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ABSTRACT

The precipitation response of annealed type 316 stainless

steel irradiated in HFIR is studied and compared to previously

observed thermal aging and fast reactor irradiation responses.

Irradiation in HFIR. simultaneously produces high levels of helium

and displacement damage and partially simulates a fusion environment.

Samples have been irradiated at temperatures from 550—680°C to

fluences producing up to 3300 appm He and 47 dpa. If the

precipitation response after HFIR irradiation is compared to that

after thermal aging on a time-temperature-precipitation diagram,

HFIR irradiation results in similar phase combinations, but shifted

,:o lower temperatures and shorter times relative to thermal aging.

The shifts range from 70°C to 200°C and are different for different

phase combinations. The phase regions resulting from fast reactor

irradiation require little or no shift in temperature or time relative

to thermal aging. Therefore, HFIR irradiation also results in

shifting the phase regions to shorter times and lower temperatures

relative to fast reactor irradiation. The addition of simultaneous
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helium production to the irradiation environment is coincident

with the absence of the unidentified rod shape precipitate and

the presence of MgC and Laves phases for HFIR relative to fast

reactor irradiation at similar temperatures and fluences. Most

voids produced by irradiation in a fast reactor are heterogeneously

nucleated on the rod shaped precipitates or fc^Cg and after HFIR

irradiation only a fraction of the cavities are attached to

precipitates with Laves being the most preferred and M23C6 the

least preferred. Helium has been shown to change the swelling,

mechanical properties and cavity response of annealed type

316 stainless steel relative to fast reactor irradiation.

Helium is shown to change the precipitate response as well,

and is important in understanding and anticipating fusion environment

materials response.



Introduction

Precipitation as a result of phase instability is of concern for

materials exposed to various environments during engineering applications.

Precipitation is important because it can alter the properties of an alloy.

Phase instability and the resulting precipitation reactions, however,

are different for different environments. In stainless steels, precipitation

accompanies high temperature service or irradiation exposure and can produce

several different effects. Precipitation on a fine scale can produce

strengthening, but removal of elements that promote solid solution

strengthening by coarse precipitation can reduce strength. Fast neutron

irradiation can alter the precipitation response by changing the kinetics

or by altering the free energies of various phases relative to one another

due to the mixing of excess vacancies produced by displacement damage.1

In addition, precipitation during irradiation, may remove alloying elements

that retard swelling when in solid solution and, in some instances, provide

additional nucleation sites for voids. In a fusion reactor environment,

helium will be produced in addition to displacement damage. Simultaneous

production of high levels of helium and displacement damage can simulate a

fusion environment and has been shown to change the swelling,2 mechanical

properties,3 and the cavity component of the microstructural1* response. It

might well be expected to change the precipitation response also. The

available literature data on precipitation provides a good base upon which

to compare the simulated fusion precipitate response.

The thermal aging response of 316 stianless after solution annealing

(105O-126Q°C for 1—1.5 hrs) has been consistently characterized by Weiss and
.•42-3

Stickler5 and Spruiell ef. al6 for thermal aging temperatures ranging from
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480-900°C and for times up to 3000 hr. The compositions of the steels used

in both studies are given in Table I. A tiine-temperature-precipitation (TTP)

diagram is a sequence of phase regions defined by the phase combinations

observed after isothermal aging for various exposure times. Weiss and

Stickler's results are presented in a TTP diagram in Fig. 1, for aging after

annealing at 1260°C for 1.5 hr. They also proposed a scheme of phase reactions

to explain the phases observed, and this is shown in Fig. 2. M23C5 was found,

as shown in Fig. 1, up to 900°C after 1500 hrs. Samples treated above this

temperature were not examined, and the upper limit for M23C6 formation was not

verified experimentally. M23C6 particles were found to precipitate successively

at grain boundaries, twin boundaries, and finally intragranularly. Trace

amounts of M6C were observed after 1500 hr at 650°C. The scheme of Fig. 2

indicates that MgC forms from M23C5. Sigma phase was observed after 1500 hr

at about 820°C and after longer times at lower temperatures. It was observed

successively at triple points, grain boundaries, incoherent twin boundaries,

and finally on intragranular inclusions. Chi phase, observed after 150 hr

at 815°C, had a similar nucleation site sequence to sigma phase. Laves phase,

observed after about 150 hr at 730°C was found to precipitate intragranularly

and only occasionally at grain boundaries. As observed from Fig. 1, chi and

Laves both exhibit C-type curves, and chi is the higher temperature phase of

the two. The findings of Spruiell et al. were similar to these. They

compared 316 annealed at 1050°C with 316 annealed at 1200°C, and at a carbon

content of ^0.6 w% show that both treatments produce similar microstructures

and hence justify comparison with Weiss and Stickler who annealed their

material at 1260°C.

The fast reactor response of solution annealed (1/2—1 hr at 1050°C)

type 316 has been examined by Bloom and Stiegler,7 Leitnaker et al,8 and Brager

and Straalsund9 after irradiation in the Experimental Breeder Reactor-II
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(EBR-II) and by Barton et al 1 0 after irradiation in the Dounreay Fast Reactor

(DFR). The compositions of these steels are given in Table I. Collectively,

those authors examined 316 stainless steel irradiated at 380—850°C at

fluences producing up to ^30 dpa (for times up to ^7500 hrs) and ^5 appm He.

• All agreed that there was no precipitation of I^Cg, MgC or the interraetallic

phases below 425°C. Cawthorne and Brown,11 however, observed a fine gamma-

prime phase after irradiation at 27O-54O°C in DFR. The precipitate density

was 0.8-4.2 x 10 1 5 ppts/cm3 and the particles ranged from 80—230 A* in diameter.

Brager and Garner12 also observed gamma-prime in 316 after irradiation at

475°C in EBR-II and identified it by energy dispersive x-ray analysis as

Ni3Si. Ni3Si was found after thermal aging of 316. ^23^& w a s found generally

at the grain boundaries after irradiation at 425—750°C and also intragranularly

above 500—525°C. The precipitate density of intragranular M23C5 after

irradiation at 580—700°C to M.0 dpa was 1-2 x 10 1 2 ppts/cm3, as observed by

Bloom and Stiegler. An unidentified rod or needle-like precipitate was observed

by all investigators for irradiation temperatures from 425—750°C, except for

Bloom and Stiegler, who do not see it until 'vSo'CC. The needle axis was parallel

to [3 00] y in the matrix, and Bloom and Stiegler observed a precipitate density

of 4 x 10 1 3 ppts/cm3 after irradiation at 'v580°C to ^10 dpa. This phase which

does not appear during thermal aging of 316, was observed by Brager and

Straalsund to dissolve after post irradiation annealing at 800°C. After

irradiation at 750°C, Brager and Straalsund identified massive, isolated rods

of chi phase, and Bloom and Stiegler reported metallographic observation of sigma

phase at the grain boundaries. Laves phase and MgC were not reported by any

of these investigators. Voids were generally associated with the rod shaped

precipitates and at higher temperatures with M23C6 also. Only Bloom and

Stiegler noted extensive void association with



Table I. Compositions of Stainless Steel in (w %)

Alloy Reference Cr Mo Ti Si N B Cu Fe

316

316'

316

316

316

Weiss et al.5
17.4

Spruiell et al.s 17.3

Bloom et al.3»7 18'°
& this work

Brager et al.9 17.8

Barton et al.10 17•3

12.3

13.3

13.0

2.05

2.33

2.58

1.57

1.72

1.90

0.003

0.05

0.21 0.066

0.40 0.06" 0.012 0.007 - -

0.80 0.05 0.013 0.016 0.05 >0.0005

13.55 2.33 - -

11.4 2.5 1.54 -

— balance

0.30 0.052 0.12 0.020 0.04* >0.0005 0.2

0.32 0.039 0,011 0.003 0.023 0.0018

• ' * •



If the data after fast reactor irradiation are compared to those of thermal

aging for similar exposure times, M23C69 sigma, and chi phases appear after fast

reactor irradiation at about the same or slightly lower temperatures and on the

same nucleating sites as after thermal aging. Laves phase and MgC are present

after thermal aging, but have not been reported after fast reactor irradiation.

Ni3Si and the unidentified rod shaped phase are present after fast reactor irradiation,

but are not found after thermal aging. A temperature shift of no more than 50°C

gives coincidence of the phase regions for fast reactor irradiation compared to

thermal aging.

Simultaneous helium and displacement damage production during irradiation

simulating a fusion environment as mentioned above, have been shown to change

the swelling,2 mechanical properties,3 and microstructural*1 responses of 316

stainless steel relative to fast reactor irradiation which produces displacement

damage with very little helium. Helium may well be expected to change the

precipitation response also. Calculations13»14 have shown that helium is very

effectively trapped in vacancies and He-vacancy complexes. This is supported

experimentally by helium release measurements.11* A single helium atom in a vacancy

may not prevent free recombination of Frenkel pairs, but several helium atoms

may introduce a barrier to the process.13 Thus the fraction interstitials

recombining with vacancies would decrease, while the fraction precipitating

in matrix as second phases or interstitial loops would increase. The fraction

migrating to existing sinks would increase as well. Also, the fraction of

vacancy clusters reaching precipitated interstital clusters would be reduced due

to decreased mobility of the vacancy clusters with helium in them as will their

progressive immobilization by agglomeration into gas filled clusters of larger size.

These processes may shift or alter the free energies of the various phases differently

during fusion irradiation relative to thermal aging, or to fast reactor irradiation.



These processes may shift or alter the free energies of the various phases

differently during fusion irradiation relative to thermal aging, or to fast

reactor irradiation. It Is, therefore, desirable to study the precipitation

response after irradiation in the High Flux Isotope Reactor (HFIR), which

produces high levels of helium and displacement damage simultaneously, and compare

it to thermal aging and fast reactor results.

Experimental

The composition of the type 316 stainless steel used in this investigation

is giver, in Table I. The final sample preparation involved a 50% reduction in

area by swaging, machining into tensile specimens, and annealing for 1 hr at

1050°C, before irradiation in HFIR. The details of the irradiation experiments

in HFIR have been reported2 »3 >l+ and will be summarized here. The irradiation

temperatures were calculated based upon a known heat transfer geometry and

calculated values of nuclear heating calibrated against measurements using SiC

temperature monitors. Uncertainties in the actual irradiation temperature arise from

assumptions about the nuclear heat generation in the irradiated material used

to calculate the irradiation temperature. The uncertainty in temperatures may be

50—75°C depending upon the nuclear heating values used, the swelling of the

specimens, and the average power level of the HFIR per cycle. Helium concentrations

were interpolated from calibration curves fitted to data measured by vacuum fusion

and mass spectrometry on selected samples. The dpa levels were calculated from

the model recommended by the Specialists Meeting on Radiation Damage Units of the

International Atomic Energy Agency.1 & The irradiation parameters are given in

Table II.

Microscopy disks were cut from the gage sections of tensile specimens. In

some cases the specimens had been tensile tested near the irradiation temperatures.



Table II. HFIR Irradiation Parameters

Neutron Flux Neutron Fluence Displacement Helium
Sample Condition Irrad. Temp. E > 0.1 MeV (E > 0.1 MeV) Damage Content

°C (x 10 1 5 n/cm2 sec) (x 10 2 2 n/cm2) (dpa) (appm)

Annealed 316

n II

550

600

680

0

1

1

.95

,40

.38

6.18

4.21

6.91

42

30

47

3000

2000

3300



The stainless steel disks were thinned using the two step thinning process

described by DuBose and Stiegler.16 They were examined using JEOL 100-C

(120 kV) and Hitachi 1000 (1 MeV) transmission electron microscopes (TEMs)

both equipped with side entry double-tilt holders. Good tilting capability was

essential to identify the precipitates and establish their habits relationships.

Precipicates were identified by tilting to at least three low order zones making

use of the kikuchi line pattern and by matching the interzone angles to the

tilted angles and the diffracting planes and their included angles within each

zone to reported crystallographic data. The orientation relationships were

also obtained from the diffraction patterns and illustrated by plotting the

stereugraphic projection of the precipitate phase of the F.c.c. matrix (001)

.stereographic projection. Chemical analysis was attempted using the JEM 100C

TEM equipped with an energy dispersive X-ray spectrometer and STEM attachment.

However, the residual gamma radiation due to neutron activation of the steel in

HFIR resulted in such a large background count rate that reliable analysis was

precluded. Chemical analysis will be performed on extraction replicas which

result in low residual activity. 6

Three annealed 316 samples irradiated in HFIR from 550-680°C to 2000—3300 appm

He and 30—47 dpa, as well as two unirradiated samples of annealed 316 aged for

10,000 hr at 600°C and 650°C were examined in this study.

Results

The experimental conditions and phases observed are presented in time,

temperature, precipitation (TTP) diagrams in F_gs. 1 and 3, and are summarized

in Table III. The orientation relations of the precipitate phases relative to

the auste.nite (face-centered cubic) matrix are presented in Figs. 4 and 5 and

summarized in Table IV.



Table III. Summary of Precipitate Analysis on Aged or Irradiated Type 316 Stainless Steel

Exposure
Temperature, 6C

Aged Samples

600

650

Irradiated Samples

550

600

680

Exposure
Time, hr

10,000

10,000

VL6,000

* 7,800

-vl3,000

Intergranular
Phasea

M 2 3C 6 Type I

M 2 3C 6 Type I
Sigma Type II

M2 o C6 TyPe I

Sigma Type I

Sigma**

Intragranular
Phase

M23C6 Type I

M23C6 Type I
M6C Type II
Laves Types I, II

M23C6 Type I
MGC Type I, II
Laves Type I, II

Laves Types I, II

Chi Type I

Cavity Association
with Intragranular

Phase

-

Little or None
Some

One large cavity
per precipitate

High

Some '•.

Cavity Volume
Fraction, %

-

-

8.5 + 2.5%

1.5 + 0.3%

7.0 + 2.5%

Orientation relationships are defined in Table IV and illustrated in Fig. 4 and 5.

Orientation relation was undetermined.



Table IV.

Precipitate Phase Orientation Relation Type Parallel.Planes
Ratio of Inter-
planar Tpacings

(d'ppt./dY)a

Lavesb

Ch.c

Sigma

II

I
II

III

II

[TOO] M23C6

[110 ] M23C5

( in ) M6C

(no) M6C

(101) M6C

(OO.l)Laves

(OO.l)Laves

(21.0)Laves

(OC.l)Laves

(ll.O)Laves

(Oll)x

(n i ) x

(on)x

(001 )a

(no)o
(lTl)o
(HO)ff

(IOO)CT

IIC100]Y
1 [no ] Y

1 (TTI)Y

1 (i io)Y

1 (in)Y*

1 (231)Y*

1 (3T2)Y*

I (1T1)Y

1 (1T3)Y

H ( 1 1 0 ) Y

11 (m)Y** .
11 ( 0 1 1 ) Y * * •

11 (0T1)Y**

1 OTl)Y

11 (IIO)Y

11 (lT0)Y

11 (ni)Y
.1 (TTO)Y

d'loo/dioo = 2.95
d'no/dno = 2.95

d'ni/din = 3.08

d'Tio/diTo * 3.08

d' lo i /d i i i = 3.08

d'oo.i/d23i = 8.04
d'oo-i/dJIT = 8.04
d'2i.o/dm = 1.14
d'oo.i/dn3 = 7.13

d'n.o/duo = 0-93

d 'o i i /d in = 3.02
d'Tii/dou • 2.01
d'o22/doTi = 5.0

d'ooi/dm = 2.21
d'22o/duo = 4.91

d'lTi/diTo = 2 . 9 0

d'no/diTi * 3.0
d'loo/diTo = 3.46

a Y is f.c.c. with a0 = 3.6 A
Laves d values of interplanar spacing are taken from Andrews et al.

c Fe, Cr, Mo chi phase, with d calculated from a 0 = 8.88 A from Weiss and Stickler.
5

d Fe, Cr, Mo sigma phase, with d calculated from a 0 = 8.88 A, Co = 4.6 A from Weiss and Stickler.
5

*̂ - not exactly parallel, a slight angular displacement.
- several degrees from not being parallel.



The phase boundaries on the TTP curve determined by data taken by Weiss

and Stickler5 have been extended to longer aging times in order to represent

data taken in this work at 600 and 650°C after aging for 10,000 hr. In some

cases the curves were slightly altered, within.the scope of Weiss and Stickler's

data points, in order to be consistent with the phase reaction scheme proposed

by them (see Fig. 2). In particular, the phase region of M6C was added,

because Weiss and Stickler indicate observing trace amounts of MgC after aging

at 650°C for 1500 hr and longer but did not include it in their TTP diagram.

The data of Weiss and Stickler were taken for 316 that had been annealed at 1260°C

to produce a large grain size (average grain diameter of ^560 um). Data in this

work were taken for 316 annealed at 1050°C for 1 hr as the final step in the

fabrication procedure established to produce an order of magnitude smaller grain

size (average grain diameter of ^55 yra). The fabrication steps of the 316 in

this work however included solution annealing for one hour at 1200°C followed by

4C—50% reduction in area by swaging at room temperature, prior to the final cold

work and solution anneal mentioned above. It is, therefore, reasonable to

assume that the amount of carbon in solution, and the homogeneity of its

distribution within the grains was about the same as in Weiss and Stickler's

specimens so that comparison of this data with their data is legitimate. Further-

more, Spruiell et al.6 found little difference in precipitation behavior for solution

anneals of 1050°C and 1200°C.

In this work, aging at 600°C for 10,000 hrs produced M 23C 6, (see Fig. 6)

and aging at 650°C for 10,000 hrs produced M23C5, Laves, occasional sigma

particles and small amount of MgC (see Fig. 7). These observations are consistent

with Weiss and Stickler's reaction scheme for these temperatures and therefore

warrant extension of their TTP diagram to include these data. These samples

were the control samples for the annealed 316 samples irradiated in HFIR. Their



compatability with th.e TTP diagram justifies comparison of the HFIR irradiated

samples with this diagram.

The precipitation response of annealed 316 irradiated in HFIR has been

examined for irradiation at 550°C—680°C to fluences producing 30-̂ 47 dpa and

2000-3300 appra He. After irradiation in HFIR at 550°C to 42 dpa and 3000 appm

He (M.6,000 hrs), l^Cg was found at the grain boundaries and intragranularly;

Laves and MgC were also found intragranularly (see Fig. 8). After irradiation

at 600°C to 30 dpa and 2000 appm He (^7,800 hrs), large isolated sigma phase

particles were observed intergranularly, and Laves phase particles were distributed

intragranularly (see Fig. 9). After irradiation at 680°C to 47 dpa and 3300 appm

He (M.3,000 hrs), large isolated sigma phase precipitates were found intergranularly,

and chi phase was found within the grans( see Fig. 10).

A comparison of the phase combinations observed in the 316 samples after

HFIR irradiation with the phase regions of the TTP diagram is shown in Fig. 3.

The most significant point is that there are phase regions in the TTP diagram

that predict the same phase combinations observed after HFIR irradiation.

Coincidence of whe points and the appropriate regions on the TTP diagram require

a shift of the points both upward in temperature and outward in time relative to

thermal aging results. However, the shift is different for each sample, suggesting

that irradiation has shifted the free energy curves relative to their unirradiated

values by different amounts for each phase. For the sample irradiated at 55P°C,

a shift of ^70°C upward in temperature is needed to obtain the appropriate phase

region on the TTP diagram. The sample irradiated at 600°C requires consideration

of both the TTP diagram and of Weiss and Stickler's reaction scheme shown in

Fig. 2. The curve on the TTP diagram corresponding to the beginning to transform

to sigma, and at higher temperatures, to sigma plus chi. If l^Cg is a metastable

phase, then from Weiss and Stickler's reaction scheme it is logical to assume that



at some later time the transformation will be complete. This means that at

some later time, a sigma + M23C5 + Laves phase region in the TTP curve will

cross a boundary signifying the end of the tranformation o M23Cg to sigma, •

giving a sigma + Laves phase region. Thus, the sample irradiated at 600°C

would require a shift of ^90°C upward in temperature and a shift outward in

time to get to an appropriate phase region on the TTP diagram. The sample

irradiated at 680°C requires an upward shift of ^200cC on the TTP diagram in

order to coincide with the appropriate phase region.

The temperature shifts are approximate and are of course based upon the

assumption that the calculated irradiation temperatures are correct. Until

experiments with more accurate temperature control are available, some shifts

in the irradiation temperature due to experimental uncertainty must also be

considered as a possibility to explain the data. It is clear that a uniform

shift in either time or temperature is insufficient to bring coincidence of all

the irradiated samples with similar phase regions on the TTP diagram. Rather,

different shifts are required for each sample, and each sample has different phases

present. It therefore seems as though the kinetics and thermodynamics of each

phase or phase combination are affected differently by the irradiation. The

net result of simulated fusion irradiation at these temperatures and fluences

seems to be shifting the phase regions similar to those observed after thermal

aging on the TTP diagram, to some lower temperature and shorter time. This is

in contrast to fast reactor irradiation, where phases not observed under any

aging conditions are found after irradiation, but little or no temperature shifting

for otherwise similar phase regions is required.

The orientation relations (OR's) for the phases observed after thermal

aging and after HFIR irradiation were easily obtained from the electron

diffraction patterns necessary to identify a particular phase type. The orientation

relations are obtained by noting coincidence or angular displacement, as measured



by tilt angle and Kikuchi band patterns, of the precipitate zones and the

matrix zones. Further information is obtained by measuring angles between

precipitate and matrix reflections in each low order zone. These orientation

relationships are plotted in terms of coincident stereographic projections

of each precipitate phase relative to the standard (001) matrix projection

in Figs. 4 and 5. They can usually be summarized in terms of several low order

matrix and precipitate planes being parallel. The ratio of precipitate to matrix

d-spacings for parallel low order planes are very nearly integer values. These

ratios are shown in Table IV. This behavior is also noted by Bentley and

Leitnaker19 for sigma phase in type 321 stainless steel. It may well explain

why a particular orientation relationships is observed for a particular precipitate

phase. The orientation relations for M23C5, chi and sigma OR-I are consistent with

data reported by others. The other relationships observed have not been reported.

M6C OR-I and Laves OR-I were found only after HFIR irradiation. Laves OR-III was

found only after thermal aging. All other orientation relationships were

unaffected by irradiation in the HFIR.

If we compare similar phase regions on the TTP diagram for aged samples and

those irradiated in HFIR, HFIR irradiation has changed the morphology and number

density of a particular phase as compared to thermal aging. Compare the sample

aged 10,000 hrs at 650°C (Fig. 7) and the sample irradiated for vL6,000 hrs at

550°C (Fig. 8), Figures 7a and 8a show similar M23C5 precipitation at the grain

boundary for the aged and irradiated samples respectively. Within the grains,

however, M23C5 has changed from narrow laths to square plates or chunks after

irradiation (Fig. 7b and 8b and d). Laves appears similar to thermal aging,

except that the laths are narrower after irradiation (Fig. 7c and 8c). The

precipitate densities of M23C6 and Laves have increased by nearly an order of

magnitude due to irradiation, as compared to thermal aging. The amount of MgC



relative to M23C6 and Laves also seems to have increased as a result of irradiation.

The association between cavities and the various precipitate phases is

shown in Figs. 8, 9, and 10. The cavities have previously been shown to

be consistent with equilibrium helium bubbles. ** There seems to be some cavity

association with nearly every intra- or'intergranular phase, but the highest

cavity association in annealed 316 is clearly with Laves phase at 600°C (Fig. 9b).

The behavior of Laves has changed from association of several large cavities per

precipitate at 550°C to the association of many smaller cavities with each

precipitate at 600°C (Fig. 8c compared to 9b). Intragranular M23C5 ^eems to

have the lowest cavity association (Fig. 8b). . > >

Discussions

The results, summarized briefly, show that HFIR irradiation of annealed

316 at temperatures from 550-680°C results in the precipitation of phases

similar to those produced by thermal aging if compared to samples aged at

higher temperatures and, in some cases, longer times. This is not the case

after fast reactor irradiation, where phases are produced that do not occur under

any thermal aging conditions. Figure 3 shows a cross-hatched region of the

TTP diagram corresponding to times and temperatures observed after fast reactor

irradiation. For fast reactor irradiation of annealed 316, Ni3Si and the unidentified

rod shaped precipitate are observed, phases that are not observed after thermal

aging to any time and temperature. M23C6, sigma and chi phases are observed after

fast reactor irradiation and after thermal aging, with not much of a shift in

temperature or time relative to the TTP diagram. M6C and Laves phases are not

reported. If they are absent, it is significant because then not only has

irradiation caused the presence of new phases, but has also resulted in the

absence of phases normally observed after thermal aging. f

Comparison of the results of fast reactor irradiation and HFIR irradiation

helps to understand the role that helium plays in changing the radiation response



of precipitation. Fusion reactor environments will produce helium and

displacement damage simultaneously whereas fast reactor environments produce

displacement damage with very little helium production. Service in both

environments includes elevated temperatures. Helium has been demonstrated to

change the mechanical properties and swelling of annealed 316.2»3 Helium

has been shown to change the microstructural response of 316 to irradiation,*4

and these microstructures are responsible for the macroscopic properties observed.

To predict or understand the response of materials to the fusion environment, it

is inadequate to extrapolate fast reactor trends to the fusion case. Comparison of

the precipitation response after fast reactor irradiation and after HFIR irradiation

leads to conclusions that simultaneous helium + dpa production is involved in the

fundamental processes that lead to the development of microstructure during

irradiation.

Compare irradiation in HFIR to EBR-II at 550°C. Intra- and intergranular

M23C5 are observed in both cases. N5C and Laves phases are observed intragranularly

after HFIR irradiation and are not observed after EBR-II irradiation. An

unidentified rod-shaped precipitate is observed after EBR-II irradiation, but

not after HFIR irradiation. Compare irradiation in HFIR to EBR-II at 600°C.

After fast reactor irradiation, M23C9 is observed intra- and intergranularly along

with the unidentified rod-shaped poase. After HFIR irradiation sigma is observed

intergranularly and Laves phase, intragranularly. Finally, compare irradiation

in HFIR to that in EBR-II at 680°C. Again, intra- and intergranular M23C6

and the rod-shaped precipitate are observed after irradiation in EBR-II, and

sigma and chi phases are found along with these phases at 750°C. After

irradiation in HFIR, only sigma is observed at the grain boundaries and chi

phase is observed intragranularly. For EBR-II irradiation, the phases M23C6,

sigma and chi appear at times and temperatures consistent with equivalent thermal



aging. In HFIR, as mentioned previously, a shift in temperature and/or

time is required for coincidence of similar phase regions. Since irradiation

temperatures in both reactors are calculated without the benefit of verifying

measurements, these comparisons are not absolute but rather assume correctness

of the irradiation temperatures. But the differences are great enough to

justify the conclusion that the production of helium during the irradiation has

changed the precipitation response of annealed 316.

Not only has the precipitation response changed, but the cavity association

with precipitates is also different after irradiation in HFIR as compared to EBR-II.

Voids are associated with the unidentified rods and M23C6 after irradiation in

EBR-II. Both Brager and Straalsund,9 and Bloom and Stiegler7 indicate that

nearly all voids are attached to precipitates. After HFIR irradiation, cavities

are attached to nearly all precipitate phases, but only a fraction of the total

number of cavities is attached to precipitates rather than dislocations in the

matrix of annealed 316. Since the HFIR case the cavities are most probably

equilibrium helium bubbles, the cavity association is an indication of the

helium accommodation of the various phases. Laves phase has several large

cavities per precipitate at 550°C (see Fig. 7c) and many smaller cavities per

precipitate at 600°C (see Fi^. 8b) after HFIR irradiation. It seems that of

the phases present in annealed 316, Laves accommodates helium most effectively.

However, Maziasz and Bloom20have shown that even in the presence of Laves

phase, nearly exclusive association of very small cavities with TiC occurs when

0.23 wt % Ti is added to annealed 316. Laves is not the best possible, but the

best available phase to accommodate helium is annealed 316.

Annealed 316 is not the prime candidate for the first wall of a fusion

reactor. However, stainless steel alloys that are composition or preirradiation

microstructural variations of 316 are likely candidates. They have been chosen



based on improvements relative to annealed 316, and the improvements are

consistent with microstructural changes observed. The effect of irradiation

on the various components of the microstructural response will determine what

combination of preirradiation microstructure and alloy chemistry will produce

the optimum response. Precipitation is a portion of this response and under-

standing and characterizing it will help the optimization process.

Summary and Conclusions

1. Curves drawn from the data of Weiss and Stickler on a TTP diagram

for annealed 316 have been extrapolated to longer aging times. The shape of

portions of their curves have been altered slightly as well as extended, and

and M5C phase region has been included to be consistent with their phase reaction

scheme and their data. These curves were then extended to longer aging times;

no unreasonable changes were necessary to include the present data for aging

at 600 and 650°C for 10,000 hr.

2. The precipitates identified in samples of annealed 316 irradiated in

HFIR are compared to the TTP diagram for aging at similar times and temperatures.

Phase regions not inconsistent with the phase combinations observed after HFIR

irradiation can be obtained by considering the extended TTP diagrams and Weiss

and Stickler's phase reaction scheme. The appropriate phase regions on the

TTP diagram are shifted upward in temperature and/or to longer times relative

to HFIR irradiation times and temperatures. The shifts appear to be different

for different phases.

3. The orientation relationships for the crystal structure of precipitate

phases relative to the matrix have been determined for both aged and HFIR

irradiated samples. The orientation relationships are plotted stereographically

relative to the (001) projection of the matrix. The orientation relationships



are plotted stereographically relative to the (001) projection of the matrix.

The orientation relationships for sigma, chi, and M23G6 have been entirely

or partially reported in the literature. MgC OR-I and Laves OR-I were found .only

after irradiation in HFIR. Laves OR-III was found only after thermal aging.

The other orientation relations were unaffected by irradiation in HFIR.

4. If similar phase regions are compared for thermal aging and HFIR

irradiation, HFIR seems to change the morphology, to increase the number density

by nearly an order of magnitude, and to change the relative amounts of some

phases as compared to thermal aging.

5. HFIR irradiated samples of annealed 316 are compared with samples

irradiated for similar times and temperatures in fast reactors. HFIR irradiation

results in the occurrence of MgC and Laves phase and the absence of the unidentifed

rod shaped phase relative to fast reactor irradiation. If both irradiations are

compared to similar phase regions on the TTP diagram, the HFIR results seem

shifted to higher temperatures relative to the fast reactor results.

6. The changes in precipitate response are coincident with the inclusion

of simultaneous helium production during the irradiation. The cavity interaction

and association with the precipitate phases also changes with the addition of

helium. After fast reactor irradiation almost all voids are associated with

either the rod-shaped phase or M23C6. After HFIR irradiation only a fraction

of total number of cavities are associated with the precipitates, but there is

some association with nearly every particle present. Laves phase shows the

highs-st cavity association and M23C5 the least in annealed 316 irradiated at

550-580°C for up to 16,000 hr.
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Fig. 1. A TTP diagram for annealed 316 stainless s tee l . The boundaries of the phase regions taken
from data by Weiss and Stickler5 are extended to longer aging times and to include data from this work.
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Fig. 2. A schematic diagram of the phase reaction sequence proposed by Weiss and Stickler5 for
annealed 316 stainless steel during aging.
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Fig. A. Stereogrophic projections of Orientation Relations (OU's) between y matrix and precipitate
planes as determined from electron diffraction. Oil's for carbide phases are shown (a-c). .





Fig. 6. Annealed (1 hr 3 1050cC) 316, aged for 10,000 hrs at 600°C. a.) high angle grain boundary
precipitation of M23C5. Each precipitate is cube on cube with either one grain on the other, . b.)* Sword-
like intragranular M23C6. Precipitate density is %2 * 1013 ppts/cm3.



Fig. 7, Annealed (1 hr @ 1050cC) 316, aged for 10,000 hrs at 650°C, a.) Grain boundary with nearly
continuous M23CG and occasional sigmjj phase particle, b.) M23C6 particles, laths or plates. Beam
direction in several degrees from [112] with g = [.Ml], s • 0 in the y matrix. Precipitate density
is ̂ 5 x 1012 ppts/cm3. c.) Laves phase, thin lath. Precipitate is oriented on a [12.1] Laves
zone axis. Precipitate density is ̂ 2 * 10 1 2 ppts/cn3. c.) Laves phase, thin lath. Precipitate
is oriented on a [12.1] Laves zone axis. Precipitate density is -v2 x 10'2 ppts/cm3. d.) Laves
phase, rectangular chunk. Precipitate is oriented on a [12.1] Laves zone axis. 3.) Small
isolated particle of M6C, oriented on a [Oil] precipitate zone axis.



Fig. 8. Annealed (1 hr Q 1050°C) 316, irradiated in HFIR at 550°C to 3000 appm He and 42 dpa (M.6,000 hrs).
a.) Crain boundary with nearly continuous M23Cg- b.) Intragranular plates of M23Cg and M6C, both are
oriented near [Oil] precipitate zones, which are coincident with a y matrix [Oil] zone axis. Precipitate
densities are -\-4_and ̂ 6 x 1013 ppts/ctn3 respectively, c.) Laves phase, thin lath. Precipitate is
oriented in a [12.0] precipitate zone axiŝ _ Precipitate density is ̂ 2 x 1013 ppts/cm3. d.) Large,
isolated MgC precipitate, oriented on a [134] precipitate zone axis.
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Fig. «f? Annealed' (1 hr. @ 1050°C) 316, irradiated in HFIRat 600°C to 2000 appm He and 30 dpa (^7800 hrs).
a.J>_ Large, isolated sigma phase particle oriented near a [001] precipitate zone axis which is coincident with a
[111] v matrix zone axis, b.) Cavity coated laths of Laves phase, several of which are oriented near a [00.1]
precipitate zone axis. Precipitate density is ̂ 3 * 10 1 2 ppts/cm3.



Fig. 10. Annealed (1 hr. @ 1050°C) 316, irradiated in HFIR at 680°C to 3300 appm He and 47 dpa
(̂ 13,000 hrs). a.) Massive sigma phase at the grain_boundaries. b.) Large intragranular plates
of chi phase. The dark chi phase is oriented on a [681] precipitate zone axis.


