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Helium produced in materials by (n,a) transmutation reactions during

neutron irradiations or subjected in ion bombardment experiments causes

substantial changes in the response to displacement damage. In particular,

swelling, phase transformations and embrittlement are strongly affected.

Present understanding of the mechanisms underlying these effects is reviewed.

Key theoretical relationships describing helium effects on swelling and

helium diffusion are described. Experimental data in the areas of helium

effects on swelling and precipitation is reviewed with emphasis on critical

experiments that have been designed and evaluated in conjunction with

theory. Confirmed principles for alloy design to control irradiation per-

formance are described.
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1. INTRODUCTION

Helium will accumulate at high rates in structural materials for fusion

reactors because of neutron-induced transmutation reactions. The high

potency of helium for altering irradiation-induced microstructures has been

confirmed by extensive research. Through theory and experiments that focus

on mechanisms, it has been shown that helium is a main determining factor

in swelling [1]. Similarly, high temperature embrittlement is widely

understood to be associated with helium-filled cavities at grain boun-

daries [2], It has been learned also that helium may produce significant

changes in radiation-induced phase stability [3],

In the present paper the theory describing the onset of swelling and

its dependence on helium is outlined. Critical experiments designed to

probe mechanisms are highlighted. The understanding created by this com-

bined theoretical and experimental approach has led to a powerful prescrip-

tion for the design of swelling resistant alloys. Principles for the

control of helium embrittlement follow analogous lines. Some observations

of the strong effects of helium on precipitation are described together

with possible mechanisms underlying these phenomena.

2. CAVITY CRITICAL RADIUS AND CRITICAL NUMBER OF GAS ATOMS

2.1 Origins

Various aspects of the critical quantities for swelling have been

discussed by a number of authors [4-12]. Critical quantities arise as

roots to the equation
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Here rc denotes cavity radius, t time, and fl atomic volume. The symbol

Z c denotes capture efficiency of a cavity for point defects, and

D = D°exp(-Em/kT) is the point defect diffusion coefficient, where D° is

a constant, E m is the point defect migration energy and kT has its usual

meaning. Total point defect concentrations are denoted by C in physical

units, while the thermal equilibrium concentration at a cavity is C e(r c).

These quantities are specialized by subscripts v or i for vacancies and

interstitials. The concentrations C depend on irradiation variables and

materials properties such as dose rate, temperature, microstructural sink

densities and point defect properties. Full expressions are given

elsewhere [1]. The thermal equilibrium vacancy concentration is

&) {̂ 1 . (2)

where C° is the bulk thermal equilibrium vacancy concentration, P -jS gas

pressure and y is the surface free energy.

An analytical approach to obtaining the roots of Eq. (1) is described

in Ref. [1]. Exact mathematical solutions are possible where the gas

pressure is related to the number of gas atoms in a cavity either through

the ideal or the Van der Waals gas laws. It is also possible.to retain the

exact Van der Waals solution form for the case of very high pressure, where

a more complex gas law must be used, as is described subsequently.

Relevant relationships concerning the critical quantities are given below.

These represent a generalization of relationships published earlier [1].



2.2 Relationships Among Critical Quantities

Figure 1 gives the form of results generated by Eq. (1). The positions

of the curves relative to the axis depend strongly on temperature, dose

rate, sink strength and other properties, while the general features do

not. For the smaller number of contained gas atoms, n* indicated in the

figure, there are two physical roots r^(n ) and r£(n ). The superscripts

denote stable and critical cavity radii, respectively. A cavity with n*

gas atoms tends to remain at r^. If fluctuations in point defect absorp-

tion bring the cavity above the corresponding r£ it will grow inexorably,

driven by the dislocation-cavity bias [13], If the cavity has

no gas, its critical radius is the largest possible, r°, and the

corresponding rj is zero. Unless the gap r** - r^ is small in terms of

number of vacancies, however, nucleation of growing cavities by fluc-

tuations is unlikely [14].

For a larger number of gas atoms, a situation that could arise by the

continuing absorption of helium, r^ and r£ approach each other. For a cri-

tical number of gas atoms n*, rj and r^ coincide at what we term the mini-
y C C

mum critical radius, r*. For more gas atoms, n-l > n*, there are no physi-

cal roots of Eq. (1) and a cavity of any size will grow continually. In

cases of physical interest where r* is a few nm, rapid swelling does not

occur until cavities have accumulated n* gas atoms (and therefore reached

radius r*).

Without gas the critical radius is given by

r°-fl. (3)
where f is a generalized "stress" due to excess point defect absorption,



f -IT1"\ c o • (4)

L z o c° I

The minimum cr i t ical radius is given by

• i [H4]-
where 6 = (1 + 3 3 ) ^ and 3 = Bf/kT, where B is the Van der Waals volume

exclusion coefficient. (Equations (5-7) here are obtained as an equivalent

rearrangement [15] of Eqs. (30-32) of Ref. [1].) The critical number of gas

atoms is

+ _ 32*T
3 (i + 6)2

9 f2kT (2 + 6)* ' ' '

or

8 i rY rc2 (I + s)2

n* a c v1 ^ °/ (7)
n9 kT (2 + a)- * ( 7 ;

This analysis also applies to cavities in a material under applied

stress a. For cavities in grain boundaries f is replaced with a t , the

applied stress normal to the grain boundary. For cavities in a grain

interior f is replaced with oh, the hydrostatic tensile stress [8 ] , Helium

embrittlement at elevated temperatures is thus analyzed with a mathemati-

cally analogous treatment.

Substituting Eqs. (5) and (7) into the modified Van der Waals gas law

Pg - ngkT/(4 nr3 - ngB) . (8)



gives the gas pressure at the point where the cavity begins bias driven

growth. This pressure (or number of gas atoms) is related but not equal to

the equilibrium gas pressure (or number of gas atoms). The result is

B an
pe(l(r*) 2 + 6 / 3 fl 1 + 5

where 5 denotes the enclosed argument in Eq. (4). Since 6 > 1 a cavity at

r* about to begin bias driven growth is considerably underpressurized with

respect to an equilibrium bubble.

In the ideal gas limit (B -»- 0) or (B/fi)*n S « 1), the above results

reduce to

r* = § r°c (10)

and

n* 128wY3n2
9 81(kT)3(&n5)2 l ;

or

32irYr
02

The pressurization result is

*Pq ( rc }

or equivalently



where n ^ is the number of gas atoms for a cavity in thermal equilibrium at

r*. Thus, if irradiation is discontinued, a cavity containing n* gas atoms

will tend to shrink to its thermal equilibrium radius for that number,

rcq = rV 'rT * (15>

2.3 Application at High Gas Densities

\The forms of the exact solutions for the Van der Waals gss law,

Eqs. (5-9), can be preserved for very high gas densities. A more

complex equation of state than Eq. (8) is used to describe the relationship

between number of gas atoms and pressure. The approach is to re-interpret
efthe Van der Waals coefficient B as an effective coefficient, B . Its

value is determined by requiring consistency between the compressibility

factor, P V/n kT, given by both gas laws. This; work is described in

Ref. [16], The gas law formulated by Trinkaus [8] to span densities from

those of solid to dilute gaseous helium, and which is in reasonable

agreement with the forms proposed by Glasgow and Wolfer [17] is used.
efThis approach gives analytical results for B , which are then used in

Eqs. (5-9).

Our results are shown in Fig. 2. Taking the atomic volume for

materials of interest as ~10~ 2 9 m3, part (a) shows results for one helium

atom in ten vacant sites and part (b) shows results for one helium atom in

two vacant sites. The parameter v is the volume per helium atom. The

dashed line plots the temperature-dependent but pressure independent



value of the Van der Waais exclusion volume, 8 £18]. The solid lines show
af

the effective coefficient B , It can be seen that the Van der Uaals gas

law is accurate over the entire temperature range for a density of one

helium atom in ten vacancies but is inadequate for one helium atom in two

vacancies. We find that B departs significantly from B at about one

helium atom per five vacancies. At this and higher densities, therefore,

the effective volume exclusion coefficient should first be computed

according to the analysis outlined above £163 and then used in Eqs. (6-9).

As a practical matter, however, densities as high as this are not usually

relevant at the critical radii of interest for the onset of swelling

(typically several nanometers).

2.4 Bimodal Cavity Size Distributions

A very important result relating the above theory to the interpretation

of experiments is the prediction of the development of a bimodal cavity

size distribution. Measurement of such distributions can provide a direct

measure of the critical radius r*» and therefore, indirectly, a measure of

n*. The bimodal distribution contains a distinct class of stable cavities

at radii less than r*, typically several nanometers, and another class of
C

growing cavities spread about much larger sizes. The formation of bimodal

distributions in irradiation experiments where helium is present can be

understood by reference to Fig. 1. As mentioned above, cavities containing

less than n* gas atoms reside at stable sizes rt < r*. Cavities containing

more than this critical nuraber grow continually by excess vacancy ahsorp~

tion. A separation of the two peaks in the measured distribution is thus

expected to be marked by r*.
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A quantitative tool is therefore available that offers the following

possibilities:

1. The variables on which critical radius (and critical number of gas

atoms) depends functionally can be evaluated by applying the theory to the

measured values.

2. Comparisons of the magnitudes of the critical quantities in dif-

ferent materials can reveal intrinsic differences in swelling propensity.

3. The basis for swelling resistance can be associated with a single

measurable feature, r*, even though this quantity is itself the net

result of numerous dependencies on materials properties and irradiation

conditions.

Cavity size distributions of this type are often observed. Table 1

lists numerous cases where bimodal distributions have been reported. They

cover both ion and neutron irradiations and apply to a variety of alloy

systems. It is interesting to note that most of the observations of bimo-

dals have been made relatively recently, where improved equipment and

techniques of electron microscopy have made possible the resolution of

cavities as small as one nanometer in diameter.

All observations listed are for experiments where helium is present.

This is consistent with our analysis above that predicts bimodal distribu-

tions, i.e. r* > 0, only as a result of cavity pressurization. These

results are taken as a confirmation of the general predictions of theory

over a wide variety of conditions.

3. CONTROL OF SWELLING

3.1 Critical Radius Experiments

Most of the observations listed in Table 1 were made incidentally to

the overall characterization of swelling and microstructure. It is also
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possible to design experiments to induce a bimodal distribution for special

purposes. Using the latter approach, we have recently investigated mecha-

nisms of swelling variation with composition and principles for swelling

resistant alloy design.

As one example, experiments to examine the low swelling behavior of the

ferritic alloy Fe-lOCr have been carried out [55]. The critical radius was

measured and the overall microstructure characterized. Based on these

measurements more basic parameters of the material were extracted by mathe-

matical analysis. It was concluded that the low swelling resulted from

both a low dislocation bias for point defects and a very large imbalance in

the sink strengths of cavities and dislocations due to a low dislocation

density.

Another study [38] examined the basis of the extreme difference in

swelling resistance between the pure ternary austenitic alloys Fe-15Ni-15Cr

and Fe-35Ni-15Cr. This worK helped solve the long-standing and important

question of how the Ni content influences swelling. It was shown in ion

irradiation studies by Johnston et al. [61] and subsequently by others also

in neutron [62] and electron irradiations [63] that higher nickel content

leads to lower swelling. It was found that much of the decrease in

swelling was accounted for by an increase in the time (dose) to the onset

of swelling.

Guided by the theory described in Section 2 above we suggested the

hypothesis that this increase in dose could be due to an increase in the

critical radius and critical number of gas atoms required for swelling.
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Experiments were designed to test the idea. The key experiment was a

sequenced helium injection, anneal, and irradiation. The injection and

anneal step (400 appm, 675°C) produced similar bubble size distributions in

the 15 and 35Ni alloys. The idea was to span the critical radii/critical

number of gas atoms in each alloy. The subsequent irradiation would then

be expected to cause the cavity size distributions to split into bimodals.

The upper cutoff radius of the smaller size group would give a measure of

r* for each alloy.

Figure 3 shows the measured cavity size distributions after the irra-

diation to 40 dpa. Although the bubble distributions after the injection

and anneal were reasonably similar, they are much different after the irra-

diation. In the low nickel alloy, no small cavities are present and the

distribution is unimodal at a density of 5.3 x 1Q20 m~3. In the high

nickel alloy, the initial stable cavity density of 4.8 x 1021 nr3 decreased

to 1.0 x 10 2 1 m~3, while the density of large cavities became nearly iden-

tical to that in the low nickel alloy, thus giving a bimodal. In the high

nickel alloy, rc was about 5 nm, while in the low nickel alloy it was
*

concluded that r was below the electron microscope resolution limit, about

1 nm.

We interpret these results to show that the critical radii in the two

alloys differs by a factor of 5 or more. Thus, the critical numbers of gas

atoms must differ by at least a factor of 25 [Eq. (7)]. Such a large dif-

ference is consistent with the observed factor of difference in dose to

begin swelling in irradiations where helium is accumulated concurrently
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with dose. Further study of the microstructures and analysis using the

theoretical expressions led to the conclusion that the bias of dislocation

loops for excess interstitial absorption in the two alloys is much dif-

ferent and is the likely cause of the large difference in critical quanti-

ties. The underlying cause of the difference in bias of the two alloys is

currently under investigation.

Other experiments show that two alloys where the critical quantities are

similar can be made to exhibit very large differences in the dose to the

onset of swelling [64]. Here the idea is to slow by microstructural refi-

nement through compositional manipulation the accumulation rate of helium

in each cavity, rather than to increase the critical number of gas atoms

required for swelling. The slowing of the helium accumulation rate

translates into a delay in the onset of swelling. Five simple alloys were

irradiated simultaneously with self-ions and helium. One was the alloy

Fe-15Cr-13Cr, another had 0.05% P added, while three others had the same

amount of P together with additions of 0.8% Si or 0.2% Ti or both. Rapid

swelling occurred in the ternary and the ternary with P. In the others,

swelling was suppressed to relatively high doses. I*

The swelling suppression was correlated with the appearance of high

densities of fine needle shaped Fe2P precipitates. Maximum suppression

occurred in the alloy with P, Si, and Ti, where the interfacial area of the

phosphides was greatest. High resolution electron microscopy, Fig. 4,

revealed profuse formation of helium bubbles on the interfaces. An analy-

sis of these results based on the theory confirmed in quantitative itirms

that the swelling resistance imparted by phosphorous additions takes place
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by a mechanism of helium dilution. By increasing the number of stable

cavities collecting helium, the individual accumulation rate is lowered.

Hence, for a given required critical number, the onset of swelling is

delayed. Moreover, increasing the number of sinks also raises the critical

radius. Very recent results show that swelling can be suppressed to doses

of over 100 dpa and to helium levels of over several thousand appm in

alloys of this type.

3.2 Alloy Design for Swelling Resistance

The foregoing discussion of theory and experimental results suggests

clear principles for alloy design for swelling resistance:

1. By exploiting compositional and sink strength dependencies,

increase the required critical number of gas atoms for the onset of

swelling.

2. By introducing profuse traps for helium such as precipitate matrix

interfaces by compositional and other means, such as thermomechanical

treatment, increase the number of cavities and correspondingly slow the

accumulation rate of helium in each cavity. This will increase the dose to

the onset of swell ing. "•"

3. Reduce the residual gas content of the alloy, so that the possibi-

lity of pre-existing gas triggering swelling by supplying the critical

number of gas atoms is eliminated. This c,,i be accomplished by alloying

with gas gettering elements and by fabrication procedures.

"•"Note that this is not necessarily equivalent to maximizing pre-
existing precipitates, since these may be unstable during irradiation.
The precipitates should be optimized for formation and stability during the
irradiation.
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4.0 HELIUM DIFFUSION

The helium generation and diffusion rates dictate helium buildup in

cavities and thus affect swelling and grain boundary embrittlement. Two

general modes of diffusion of helium are visualized, substitutional dif-

fusion via a vacancy mechanism and dissociative diffusion via an intersti-

tial mechanism [65,66]. The former is the usual mechanism for

substitutional diffusion, while the latter is akin to the anomalous fast

diffusion phenomenon in lead, for example [67]. In the present discussion

we do not consider helium bubble migration which may also contribute.

A subcase of the former is that where the neighboring vacancy necessary

for a diffusion jump becomes bound to the helium-containing vacancy, and

this complex diffuses like a divacancy. On the other hand the dissociative

mechanism operates by retaining the helium for a time at an immobile trap;

when the helium is released it diffuses rapidly as an interstitial before

it is again trapped. There are several distinct physical mechanisms that

may release the bound helium [68]. These include: thermal release, where

the event is activated spontaneously by vibrational energy; recombination,

where a self-interstitial annihilates the trapping vacancy; and direct

displacement, where the helium atom is dislodged as a direct result of

irradiation.

All these possibilities can be combined in a mathematical analysis that

expresses the effective helium diffusion coefficient as a weighted com-

posite. This is an adaptation of the approach developed for the effective

diffusion coefficients of point defects undergoing trapping reactions [69].

The diffusion coefficient obtained when only the dissociative mode is
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active was described previously [68], The slightly generalized result that

includes al l the mechanisms discussed above is

D + DuHe us

1 +

which arises directly from the definition

DHl(CHe + Cs> = DHeCHe + DsCs

and the rate equations for the helium concentrations in interstitial sites,

CM , and in substitutional sites, C , given previously [68]. The intersti-

tial helium diffusion coefficient is given by D,. = D.P exp(-EJJ! /kT), where

D^ is a constant and E?J is the interstitial helium migration energy. The

coefficient for substitutional diffusion is given by D = D°exp(-E™/kT),

where D° is a constant. If the normal substitutional mechanism prevails,

the activation energy of migration is E = E^ + E^, where E^ is the vacancy

formation energy. If the complex diffuses as if it were a divacancy with

no perturbation produced by the inclusion of helium in the complex, the

energy would be Eg = Ey + E2y - E2v» where E2'v and E2v are the divacancy

migration and binding energies.

In Eq. (16) < H e =
 4irrHev^DH + Dv^ 1S the c a P t u r e coefficient of a

vacancy for interstitial helium, where r,, is the radius of the capture
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volume. Similarly, Tg = ug exp[(E^ey + E^g)/kT] is the mean residence time

of He in a vacancy before it is released thermally as an interstitial,

where u is the attempt frequency and E^ is the binding energy of a

helium atom to a vacancy. The generation rate of interstitial helium by

direct displacement of trapped helium is given by G', per unit volume per

unit time per unit fractional concentration of substitutional helium (C & ) .

The symbol R = 4wr D. is the coefficient of replacement, where the self-

interstitial dislodges the substitutional helium, and rp is the radius of

the replacement volume.

Equation (16) allows side-by-side comparisons of the relative impor-

tance of each physical mechanism. Comparing the term in DM to the term in

D s shows whether the dissociative mode or the substitutional mode dominates

helium diffusion. Comparing the terms in the denominators in brackets

shows which of the dissociative modes is most important in determining the

trapped helium concentration. Thus, unity represents the thermal release

mechanism, G'ft-r represents direct displacement of the helium,

R C•T represents the self-interstitial replacing the helium, and

^sTs r e P r e s e n t s l° s s °f tne complex to sinks. By the methods given in Ref.

[69] and in Section 3 cf Ref. [68], the effective migration energies are

easily obtained. The effective migration energies for the various possible

dominant mechanisms are shown in Table 2. Figure 5 is a map in the space

of temperature and dose rate showing regimes of dominance among the disso-

ciative mechanisms for pure nickel. Generally, when thermal release domi-

nates the dissociative mode, it is only necessary to compare the numerical

value of E^ e y + E™, - E
f
y to \L™ + EJ (or E J ^ §
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Recent thermal desorption experiments at high temperatures for alumi-

num, silver, and gold favor the substitutional mode [66], For nickel,

however, similar experiments favor the dissociative mode with an energy

consistent with the thermal release mechanism [70]. However, very recent

results by nuclear scattering, a method that measures the diffusion profile

of helium remaining in the material rather than that helium escaping

through the surface, favor he substitutional mode or possibly bubble

migration mode for Ni [71]. A second difference between the two types of

experiments is that the specimens in the nuclear scattering experiments may

retain a larger amount of displacement damage caused by the energetic

helium injection, so that trapping at extended defects is possible.

Figure 6 shows recent results obtained [71] for several metals using

the nuclear interaction technique based on the reaction d(3He,p)'*He. At

the temperatures indicated on the figure, it was found in nickel that the

helium remained essentially where it was implanted. For iron the helium

showed some migration from the implanted region and part of it collected

near the specimen surface. In the case of zirconiui.. no detectable helium

remained in the implanted region; much of it appears to have migrated to

and become trapped near the surface. These results may suggest a possible

link to the analysis surrounding the critical number of gas atoms n

Sections 2 and 3. Zirconium appears to be extremely radiation c ae

resistant; it is not known to exhibit swelling or irradiation embrittlement

[72]. It is possible that the rapid diffusion of helium in zirconium may

be the reason that it does not agglomerate to form traps. In particular,

if a cavity cannot build up the critical number of gas atoms in this
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material then the theory shows that swelling and helium embrittlement will

not occur. On the other hand, nickel is highly swelling prone, and it is

consistent that the measured helium mobility in this metal is very low.

5. HELIUM AND PHASE INSTABILITY

Much of the work on radiation induced phase instability (RIP) began

recently. It took time for RIP to be appreciated as a pervasive phenome-

non, awaiting both the advent of analytical electron microscopy and a

gradual movement away from preoccupation with only cavity and dislocation

microstriicture. With respect to helium it was widely anticipated that the

gas should have little effect on precipitation since it is chemically

inert. However, it was shown subsequently that helium causes extreme

changes in radiation affected precipitation. Some observed effects include

suppression of radiation-induced precipitation, alterations in the sequence

of phase transformations and changes in the mixture of types as well as

changes in the composition of phases. Most of the work done in this area

has been in the Fe-Ni-Cr alloy system, and the examples cited below reflect

this.

The first example covers Ni-ion irradiations of Ti-modified type 316

stainless steel at 625°C [73]. In Fig. 7 the results of two types of

experiments are shown for comparison, both at an irradiation dose of

70 dpa. On the left is the microstructure of a specimen irradiated

simultaneously with 4 MeV Ni ions and 20CM00 keV He ions at a rate of

0.2 appm/dpa. On the right is the- result for helium preinjected to the
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same l?vel followed by a nickel ion irradiation to the same dose. The di f-

ferences are remarkable. In the simultaneous case, G-phase particles form

profusely. There is also significant swelling, represented by the large

cavities that are generally attached to the particles. In the preinjected

case G-phase precipitation is suppressed. Small gas f i l l ed cavities are

observed, however (insert). They are interpreted as the stable cavities of

the analysis of Section 3. The mode of helium injection is responsible for

the drastic difference.

A neutron experiment was also carried out with and without preinjected

helium in a solution annealed type 316 stainless steel. The helium injec-

tion of 110 appm was achieved using a cyclotron and the subsequent i r ra -

diation was carried out in the EBR-II reactor [74], Figure 8 shows the

microstructural results observed at 8.4 dpa. The top micrographs are for

specimens irradiated at 500°C. Those at the bottom show corresponding

results at 625°C. The right micrographs are for specimens that were prein-

jected, while those on the left were not. The entire microstructure is

altered by the helium preinjection. The aspects of main interest here are

that the volume fraction of precipitates and the distribution of types are

radically altered by the preinjected helium. Figure 9 shows the results in

the form of pie charts, where overall circular areas indicate relative

volume fractions at each helium and temperature condition and the segment

angles indicate the fraction of major phase types. At the high tem-

perature, helium promotes formation of Laves phase, which is a thermally

stable phase that also forms on aging. The phosphide and r\ phases on the

other hand are radiation enhanced. AJ: the lower teoperatur^Jieliutn __

suppresses precipitation entirely.



20

The last example is a Ni-ion experiment on a Ti-modified type 316, with

and without simultaneous helium injection at a rate of 20 appm/dpa.

Figure 10 shows results [75]. On the left are the results for Ni-ions only

and on the right are those for the simultaneous irradiation. While the

precipitation does not appear to show as marked a difference as above with

pre-injected helium, there are important differences in the phases. With

no helium the precipitates are mainly G-phase, a true radiation induced

nickel-rich silicide that contains about 50 at. % Ni and 30 at. % Si [76],

while the matrix contains only 15 at. % Ni and 2 at. % Si. With He,

however, precipitates are mainly n-phase, a phase moderately enriched in Ni

(30 at. %) and Si (16 at, %), a phase that does occur thermallyjto a much

lower extent. M

An explanation for these results invokes a fixed number of solute atoms

being distributed over a larger number of segregation sites when helium is

present [1]. When irradiation begins, interstitial loops nucleate pro-

fusely. If helium is present, the vacancies corresponding to the intersti-

tial s are trapped by the gas. Thus both more loops and vacancy clusters

survive when helium is available. Otherwise, the vacancies eventually

annihilate most of the interstitials that rapidly clustered initially to

form the loops. The vacancy clusters give rise to a fine distribution of

cavities. Thus, both dislocation loops and cavities are increased by helium

[1,3].

Both the cavities and loops are sites for solute segregation.

Radiation-induced and enhanced phases depend on solute segregation, par-

ticularly Ni and Si, for their formation. Since the number of solute atoms

is fixed, the larger number of sinks in the helium-containing case
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leads to a dilution of the solute buildup at each sink. Radiation-induced

precipitaies are thus suppressed. However, precipitation of the normally

encountered thermal phases is less affected although there may be some

effects by precipitation site modification; the elements required are less

driven by solute segregation to be dispersed at many sites and are thus

available for incorporation into thermal precipitates.

Changes in precipitation are important both to dimensional stability

and mechanical properties. We have shown previously that cavities attached

to precipitates grow more rapidly than those in the matrix. This occurs by

the recently recognized mechanism of point defect collection and short-

circuit diffusion at the precipitate-matrix interface [77,78]. A rela-

tively few large precipitates increase swelling, while a profuse

distribution of fine precipitates both exhibits minimal collector effect

because of their small size and delays the achievement of the critical

number of gas atoms by helium dilution. Similar considerations apply for

helium embrittlement, where helium dispersion should reduce its prevalence

at grain boundaries.

Precipitation during irradiation may also cause hardening or softening,

affecting tensile and creep properties. Hardening may occur by precipitate

pinning of dislocations, while softening may occur by depletion of the

matrix of solid solution strengtheners or by coarsening of precipitates.

Since helium can affect precipitation so strongly this becomes a major con-

sideration; more research is obviously needad on the connections between

helium, phase instability and properties.
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6. SUMMARY AND DISCUSSION

Two additional areas concerning helium behavior in materials require

further substantial research efforts. 1. The study of helium diffusion

characteristics is an extremely important area. Recent evidence suggests a

correlation between helium diffusivity and propensity for swelling and

helium embrittlement. 2. Helium has been found to exert very strong

effects on phase stability in austenitic Fe-Cr-Ni base alloys. Phase

transformations can be suppressed entirely or the sequence of phase changes

and the relative abundance of various phases can be altered. The precipi-

tate dispersion and its interaction with other microstructural features in

turn determines the changes in physical and mechanical properties of the

alloy during irradiation. There is a strong need to understand and to be

able to predict the interaction of helium and phase instability and the

ultimate effect on properties.

A key result of theoretical and experimental research on helium is the

concept of a critical cavity radius and critical number of gas atoms for

rapid swelling. In cases of interest the onset of swelling is determined

by the time to accumulate the critical number of gas atoms in cavities.

The critical number of gas atoms is calculable from theory and depends on

irradiation parameters such as temperature and dose rate and on materials

properties such as bias, vacancy migration energy and microstructural sink

densities. The minimum critical radius, which has a direct correspondence

with the critical number of gas atoms, is measurable by electron microscopy

when it is above the microscope resolution limit. Its existence in many
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alloy systems over a wide range of irradiation conditions has been verified

by numerous observations of bimodal cavity size distributions. Under given

conditions the critical number of gas atoms represents a gauge of

resistance to the onset of swelling in a single measurable quantity,

A twofold principle for alloy design for swelling resistance emerges

from this analysis, as represented in Fig. 11. 1) Maximize the critical

number of gas atoms required for rapid cavity growth and minimize the rate

of gas accumulation in a cavity. By compositional variations and by

increasing the microstructural sink density it has been found that critical

radii can be increased at least several-fold, corresponding to up to about

an order of magnitude in critical number of gas atoms. 2) Introduce ele-

ments that result in a very fine precipitate dispersion during irradiation.

By this approach it is possible to increase the number of cavities by

orders of magnitude. This has the result of slowing the helium accumula-

tion rate in each cavity by dilution of the generated gas among more sites.

By combining these two approaches, delays of swelling to more than 100 dpa

and to several thousand appm helium have been demonstrated in otherwise

very high swelling austenitic Fe-Cr-Ni base alloys. In "principle, longer

delays should be possible. In principle this approach applies equally to

other alloy systems such as ferritic alloys or vanadium and copper base

alloys under consideration as fusion reactor materials.
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These principles apply directly also to pure helium embrittlement

caused by gas bubbles on grain boundaries. The expressions for the criti-

cal quantities given by Eqs. (5) and (7) have exact mathematical analogs

for embrittlement. In the case of swelling the driving stress is the

excess vacancy condensation driven by point defect generation. In the case

of embrittlement the driving force is the applied stress. To find the cri-

tical radius and critical number of gas atoms for grain boundary cavities

the term f is simply replaced by o. , the tensile stress normal to the grain

boundary, However, it should be noted that pure helium embrittlement

described by such a picture probably only occurs at very high temperature.

At lov/er temperatures the situation will be compounded by the contributions

of radiation induced solute segregation to grain boundaries and by

hardening of the matrix by radiation induced defects.

The previous discussion has emphasized delaying the onset of swelling.

After swelling begins the growth kinetics of cavities also depend stro.igly

on dose rate, temperature, bias and the ratio, Q, of sink strengths of

dislocations to those of cavities, and to the ratios of the sink strengths

of other sinks to those of cavities. For example, the swelling rate is low

whenever either the cavities or dislocations are by far the dominant sink

for point defects. When the system moves toward parity of dislocation and

cavity sink strengths, the swelling rate becomes maximum. This analysis

and its results are described in detail elsewhere [79].
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FIGURE CAPTIONS

Fig. 1. Calculated dependence of cavity growth rate on cavity size

for the case of no contained gas for three different gas contents. The

curve designated by n* contains just the critical number of gas atoms and

locates the minimum critical cavity radius, r*.

Fig. 2. Calculation of the Van der Waals coefficient versus tem-

perature for high as densities. Solid lines show the effective coefficient

needed to keep the Van der Waals solutions accurate. Dashed lines show the

reference pressure-independent result. In part a the gas density is

approximately one helium atom per ten vacancies and in part b it is one

helium atom per two vacancies.

Fig. 3. Cavity size distributions in low nickel (above) and high

nickel (below) alloys after the helium injection-anneal-irradiation experi-

ment described in the text. The helium content of 400 appm was injected at

75°C. The irradiation was done at the same temperature to a dose of

40 dpa.

Fig. 4. Low and high magnification micrographs of CW B12 alloy

(Fe-13Cr-15Ni-0.8Si-0.2Ti-0.04C-0.05P) irradiated to 109 dpa/2000 appm He

at 675°C.



Fig. 5. Mechanism map showing the regimes where thermal dissociation,

complex-point defect recombination and direct displacement are calculated

to dominate as a function of displacement rate and temperature for pure

nickel.

Fig. 6. Concentration vs depth profiles for helium injected into

iron, nickel and zirconium as determined by nuclear scattering using the

d(He3,p)a reaction [71].

Fig. 7. Results of irradiation of Ti-modified type 316 stainless

steel to a dose of 70 dpa with nickel ions at 625°C. On the lef t is the

microstructure for the case of simultaneous helium injection at 0.2

appm/dpa. On the right is the microstructure for the case where helium was

preinjected to a level of 14 appm.

Fig. 8. Microstructures resulting from cyclotron preinjection of

helium to 110 appm and irradiation in EBR-II reactor to a dose of 8.4 dpa.

Irradiation temperature and presence or absence of helium are indicated on

figure.

Fig. 9. Charts showing the relative volume fraction of precipitate

(area of circles) and distributions of precipitate types (angle of

segments) for the experiment shown in Fig. 8.

Fig. 10. Ti-modified stainless steel irradiated to 1, 40, and 70 dpa

at 675°C with (right column) and without ( left column) helium injection.



Fig. 11. Schematic illustration of recommended strategy for alloy

design. Required critical number of gas atoms, n*, is raised by alloying.

At the same time the accumulation rate of gas atoms in a cavity is slowed

by dilution on more cavities, which is accomplished by alloying to create a

fine stable distribution of precipitates.



Table 1. Observations of bimodal cavity size distributions

Alloy

Type 316 S.S.

Type 316 S.S.

Type 316 S.S.

Type 316 S.S.

Type 316 S.S.

Type 316 S.S.

Ti-Modified PCA

Ti-Modified PCA

Type 304 S.S.

Type 316 S.S.

Austenitic Fe-Cr-Ni-Mo

Type 316 S.S.

Ti-Modified 316 '

Type 316 S.S. (Ti)

Austenitic Fe-Cr-Ni

Type 321 S.S.

Austenitic Fe-Cr-Ni-Mo

Neutrons

Neutrons

Neutrons

Neutrons

Neutrons

Neutrons

Neutrons

Neutrons

Ions (He

Ions (He

Ions

Ions

Ions (He

Ions (He

Ions (He

Ions (He

Ions (He

Irradiat ion

(EBR-II)

(HFIR)

(EBR-II)

(EBR-II)

(EBR-II)

(HFIR)

(HFIR)

(HFIR)

Pre- or Coinjection)

Coinjection)

Coinjection, Pulsing)

Pre- or Coinjection)

Pre- or Coinjection)

Preinjection)

Pre- or Coinjection)

Investigators

Brager & Straalsund (1973)

Maziasz & Coworkers (1976)

Maziasz & Grossbeck (1981)

Hishinuma & Coworkers (1982)

Brager & Garner (1981,84)

Brager & Garner (1983,84)

Maziasz & Braski (1984)

Imeson & Coworkers (1984)

Spitznagel & Coworkers (1982)

Kohyama & Coworkers (1983,84)

Sindelar (1984)

Sindelar and Coworkers (1985)

Lee & Coworkers (1983,86)

Levy & Coworkers (1985)

Lee & Mansur (1985)

Mazey & Nelson (1976)

Packan & Farrell (1979,83)

References

19

20

21

22

23,24

25,26

27

28

29

30,31,32

33

34

35,36

37

38

39

40,41



Table 1 (Cont'd)

Alloy

Austenitic Fe-Cr-Ni

Ti-Modified 316 S.S.

Type 304 S.S.

Type 316 S.S.

Type 316 S.S.

Ti-Modified 316

Irradiation

Ions (He Coinjection)

Ions (He Pre- or Coinjection)

Ions (He Pre- or Coinjection)

Ions (He Coinjection)

Ions (He Coinjection)

Ions (He Coinjection)

Investigators References

Agarwal & Coworkers (1979) 42

Kenik & Coworkers (1979,81) 43,44

Choyke & Coworkers (1978,81) 45

Wood & Coworkers (1981) 46

Ayrault & Coworkers (1181) 47

Hishinuma & Coworkers (1981) 22

9Cr-lMoVNb

12fcr-lMoVW

Fe-lOCr

9Cr-lMo

HT-9 & HT-9 + 2% Ni
ii

Fe-lOCr

OTi

V-jl5Cr-5Ti

Cu

(N1o.7»Feo.22)3V LRO

Neutrons (HFIR)

Neutrons (HFIR)

Ions (He and H Coin ject ion)

Ions (He Coin ject ion)

Ions (He Coin ject ion)

Ions (He Pre in jec t ion)

Neutrons (EBR-I I , He Preinjected)

Ions (He Coinjected)

Ions (He Coinjected)

Neutrons (Pluto)

Neutrons (HFIR)

Vitek & Klueh (1984) 48

Vitek & Klueh (1984) . 49

Horton & Bentley (1981,84) 50,51,52

Far re l l & Lee (1985) 53

Suzuki & Coworkers (1985) 54

Horton & Mansur (1985) 55

Tanaka & Coworkers (1981) 56
(Possible Inc ip ien t Bimodal)

Loomis * Coworkers (1986) 57

Loomis & Gerber (1981) 58

English (1982) 59

Braski (1984) 60



Table 2. Effective helium migration energies

Mode

Dissociative

Mechanism

Thermal release

Enerc

•b + E m - E f

'Hev He v

Interstitial replacement E"

Direct displacement

E m (sink dominated)

E /2 (recombination dominated)

Substitutional

Vacancy
i

Divacancy

Em + Ev v

-f , i-m i-b
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