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1. Introduction: The Correlation of Neutron Data with Charged Parricle

Irradiation Damage Data

During the past 89 years charged particle ‘irradiations have bcen widely

used as a means of studying displacement damage effects in metals and alloys.

In the Breeder Reactor Program, a major concern has been to correlate the

results of these studies with the behavior of alloys in-reactor.

As

experience with these techniques accumulated it was realized that the physical

environment of a material undergoing charged particle irradiation differed

significantly from that experienced in neutron irradiation experiments.

Some of the important differences are:

a. The proximity of surfaces.

- - surface which acts as a point defect siok.

The damaged region may be <1.0 y from a

At high temperatures

this results in the formation of void free zones, and possibly a

reduction in swelling rate in the peak damage region. 1In very soft

materials loss of dislocations to the surface may inhibit swelling.

In some instances, particularly in I MeV electron irradiations,

absorption of gases prior to or during irradiation may influence

results.

b. Dose rate effects.

The temperature regime for swelling and solute

‘migration are shifted upwards, not necessarily by the same amount.
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1. Introduction: The Correlation of Neutron Data with Charged Particle

Irradiation Damage Data

During the past 89 years charged particle irradiations have been widely
_used as a means of studying displacement damage effects in metals and alloys.
In the Bregder Reactor Program, a major concern has been to correlate the
results of these studies with the behavior of alloys in-reactor. As
experience with these techniques accumulated it was realized that the physical
environment of a material undergoing charged particle irradiation differed
significantly from that experienced in neutron irradiation experiments.

Some of the important differences are:

a. The proximity of surfaces. The damaged region may be <1.0 u from

a surface which acts as a point defect =ink. ‘At high temperatures
this results in the formation of void free zones, and possibly a
reduction in swelling rate in the peak damage region. 1In very
soft materials loss of dislocations to the surface may inhibit
swelling. In some instances, particularly in 1 MeV electron
irrédiations, absorption of gases prior to or during irradiation
may influence results.

b. Dose rate effects. The iLewperature regime for swelling and solute

migration are shifted upwards, not necessarily by the same amount.



In heavy ion irradiations, cascade dissolution phenomena strongly

influence the stability of phases.

Stress state. The nonuniform distribution of swelling leads to

a compressive and anisotropic stress state in the damaged region
of the specimen, whereas the stress state is changed very little by

neutron irradiation.

Nonuniforn damage distribution in heavy ion irradiations. The

damage rate varies with depth below the surface and thus the temper-
ature shift also varies along the ion range. 1In addition, as
swelling increases, ion range also inczeases, and careful sectioning
techniques and range correction procedures are needed to relate

swelling to displacement dose.

Differences in recoil spectra. In 1 MeV electron irradiationms,

displacement cascades are nonexistent. The effective production
rate of free defects per incident particle is much higher than
in neutron or heavy ion irradiations in which a high fraction of
displaced atoms are instantaneously recombined and a significant
proportion of ;acancies collapse to form small loops.

The injected interstitial effect. To avoid significant changes in

alloy composition during irradiation, the ion used for damage studies
should be one of the major components of the alloy being studied.

The injected ions form a population of extra interstitials which
significantly perturb the point defect balance in the recombination-
dominated swelling regime. This has the effect of reducing swelling
in the peak damage region and moving the peak swelling region towards

the surface.

_Helium injection. The continuous generation of helium in-reactor

controls high temperature void nucleation. Until very recently,



charged particle irradiations have been carried out with helium

preinjected at room temperature. In these circumstances, complex

interactions betweén mobile helium and precipitation do not occur.

Some of these differences, particularly those associated with displace-

ment rate computations, damage rate gradients, stress effects, injected
interstitials and recoil spectra, may'be accounted for in terms of a "dose
equivalence" [1]. Such an equivalence factor may be experimentally determined
by comparing the number of displacements per atom (dpa) required to produce
the same amount of void swelling in each enviromment at the peak swelling
temperature. It is now realized thatr swelling behavior in complex
alloys is controlled to a large extent by the development of precipitate
phases during irradiation [2]. However, the development of precipitate phases
does not necessarily follow the same temperature and dose dependency in
environments with different damage rates. This being so, the use of a dose
equivalence ccncept to relate charged particle and neutron results is only
of limited value. To investigate the question of the relationship between
charged particle and neutron irradiations, a comprehensive experiment was carried
out utilizing a single heat (M2783) of solution annealed AISI 316 stainless steel,
Table 1, which had been irradiated in EBP~II to fluences of up to 12 x 1022 pecp~2
(E > 0.1 MeV) [3]. The evolution of the void, dislocation, ard precipitate
components of the microstructure were determined by analytical transmission
electron microscopy (TEM) for irradiation temperatures of 450 and 585°C. Nickel
ion irradiations were carried out on archive specimens of the same material,
-preinjected with 5 appm helium at room temperature. Ni lon irradiations were
then performed on specimens which had been previously irradiated in-reactor
to a fluence of 8 * 1022 necm~2. This preconditioning procedure was adopted
to establish the in-reactor precipitate structure, and void and dislocation sink
strengths, before commencing the charged particle irradiations. A description of

this experiment and the impact of its results is the main subject of this

contribution.




2. ©Neutrea Irradiation of SA 316 Stainless Steel

Following an anneal at 1090°C, specimens were irradiated in the EBR-IT X098
subassembly in the form of tubes 6.35 mm OD and 0.38 mm wall thickness, Swelling,
derived from profilometry data, is plotted as a function of irradiation temperature
in Fig. 1. This material exhibits a swelling peak at 585°C with a swelling rate of
2.7%/1022 pecm™?, The data suggests that a second peak occurs at 450°C with a
swelling rate of 0.9%/1022 n-cm™ 2. (Double peak swelling behavior in SA 316 has
also been reported, for example, by Bramman et al. [4].) Typical microstructures
after irradiation to 8 x 1022 necm™? are presented in Fig. 2, and the microstructural
data is shown in Table 2. At 450°C precipitation consisted of a small
number density of carbide particles 30 nm diam of an undetermined nature,
and a fairly uniform dispersion of Yy particles (L&2 structure)}. These
particles were 10 nm diam and their number density ~101° particles em 2.
Their composition was determined to be Ni3Si by analytical TIM. At 585°C
the microstructure was dominated by voids >100 nm diam associated with plate
shaped precipigates of comparable dimensions. A family of smaller voids,
not associated with precipitates was also preseat. At this temperature the
v” phase could not be detected. The plate shaped phase was shown to have a
FCC structure with a lattice parameter ~l1.1 am, i.e., it was isostructural
with M23Cg. Energy dispersive x~ray analysis of particles extracted on
carbon films showed that the composition cf these particles, in wt 7. was
15 Fe~32 Cr—33 Ni—14 Mo-6 Si. During thermal aging of SA316 in the range
450—900°C, the principal phase formed is an M23Cs with an approximate composi-
tion 18 Fe—63 Cr—1« Mo—5 Ni [5). Other phases which occur are n, X, and o;
v~ does not occur during thermal aging. Thus during neutron irradiation,
radiation-induced and radiation-enhanced precipitation occurs of phases which
are richlin nickel and silicon. The precipitation of these phases exerts a

strong influenca on the temperature dependence of swelling. The formation of



Y~ at A450°C occurs as the result of the segregation of Ni and Si induced by the flow
of point defects towards sinks. The mechanisms of segregation have been
investigated in other experiments [6,7]. The removal of these elements Srom
solution results iq a decrease in swelling resistance and the formation of a
swelling peak at “450°C coinciding with a maximﬁm in the rate of formation of
y. The amount of M;3Cg formed in reactor at 585°C is enhanced above that
formed during thermal aging and this phase becomes highly enriched in nickel
and silicon at the expense of chromium. This compositional modification is
also the result of point defect flow-induced segregation and the nickel and
silicon content of the matrix is substantially reduced. 1In addition, the
particle-matrix interface acts as an efficient trap for helium and facilitates
the nucleation of stable voids which grow rapidly in association with the
particles.. This precipitation phenomenon is believed to control the forma-—

tion of the in-reactor swelling peak at 585°C.

3. 4 MeV Ni Ion Irradiations of SA316

Discs, 3 mm diam, were spark cut from unirradiatasd tubes and the surfaces
carefully prepared for charged particle irradiations. Helium was preinjected
at room temperature to é level of 5 appwm. Ion irradiations were carried out
at a displacement rate of 4 x 10”3 dpa S;l to a peak dose of 100 dpa (calcu-
lated using the EDEP-1 code and a value of 40 eV for the effective threshold
energy). A single peaked swelling curve was observed with maximum swelling
occurring at “650°C, Fig. 3. The y”~ and massive M23Cg phases which formed during
reactor irradiation were not observed at any temperature in the ion irradiazions, and
precipitation was limited to a very small volume fraction of carbides ~20 nm diam,
Fig. 4. The steady state voic number densities in reactor at 450 and 583°C were
a5 x 10 cm™3 and 3 x 101'3 cm~3, respectively. Under ion irradiation, the

void number densities were in a similar range and decreased from 9 * 10 em™3



at 550°C to 8 x 10!3 cmn~? at 700°C. Further experiments were carried out with
SA316 specimens in which a-particles wit' continuously varring energy vere
introduced simultanenusly with 4 MeV Ni ions to produce a uniform distribution
.of helium in the ion damage region. Using a rate of 0.4 appm/dpa, double
peaked swellirg behavior was not observed although the =zwelling range was
extended to higher temperatures, Fig.' 2. Precjpitatiorn behavior was unaffected
by the simultaneous intvoduction of helium.

The evidence is very convincing that the temperature dependence of
in-reactor swelling and the swelling rate is largely controlled by phase
instability and its effects on matrix chemistry and by the interaction between
helium and incoherent or partially coherent part}cles. In SA316, these phase
changes do not occur in the high damage rate regimes of charged particle

experiments, and it is concluded that this is the major facter which prevents

the proper simulation of either the temperature dependence or dose dependence

of in-reactor swelling.

4., 4 MeV Ni Jon Irradiations on Neutron Preconditioned Specimens

After irradiation to a fluence of ~8 x 1022 p-cm™2, the evolution of the
precipitate microstructure in SA316 has reached a steady state situation,
and swelling proceeds at constant void number dencity, Table 2. Specimens in this
condition were subjected to further heavy ion irradiations and swelling
determined as a function of dose at several temparatures. Nickel ion irradia-
tion swelling results for specimens preconditioned at 450°C as shown in Fig. 5.
The maximum swelling rate occurred at “650°C. During irradiation at 735°C
swelling decreased as the result of shrinkage of small voids. It was found that
the dislocation density and void size distribution prcduced during neutron irradiation
was virtually unchanged by nickel ion irradiations in the range 600-650°C, I'ig. 6.

Further swelling occurred through the continuing growth of preexisting voids,



without additional nucleation. The change in void size distribution which occurs

when the neutron fluence is increased from 8 x 1022 to «12 x 1022 n-cm™ 2 is

shown in Fig. 7. Also shown is the similar void size distriﬂution change
which occurs when specimens preconditioned at 450°C are Ni inn irradiated to a
further 60 dpa at 650°C. The limited precipitate structure produced in-reactor was
also maintained during ion irradiation, and it is concluded that these con-
ditions represented an-excellent simulation of ir-reactor behavior. Since

the maximum swelling rate occurred at 650°C, the correct temperature shift
required for correlation of neutron and ion swelling behavior appears to be
A200°C. Comparing the swelling rate in reactor at 450°C with the swelling
rate under ion irradiation at 650°C we find that equal increments of void
swelling are produced by 10 dpa (4 MeV Ni ions) and 1022 peem™2 (E > 0.1 MeV).
Using this equivalence, the nickel ion data and neutron data may be super-
imposed, Fig. 8.

A similar set of nickel ion irradiations were carried out on specimens
preconditioned at 585°C to 8 % 10%2 ncm™?. The additional swelling produced
under nickel ion irradiation is shown plotted as a function of ion dose in
Fig. 9. The behavior was radically different from that observed for the
material preconditioned at 450°C, in that a decreasing-swelling rate was observed
at temperatures between 625 and 700°C. During the initial 30 dpa exposure at
these temperatures, additional void nucleation occurred. However, after an
irradiation to 60 dpa this population of small voids was no longer present.
The large My3Cg particles, which developed in-reactor, dissolved during Ni ion
irradiations at these temperatures and even after a dose of 30 dpa, the volume
fraction was substantially reduced, Fig. 10. The eventual disappearance of
the population of small voids is probably linked to the return of Ni and Si
atoms to the matrix from the dissolving precipitates. For an ion_irradiation

temperature cf 750°C, the neutron irradiated void number demsity and dislocation density



were maintained during ion irradiation, Fig. 11, and the swelling versus dose
relationship extrapolated approximately back through the origin. The dis-
solution rate of M;3Cg was significantly lower at this temper;ture and it
appears that at this temperature conditions are approximately correct for a
microstructural simulation of in-reactor behavior. The temperature shift is
thus ~v180-200°C. In spite of this microstructural correlatjon, the actual rate
at which swelling is proceeding is much lower than that observed for the 450°C
preconditioned material, Fig. 12. The ratio of swelling rates at the reactor
temperatures of 585 and 450°C is Rgss:R;SO = 3:1. The corresponding swelling
rates for specimens ion irradiated at temperatures which preserve the in-
reactor microstructures is R?SO:RISO =1:3. 1In Bther words, the ratio of

peak temperature swelling rates observed in-reactor is not reproduced in ion

irradiation of preconditioned specimens.

5. Discussion and Summary

During neutron irradiation, the point defect flow-induced segregation
of solute atoms to internal sinks exerts a controlling influence over swelling.
Segregation occurs through the migration of minor solute-defect complexes down
point defect gradients énd also by the preferential exchange of major solute
alloying elements with vacancies. These processes occur over a wide range
of temperatures and in the case of AISI 316, result in the formation of the
Nizsi ¥” phase below 500—520°C and the formation of a Ni and Si rich M,3Cq
phase at higher temperatures, Swelling behavior is modified by the depletion
of Ni and Si from the matrix and also through the provision of sites for the

nucleation of helium bubbles which are subsequently transformed into voids. At the

1

displacement rates used for heavy ion irradiations (1073-1072)dpa s™! these

.segregation-precipitation processes in AISI 316 are inhibited by displacement

cascade dissolution and v~ is not formed and very little carbide precipitation



occurs. During Ni ion irradiation very little change occurs in matrix chemistry

and even with simultanecus helium injection, the precipitate-void complexes,
characteristic of high temperature neutron irradiation, do not develcp. Nickel

ion irradiations at high damage rates produce an incomplete simulation of in-reactor
behavior; and it is probably unwise to try to predict the in-reactor temperature

or dose dependence of swelling from heavy ion data.

It was hoped to overcome the phase instability problem by using precon-
ditioned specimens in which the in-reactor steady state matrix chemistry and
phase distribution were established prior to nickel ion irradiation. However,
this steady-state situation could not be maintained under ion irradiation,
and both the y” and M,3C¢ phases dissolved rapi&ly. This 1s principally a
radiation effect since in some instances the ion irradiation temperatures
were only 25°C higher than the neutron irradiation temperature. On the other
hand, the void and dislocation structures established in reactor were maintained
in ion irradiation experiments carried out at a temperature ~200°C above
the reactor temperature. However, the ratio of swelling rates in-reactor at
450 and 585°C could not be reproduced in the nickel ion irradiations. The
swelling rate of the maéerial preconditioned at 585°C was in fact too low by
an order of magnitude. There are probably three factors contributing to the
low swelling rate of the material preconditioned at 585°C.

a. The dissolution of the My3Cg phasz2 results in an increase in matrix

solute content.

b. At Fhe high ion temperatures ~750°C required to simulate in-reactor

microsrructural evoiution at 585°C, continuous generation of helium
is probably necessar. » counteract vacancy loss by thermal emission.

Above 750°C, the pro- -1ty of the specimen surface probably begins

to influence void growth.
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In summary, predictions of the in-reactor temperature depcndence of
swelling rate from heavy ion irradiation experiments are generally unrealistic
because of the complex dependence of phase stability on damage rate and alloy
composition. For the same reasons, it is probably unwise to select alloy
compositions for in-reactor performance on the basis of their behavior in
ion irradiations. On the other hand,‘ because of the good temperature control
and rapidity of operation, heavy ion :rradiations, properly used, are
capable of providing the basic informations required for an understanding
of (a) the effects of composition and &amage rate on phase relationships
under irradiation and (b) the complexities of the intcraction between helium

and certain phases in promoting high temperaturc swelling.
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Table 1. Alloy Compositions (wt %)

Alloy Fe Cr Ni Mo Si Ti Mn C N S P

316 (M2783) 65.8 16.8 13,0 2.5 0,47 <0.02 1,8 0.06 0.03 0.02 0.03

Table 2. Microstructural Data of Neutron Irradiated Solution
Annealed AISI 316 (Heat M2783)

Neutron Aver. Void

Sggcimen Irrad, giﬁ;ﬁzz V?id Numb?r (égév) (Ap{p) Digiz;izion Prgiggggate
ent, TSmp (x1022n/cm?) Diam. D?DSLEy 0 (% Cem/em?) Den51gy
(°C) (nm) (#/em) (#/cm?)
LP2D-D4 451 7.6 36.3  ~3.5 x 10 ~1.05 2.0 - -
LP2D-D4-1G 451 7.6 30,8 8.2 x 10l 1.56 2.0 6 x 1010 -
LP2C~D1 445 12.5 45.4 8.1 x 1014 6.1 6.5 - -
LP2C-D1 445 12.5 L7.4 7.9 x 1014 5.0 6.5 - -
LP2H-D4 520 7.6 56.5 3.2 x 1013 (0.41 £ 0.07) 1.2 9.2 x 10° 1.4 x 1013
LP2H-D4=-34 520 7.6 50.6 1.1 x 10! 1.03 1.2 3.7 x 1010 -
LP2G-D1 516 12,5 62,5 4,6 x 101t 12.1 5.7 - -
LP20-D1 584 8,1 128.0 2.3 x 1013 (4.86 = 0.72) 5.2 4.7 x 10° 1.0 x 1013
LP20-D1-2C 584 8.1 109.0 3.2 x 1013 2.98 5.2 5.0 x 10° -
LP2K-D1 560 12.5 176.0 3.1 x 1013 13.5 18.4 - -

LP2R-D1 665 12.5 237.5 1.3 x 1012 2.2 2.4
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Fig. 1. Profilo=atry Swelling Data as a Function of Irradiation
Temperature for the M2783 Heat of SA 316. (Ref. 3).
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Fig. 2. TEM Micrographs of SA 316 Neutron
Irradiated to 8 x 1022 necm~2 at Three Temperatures,
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Fig. 3. Swelling as a Function of Temperature for SA 316

Stainless Steel Irradiated with 4 MeV Ni Ions to a Peak
Displacement Dose of 100 dpa.



Fig. 4. 7TEM Micrographs of SA 316 Irradiated
with 4 MeV Ni Ions to a Dose of 100 dpa at 650°C.
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Fig. 5. Swelling as a Function of Dose for SA 316 Preconditioned at

450°C and Ni Ton Irradiated at Various Temperatures.
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Fig. 6. Void Number Density and Dislocation Density in SA 316
Preconditioned at 450°C and Ni Ion Irradiated to a further 60 dpa.
The broken horizontal lines indicate the neutron irradiated values.
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Fig. 10. TEM Micrographs of SA 316 (a) Neutron Irradiated
at 584°C to 8 x 1022 pnecm~2 and (b) After Further Irradiation
with 4 MeV Ni ions to 30 dpa at 657°C.
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