.

In summary, although significant fluctuations in chemistry occur from
particle to particle, the average chemistry of MZ"C is counsistent for the
two alloys examined after exposure to both thermal and irradiation eaviron—
mepts. The general features are, that compared to the matrix, the M23C6
phase is enriched in Cr and Mo and is depleted in both Fe and Ni.

The effects of damage rate on the stability of M .C. are not known since
observations of this phase, confirmsd by gouod difiraction evidence, are prac-
tically nonexistent. In our own ion irradiation studies with AISI 316 very
little precipitation was ever observad between 525°C and 730°C. In 316 + Ti
alloys, precipitation consisted wainly of G phase, and «ta phase; the presence
of M2 C6 was never positively confirmsd. Recently Wiliiams et al (18) pre-
sentea evidence for the precipitation of MZ"Cé during 4MeV ¥i ion irradiation
of FV 548 at 600°C. 7

Table V. Microchenical Analysis of qugé, wt?
Exposure |
Alloy Condition S1 1 Mo { Ti Cr Mn Fe Ni v
. . , B
316 Th 1 Aging .
sa, cf 100002 5 4 4| 65 5 16 | 4 .1
3
600-650°C 0-2 9-20 0-3152-74 0-2 8-27j§ 1-9 0f2
316 oW EBR-IT
; 6-11 dpa 2 12 .81 56 2 20 7 1
° 1-3 111-13) .4-1 | 54-59 ] .2-3 ] 13-25| 4-12 |.4~-1
500°C
316 + Ti - HFIR
SA * 30rdpa 1 {1 .3 60 22 | 5 1
600°C «5-1 {10-111 0-.6 { 56-65 ——— 1 18-26 [ 4-5 0-2

The chemical composition of M23C6 phase is evidently very different from
that of the structurally similar eta phase and the differences in X-ray spec-—
tra present a useful "fingerprint" for rapid phase identification. An example
of this technique is shown in Figure 10.in which the two phases not only co-
ex%st but appear to have nucleated sympathetically during aging at 600°C.

This situation presents a particularly difficult situation for identification
by SAD. The EDS anaylsis, however, clearly distinpuishes between the two
phases with the eta phase exnibiting strong Ni and Si peaks.
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.581~-13Mo-61Cr~1.5Mn~20Fe-5Ni
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Fig. 9. Extracted My3Cg and n Phase Particles in CW 316 Aged at
600°C for 10,000 h. Analvses shown are for the individual
particles.

The orientation relationship between the M, C, phase and the matrix was
predominantly cube-on-cube although twianed relationships were also frequently

observed. Particles developed as rhombohedral plates or laths,

Laves Phase

A large number of intermetuilic phases of general formula

have been classified as Laves phases following the original work on rthis
bUgJECE by Laves, Witte, and th:ir ussociates (19,20). There are three pro-
totypic Laves structure types, nauelv Lnjua (bexagonal), Cu,Mg f{cuhic) and
N12Mg (hexagonal). A Laves phase FeqMo i1as been ohscrved lrcqucntl ipn stain-
less steels containing Mo, and its formalion has been reviowed bty Weiss and
Stickler (15). In their own work these authors observed Laves phase in AISI
316 aged over the temperature range 0'0°-815°C. They siowed that this phase
was of the ZnjMg type Cl4, P6j/mmc containing primarily Fe and Mo with lesser
amounts of Ni and Cr, and with lattice parameters ag" 0.88 um and co~0.46 nm.

Our observations on the tewmperature ranges for Laves formation are
summarized in Figure 10. In the 31+ + Ti alloy Laves developed during ther-

mal aging over the range 630°-750°¢, tic solvus temperature for this phase
being 850°C.

) In AISI 316 Laves formation was observed after 10,000

hr at 600°C. During ncutron irradiation in both EBK-II and HFIR, the volume
fraction of Laves phase was greater and srecipitation occurred at signifi-
cantly lower temperatures, i.c., down to 500°C.
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Fig. 10. Temperature Ranpe of Laves Forma-
tion.

Laves phase was not ohserved in eirthoer ALST 316 or 316 + Ti dirradiated

with 4oV N Jons to a dose of 100 dpa over the range 5237-730°C.  The sta-
Lility of Taves phase Jduriong N1 ion dvvediation was furthe - vxe ined in aa
axperiment in which 316 + Ti was initially irra-iated in EBE-1i .+ 500°C to

a dose of ~10 dpa. During subsequent irradiation with 4MeV Ni i..s at 675°C,
the Laves phase produced during the neutron irradiatiocn dissolved and was
replaced bv G phase.

Data on the composition of the Laves phase is presented in Table Vi,
and a typical x-ray spectrum shown in Fig. 11. The phase which developed
during thermal aging of AISI 316 was composed mainly of Fe, Mo, and Cr
with smaller amounts of Ni and Si, the average composition being
551-43M0~13Cr-33Fe-5Ni. An almost identical composition was found for
Laves phase in AIST 316 after irradiation in HFIR at 550°C. However,
during HFIR irradi:tion at a lower temperature (470°¢),
the Laves phase became sigrnificantly enriched in Ni (22%), the Yo content
being correspondingly reduced (16%). The Laves phase which developed in
AISI 216 irradiated in EBR-IT at temperatures between 500° and 600°C was

also enrichad in Ni and had an average composition of 98i-23Mo-13Cr-24Fe-
3LNi.

in the 316 + Ti alloy irradiated in HFIR at 600°C, the composition
of Laves was approximately the same as that observed in AIST 316
irradiated under the same conditions. For the 316 + Ti
alloy irradiated in EB3R-1I, data was obtained at 4 different temperatures
betuveen 550° and 650°C, and it was possible to discern some distinet trends in
composilion with temnerature. It was found that the average Mo cencentration
increased from V12% at 500°C to ~30%, at 650°C, while over the same tempera-
ture range the Ni content decreagsed from ~30% to ~124. Both Cr and Si con-
centraticns remained fairly constant with temperature,

In surmary, it has been observad that under thermal aging coaditions, the
Laves phase is highly enriched in Mo and rejects i quite strongly. Signi-
ficantly, rhe average S5i conten: is a factor of 6 hizher than the average



initial matrix content. The Laves composition is unaffected by high tempera-
ture HFIR irradiation, but significant enrichment in Ni occurs at an irradia-
tion temperature of ~470°C. The same trend toward increasing Ni enrichment
with decreacing temperature occurs in EBR-IT. For irradiation at ~550°C

there apocars to be significantly higher enrichment factors for both Ni and
Si in EBR-Ii than in HFIR,

Table VI. Microchemical Analysis of Laves Phase, wt?

Exposure
Alloy Conditicn S5i Mo ‘I Ti Cr Mn Fe Ni v
316  SA, Thermal Aging 5 43 13 1 R a3 6 9
10,000 h * A 1 .
Cu 600-650°C 1-7{ 38-39 4-16] 0-2 | 17-37] 37 |o-1
316  SA HFIR
42 dpa ,
osoie 5 42 | - 13 | . 31 7 1
6 SFLR 3] 16 24 | 11 32 2 |3
54 dpa .7 . ~ .
r0o0 2-4 | 1319 22-261 11 | 31-32 | 21-32[2-3
T I 10 | 23 13 24 | 31
500-600°C 9-10 | 22-24 | —— [12-13| ——= | 22-25]20-33} ——
316 + Ti 3‘32‘;1 4 31 1 16 51 35 g 1
Pl 4-5130-33 |.6-2 {15-17 | .2-.8} 34-20 | 7-10{.9-2
316 + Ti EBR-1II 9 o1 7 15 5 0 o1
30-40 dpa - - - g
sA, CH PR 6-15| 8-31 | 0-3 |11-23| o0-4 l17-39 |10-42} —

Fig. 11. Laves Phase in 31é + Ti Neutron Irradiated to 35 dpa
at 590°C and X-Ray Spectrum from Extracted Particle.




The Laves phase develops into both globular and lath-shaped particles;
the latter invariably tontain internal faults which give rise tc charac-
teristic streaks in diffraction patterns. Although several orientation
relationships between Laves and austenite have been reported. The number

of variants is so large that Laves particles appear to be randomlv oriented
with respect to the matrix.

Chi Phase_ (y)

Chi phase is an Fe-Cr—Mo compound, chemically and .
structurally related to ¢ phase, which was first detected by Andrews and
Brookes in thermally aged steels containing Mo. (21). This phase was sub-
sequently shown to possess an ordsred B.C.C., y-Mn Al2 structure having 58
atoms per unit cell and with a, ~ 0.88nm (22). It is believed to be a
carbon-dissolving compound. Its formation in AISI 316 stainless steel has
been reviewed by Weiss and Stickler (15). In their study, chi phasc was
genetally found in the same temperature range as sigma, and frequently
preceded the formetion of sigma. The composition in wi? was found to be
22Mo-21Cr-32Fe~5Ni. OQur own limited observatioaz of chi phase are sum-
marized in Figure 12, Minor quaatities of this phase were observed in
AISI 316 =2gcd at temperatures from 700° to 850°C and also in a 316 + Ti
alloy aged 750°C. A limited amount of chi phase was observed in both AISI
316 and 316 + Ti irradiated in HFIR at 650°C.

ThY

-~ —316_—-—- -
10,000 h Aged

316 + Ti

500 h Ared

316, 316 + Ti
HFIR, 40-60 dpa

A 1 l
L0 700 800 900

TEMPERATURL, °C

Fig. 12. Tewmperature Range of Chi Phase For-
mation. ‘

Sigma Phase (o)

The sigma phase classification encompasses an extremely wide range of
compounds containing one element from Group VA or VIA with a second element
from the First, Second, or Third Long Period. The crystal structure is
tetragonal, D8 , P4/mnm with c/a ~0.52, and 30 atoms per unit cell. The
sigma phase FeBr is frequently observed in 300 series austenitic steels
containing ~14% Cr during thermal aging at 650°-%30°C and its formation is

generally accelerated by the additions of Ti or Mo. Sigma formation



in binar}, ternary, and complex alloy systems has been reviewed by Hall and
Algie (23). Time-temperature precipitation diagrams for the formation of a
sigma phase in AISI 316 stainless steel have beun presented by Weiss and
Stickler (15).

Our observations on signma phases development are summarized in Figure 13.
During therwal aj;ing, this phase developed in both AISI 316 and 315 + Ti
steels over the temperature range 600°-900°C. Fcr both alloys, the rate of
sigona formation was eumhanced by neutron irradiation and the temperature
range extended downwards to 550°C. Sigma phase formation was not observed
during irradiation with 4MaV XNi ions. An example of a ¢ phase. diffraction
pattern and x-ray spectrum is shown in Figure 74, ., The oEly chemistry data
presently available is for specimens thermally agad at 650 9. -The average
composition was found to be 1.48i-6Mo-37Cr-50Fe--5Ni, which is in good agree-
ment with the composition reported by Weiss and.Stickler (15).

Sigma

314
10,000 h Aged

316 + Ti
10,000 h Aged = Fig. 13. Temperature Range
of Sigma Phase
316, 316 + Ti Formation.

HFIR, 9-61 dpa

| L i
600 700 800 900

TEMPERATURE, °C
MC Phase

The MC carbides have a cubic structure, type Bl, Fhan with four metal
atoms per unit cell and lattice parameter a_ - 0.43nm. M-rgfefg to any of
the transition elements Ti, Zr, Hf, V, Nb, or Ta. These compounds exist over
a range of stoichiometry and freguently dissolve other elements such as Mo.
Precipitation of MC carbides occurs in stabilized stainless steels during

thermal aging between 600° and 1050°C a2nd the subject has been reviewed ex-—
tensively (16, 24).

The temperature ranges over which TiC precipitation was observed in var-
ious envirouments are illustrated in Figure 15. During thermal aging of 316 +
Ti alloys, precipitation of TiC occurred at temperatures from-.600°C up to the
solvus temperature at v1100°C; precipitation was particularly zapid over the
range 750°-850°C. During neutron irradiation in EBR-II, precipitation of TiC
was observed from 510°C up to the highest temperature investigated, i.e., 650°C.
The abserce of TiC at lower irradiation temperatures does not appear to be a
kinetic problem. When TiC was precipitated prior to irradiation by cold
working aud aging, dissolution occurred during subsequentAirradiation in
EBR-II at temperatures at or below 500°C. This low temperature instability
may be related to the rapid development of G phase which occurs in this
temperature range. In contrast to this behavior, precipitation of TiC was

observed in heats of 316 + Ti irradiated in HFIR at temperatures as low as
280°c.
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Fig. 15. Temperature Range of MC Formatiom.

Precipitation of TiC during 4MeV Ni ion irradiation was limited to the
temperature range 700°~750°C and only occurred in heats of 316 + Ti in which
G phase formation was restricted. Whenever G phase was the dominant mode of
precipitation, TiC precipitation was suppressed well below the volume frac—
tion which develops in an equivalent thermal aging treatment.



Data on the composition of the MC phase are presented in Table VII and
a typical EDS spectrum is shown in Figure 16. Large concentrations of Mo
were present in specimens annealed at 1050°C, together with smaller amounts
of Fe and Cr. The presence of Si was not detected. The residual elements
V and ¥b which are normally present at levels of 50—100 ppm coprecipitated
with Ti and reached councentrations of several wtZ in the MC phase. Particles
which precipitated during irradiation of the same heat in HFIR at 600°C
contained a significantly higher proportion of Mo and in fact Ti and Mo
were present in approximately equal amounts. The third set of data shown
in Table VII is for 316 + Ti irradiated in EBR-II at 500-650°C. Again, Mo
was a major constituent ranging from 8 to 307%, and in this material; signifi-
cant quantities of Ni and Si were also present in some particles,

|
ORNL Photo 4168-80 I

9Ma-80Ti- 3Cr-6Fe-2Ni

Fig. 16. MC Phase in 316 + Ti Neutron Irradiated to 35 dpa at
650°C and X-Ray Spectrum from Extracted Particle.

Table VII, Microchemical Analysis of MC Particles, wtZ

Exposure T
Alloy Condition | Si Mo Ti Cr Mn | Fe Ni v N
+ Ti
316 + T TZQE‘I? 20 | 6 | 1 1 {313 9
1050°C/1h |7 16-24 | 62-69 | J4~2 | ==~ 0-2 {0~.8 {2-3} 7-10
316 + Ti HFIR -
30 dpa 4 3] 37 6 o2 8 3 7 2

600°C 0-11} 33-44 } 30-46| 3-7 |0-1} 5-11} 1-6 {5~8} 0-5

> Ti EBR-1I
Hem 30-40 dpa 3 16 62 4 6 9
500-6500¢ | 04| 8-3055-80| 0-7 {---| 0-11{ 0-19 ==~ | —--




The large misfit strain between MC and the austenite matrix may be re-
lieved by dislocation punching or by a flow of vacancies. Several nucleation
mechanisms exist for MC, each associated with a different mechanism for the
relief of misfit strain, e.g., decoration of dislocations; planar aggregates
on [100] planes as a result of repeated nucleation on climbing dislocations;
repeated nucleation on a climbing Frank partial; strings of particles in <100>
directions; precipitation of uniform dispersions on vacancy clusters. Normally
TiC develops with a cube-on-cube orientation with the matrix. Recently, however,
a new morphclogy and habit was observed (30). During high temperature thermal aging
and during HFIR irradiation of several heats of 316 + Ti, a rod morphology
was observed with the rod axis along [110]T1C” [110]7. The crystal habit was
found to bte close to the twin relationship for FCC crystals.

Iron Phosphide (Fe»t)

The structure of the large class of binary transition metal phosphides
has been reviewed by Rundqvist (31). The existence of phases of this type
in austenitic stainless steel with normal levels of phosphorus has been
reported recently. Bentley and Leitnaker (32) reported a needle-shaped
hexagonal phase (ap = .608 nm, co = .364 nm) growing in <001> directions in
AIST 321 stainless steel which had been aged for 17 years at "600°C. Precip-
itation of a phosphide phase in an 18Cr-10Ni stainless steel containing
0.3 wt Z P was described by Rowcliffe and Nicholson (33).

In the present work, although FesP was not observed in thermal aging
experiments, it was observed in both AISTI 316 and 316 + Ti irradiated in
EBR-II, Fig. 17. 1In solution annealed AISI 316, needle-shaped particles
tentatively identified as the phosphide phase, developed during irradiation
over the range 200—625°C. This phase was not observed in the cold-worked
condition. 1In a heat of 316 + Ti containing .04 wt %Z P, the phosphide phase
was the dominant mode of precipitation at 600°C, Fig. 18. This precipitate
was identified as a hexagonal phase with ap = 0.604 nm and cg = .360 nm.

The particles adopted a thin lath morphology with rapid growth occurring
along <0Ul>, direction as a result of close matching with the particle c-
axis direction. The orientation relationship was (0001)fe,p/ (001)y and
(1210)peop/# (110)y; consistent with the observations of Bentley and

Leitnaker (32). A limited number of analyses -vere obtained from extracted
particles and an example of an EGS spectrum is shown in Fig. 18. The average
composition was found to be 16Si-19Cr-29Fe~27Ni-5P-4S. Thus, Si, P, and S
are all highly enriched in this phase. In comparison, the composition of

Fe..P

316 + Ti
EBR-TT, 30-40 dpa
Fig. 17. Temperature Range

of Fe,P Formation.
316

EER-11, 5-10 dpa

i | 1 L L
400 500 aG0 700

TEMPERATURE, °C
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Fig. 18. FeyP Phase in 316 + Ti Neutron Irradiated to 35 dpa
at 600°C (Z = [001]Y) and ¥-Ray Spectrum from Extracted
Particle.

the rhase abserved by Bentley and Leitnaker was 27Ti-4Cr-27Fe~17Ni-7P-18As.
In spite of the compositional differences, the crystai structure, lattice

parameters, and morphology are sufficiently similar to justify classifying
both phases as belonging to the Fe,P? type.

Phases Formed During Alloy Fabrication

Under this heading, we include all the oxides, sulphides, nitrides, and
other compounds which are formed either during alloy melting and solidifica-
tion, or during high temperature fabrication. The number of such phases is
surprisingly large and data are presented on six phases which have been
identified in Ti-modified stainless steels. These particles are generally
fairly large and frequently become stringered during rolling operationms.

The compositions of these phases are presented in Table VIII. The
phases Zr0 and ZryC,S8, were detected in heats containing as little as
0.02 wt % Zr. Both phases were notable for containing high concentrations
of Ti. The 316 + Ti contained TiWN and this phase did not appear to dissolve
other elements. The volume fraction of these compounds depends upon the
levels of Zr, 0, and N impurities in the steel. Their formation is signifi-
cant because to some extent, the volume fraction of these phases affects
the amount of free Ti available for precipitation reactions during aging.
Three other compounds were frequently detected, namely, (a) a titanium carbo-
nitride rich in S, (b) an unidentified Ti compound containing Mn, and
(c¢) an unidentified compound rich in Si and Mn.

Discussion

A total of nine phases have been identified which precipitate from the
austenite solid solution during exposure to thermal or irradiation environ~
ments. In addition minor quantities of at least three other phases which pre-
cipitate during alloy solidification or high temperature fabrication have
been identified. For convenience, the crystallographic data on these phases
are summarized in Table IX. Data is continually being accumulated from various
irradiation and aging studies which will eventually allow us to develop time-
temperature-precipiration diagrams for these phases in both thermal and irradiation
environments. It will then be possible to attempt quantitative analysis of



TABLE IX
SUMMARY OF CRYSTALLOGRAPHIC OATA QF PRECIPITATE PHASES

LATTICE
. OLUTE ATOM PIC ENT.
PHASES  CRYSTAL STRUCTURE pAR’(‘”E{ER PER UNIT CFLL  HORPHOLDGY ?egNMﬁ%w
nm
Y Cubic, A1, Fm3m ag = 0.36 4 Matria —
y-© Cubic, L1y, Fmdm a5 = 0.35 4 Small Sphere  Cube-on-Cube
G Cubic, Al, Fm3m ag = 1.12 116 Small Rod Random
FE:P Hax., C22, P321 ag = 0.604 6 Thin Lath (]Zlo)ppt// (Oll)y
cp = 0.36 (0001} ppt// (001}
n Cubic, £95, Fd3m ag = 1.08 96 Rhombohedral  Cube-on-Cube or
Twin
-aves Hex., Cl4, Po/mme ag = 0.47 12 Faulted Lath  Many Variants
cg = 0.77
M.4Cq Cubic, D8y, Fm3m ay = 1.06 92 Rhombohedral  Cube-on-Cube or
Platelet Twin
MC Cubic, B1, Fm3m ag = 0.433 4 Smaill Sphere  Cube-on-Cube
¢ Tet., D3, P4/mnm ag = 0.88 30 Various Many Variants
tg = 0.46
X Cubic, M2, I83m ap = 0.89 58 Various Many Variants
TiN Cubic, B, Fm3m ag = 0.425 4 Large Cuboid
Ir,C;S, Hex., P6,/mmc ap = 0.34 GClobular
Cg = 1.21

ZrQ Cubic, B1, Fm3m ag = 0.46 4 Globular




Table VIII. Microchemical Analysis of Insoluble Phases, wt%

Phases | Si | Mo Ti Cr Mn Fe Ni Other Elements
40 Zr 41(22-59)
25,0989 |oom |oo=] 26-53 | —o= | == | == | ——- S 20(15-25)
3 i 5 T 1o 7
z2x0 0-8 |-——| 5-33 | 1-4 |.6-2 |s-14 |2-15 | zr 57(42-65)
TiN e e | =100=] === | == |- — | e
. 35 17 7 a1
SI-Rich 19 sl | 9-25 | 6-8 | 37-45| = [ o | = oo
Ti-Rich { 1 __ | _go— | —g- | —12= | - — ]
T1(C,N 2 60 3| .21 8 1 V 3(2-4)
s —— |1-2] 55-65| .4-5| 0-.4 | 1-15| 0-2 | M 2(1-2)
S 22(19-25)

the effects of irradiation on phase stability in these complex alloys. How-
ever, even from the present data it is possible to discern the major effects
of radiation on the phase relationships in 316 and 316 + Ti alloys. Cne of
the striking features of this work is that detailed TEM examination of
alloys irradiated in two reactor environments and also with 4 MeV Ni ions
did not reveal any new phases. All the phases identified have also been
observed in thermal aging studies. However, the appearance of two of the
phases identified, namely y* and G, was totally unexpecied in the alloy com-
positions being studied. Both of these phases are characteristic of ternary
or quarternary systems far removed from the base cowmpositions of the 316 and
316 + Ti stainless steels. These phases are termed radiation-induced since
(a) they cannot be produced by thermal aging of the alloy composition being

considered and (b) they undergo reversion during postirradiation annealing
at the irradiation temperature.

A second irvadiation effect manifest in this work is an increase in the
kinetics of precipitation of certain phases. Thus it has been observed that
for comparable exposure times and temperatures the volume fraction of a phase
is higher in the irradiation environment. In addition, for similar exposure
times, appreciable precipitation of certain phases sometimes occurs at lower

temperatures in a neutron-irradiation environment. This is termed radiation-
ennanced precipitation.

The application of x~ray microanalytical techniques in phase identifica-
tion has revealed a third major irradiation effect. Each of the phases
examined accommodates a wide variety of atomic species and may encompass a
surprisingly wide range of atomic proportioms; particle to particle varia-
tions of a factor of ~2 in a given elemental concentration are not uncommon.
However, for some phases, the average composition which develops during
irradiation differs markedly from that produced during thermal aging, prin-
cipally because of the incorporation of substantial concentrations of Ni
and/or Si. Such phases are termed radiation-modified.

The modifications to precipitation behavior described above appear to be
primarily governed by radiation-enhanced diffusion and radiation-induced
segregation. Many precipitation reactions in the austenitic



stainless steels are sluggish at temperatures below 600°C and extremely long
aging times are required to approach equilibrium. Because of the enhanced point
defect concentrations, the diffusion coefficients of solute and solvent

atoms may be increased by several orders of magnitude particularly during
neutron irradiation at temperatures below A550°C (34). Precipitation of

phases which depend upon concentrations of Fe, Cr, and Mo for their develop-
ment are frequently enhanced because of increased atomic mobility.

High temperature irradiation induces fluxes of interstitial and vacancy-
type defects to internal sinks such as dislocations, grain boundaries, voids,
and interfaces. When migration of either defect type occurs by preferential
association with selected soluie species, a coupled net flux of solutes to
point defect sinks develops. It is well established that such radiation-
induced segregation provides a powerful mechanism for transporting sufficient
solute to change local concentrations of solute by several orders of
magnitude (35).

It has been shown that in the binary Ni-Si system, Si atoms are pre-
ferentially transported to sinks through the rapid migration of silicoan-
defect complexes (36—38). It has also been shown that during the irradia-
tion of Fe-Cr-Ni ternary alloys, Ni becomes enriched at sinkzs (39,40) possi-
bly because Ni is the slowest diffusing component of this system.

These solute transport mechanisms also operate in complex alloys. Tor
example, Xenik (41) has detected the segregation of Si to interstitial loops
in a Ti-modified stainless steel irradiated with Ni ions. 1In addition,
Marwick et al. (42) observed that Ni segregates strongly to void surfaces
in a complex Ni alloy during jion irradiation. The radiatjon-induced phases,
G and y~, are characterized by high concentrations of Ni and Si suggesting
that the transport of these elements along point defect gradients is a
dominant factor in the nucleation of these phases. Nucleation occurs when
a critical concentration is exceeded by segregation to a loop. The creation
of a particle-matrix interface which provides sites for point defect
recombination ensures a continued flow of solute to the embryonic particle.

The phases which develop during thermal aging also develop during irradia-
tion. Their interfaces provide sites for point defect annihilation and large
point defect gradients are set up. Phases with a negative voluxetric mismatch
with respect to the matrix will tend to have a bias for interstitials and hence
the solute flux will be biased towards those atomic species preferentially
migrating by an interstitial mechanism. The converse is true for phases with a
positive mismatch. Thus the sense of the volumetric mismatch influences the
proportions of atomic species ariving at the interface. For both types of
phases the net flux is different from that which develops in a thermal environ-
ment both in magnitude and in composition. Whether or not the composition of a
given phase is modified by radiation depends upon whether or not there is
appreciable solubility for the preferentially migrating species. For example,
Ni is soluble in Laves phase and during irradiation a modified Wi-rich Laves
phase develops. On the other hand, phases such as M;3Cg and MC essentially
reject the additional components of the radiation-induced atomic flux and absorb

the same proportions of elements as they absorb in a thermal environment;
they are enhanced, but not 1"»dified.

The principle phases obscrved in the neutron irradiated 316 and

316 + Ti alloys may be categorized in terms of the preceding discussion as
follows:

(a) v~ phase: radiation-induced, enriched in Ni, Si. Reversion of this

phase during postirradiation annealing was demonstrated by
Brager and Garner (43).
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(t) G phase: radiation induced, enriched in Ni, Si, Ti, and Mn. Reversion
of the G phase produced by Ni ion irradiation of 316 + Ti was
described in the previous section.

(c) n phase: radiation-enhanced, but not modified. Enriched in Ni and Si
as well as Mo and Cr during thermal aging., Essentially the
same composition develops during neutron irradiatiom.

(d) M;3Cgphase: neither erhanced or modified. Enriched in Mo and Cr.
Approxim:tely the same compositions and volume fractions were
observed in thermal and irradiation environments.

(e) Laves phase: radiation—-enhanced and modified. Enriched in Mo and Si
and rejects Ni during thermal aging. During neutron irradia-
tion, Ni is accommodated, the proportion of Ni increasing as
the irradiation temperature decreases.

{f) MC phase: Enhanced but not modified. Enriched in Ti and Mo and rejects
Ni in both thermal and radiation environments. May be sup-
pressed under conditions favorable for G phase formation.

(g) o and Fe,P phases: There is presently insufficient data to categorize
these phases. There is some evidence that ¢ phase formation
is enhanced by irradiation in HFIR and that FejP phase forma-
tion is enhanced ard modified by irradiatjon in EBR-II.

It is thought that the temperature range of stability and the temperature
dependence of composition of the radiation induced or modified phases strongly
raflects the temperature dependence of the segregation of Si and Ni. For
example the decline in the nucleation rate aof y” and the decrease in the Ni
content of Laves and n phases as the neutron irradiation temperature in-
creases above 525°C probably reflacts a peak in the Ni segregation rate
at 450-500°C. Radiation induced sejregation is also thought to be a domi-
nant facter in determining the relative proportions of phases in a given
irradiation enviromment., For example the G and MC phases coexist during
EBR-II neutron irradiation at temperatures above 550°C. However, at lower
temperatures the G phase dominates to the exclusion of TiC. It is probable
that the rapid segregation of Ni and Si to loops creates favorable conditions
for G phase nucleation; the Ti required for MC nucleation is absorbed in the
G phase and there is insufficient supersatvration of Ti for MC nucleation.

On the other hand, during irradiation in HFIR conditions for the rapid
segregation of Ni and Si are not as favorable; G phase formation is severely
restricted and MC precipitation occurs over the entire range 300 to 650°C.
Compared with irradiation in EBR-IT y” precipitation is also restricted
which is another indication that Ni and Si segregate less strongly in this
environment. This is possibly related to the additional sinks in the system

resulting from the nucleation of a high number density of small helium
bubbles.

The effects of damage rate on phase stability in 316 and 316 + Ti alloys
were discussed in earlier papers (14, 44). Subsequent work has confirmed pre-
vious observations that, during 4 MeV Ni ion irradiation at ~10~? dpa/s, very
little precipitation occurs in AISI 316 over the range 525-700°C, The Y-,
Laves, and ¢ phases do mot develop; only small isolated particles of n
phases are observed. In our earlier work, the major high temperature
phase in neutron irradiated AISI 316 was described as a Ni- and Si-rich
M73C¢. On the basis of the more thorough diffraction and chemical analyses

described in the preceding section, this phase is more correctly designated
as n phase.

In the 316 + Ti alloy, both G and eta phase precipitate during Ni iom
irradiatijon. The experimental evidence indicates that the temperature for
maximum rate of formation of G phase is shifted upwards by approximately
200°C. This agrees well with the upward shift in peak swelling temperature



in AISI 316 which accompanies an increase in Qamage rate of le3 (AQ)“ Al-
though Laves is a major phase in 316 + Ti during both neutron irradia- '
tion and thermal aging, it does not develop during Ni ion irradiation. This
is not a kinetic problem related to the brief duration of Ni ion irrgdia—
tions, since Laves phase produced during prior neutron irradiation dissolved
during subsequent Ni ion irradiation at approximately the same tewptcature.
During Ni ion irradiation conditions are highly favorable for rapid segrega-
tion of Ni and Si and precipitation of G phase. The resulting changes in
matrix composition are apparently sufficieat to destabilize the Laves phase
and induce its dissolution. The dominant influence of radiation induced
segregation and G phase formation also restricts the precipitation of MC
which is thermally stable at the ion irradiation temperatuvre. The post-
irradiation annealing experiment described for Ni ion irradiatea 316 + Ti
clearly demonstrates a reversal in the balance between these two phases on
removal of the radiation induced solute fluxes.

Conclusions

1. Based upon electron diffraction and EDS analyses, nine different phases
have been identified which develop in AIST 316 and 316 + Ti alloys
during exposure to thermal and radiation environments. In addition,
three other phases have been identified which develop during alloy
melting or fabrication.

2. Determination of the temperature ranges of formation and the chemical
compositions of the phases indicates that the principal effects of
irradiation are to (a) induce the formation of unexpected phases,

(b) enhance the kineties of phase formatiom, and (c) modify the
compositions of the phases formed during thermal aging.

3. The dominant factor involved in the formwation of radiation-induced
and radiation-modified phases is the point defect flow-induced
segregation of Ni and Si to internal sinks.

4. Two of the observed phases (v~ and G) are radia_ion induced. The
compositions of the Laves and Fe,P phases are modified under irradia-
tion to include Ni and Si respectively. The compositions of the phases
n, M23Cs and MC are not significantly changed by irradiation.

5. Although radiation-enhancement of the rate of formaticm of certain
phases is frequently observed, it is also possible for the develop-—
ment of thermally stable phases to be curtailed when irradiation con-

ditions favor the development of phases driven by the segregation
of Ni and Si.
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