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Abstract

Tensile property evaluations of austenitic stainless steels irradiated at 60 tc 400° C in the

ORR have been conducted. The neutron spectrum was tailored to achieve the appropriate

helium/dpa ratio for austenitic stainless steels in a fusion reactor.

The components of the alloy microstructure considered to contribute to strengthening are

black dot defect clusters, Frank loops, network dislocations, voids, bubbles, and precipitates.

Accepted expressions for hardening by defect interactions were employed in the calculation. It

was found that the strengthening could be accounted for by the observed defects at

temperatures below 330° C. However, strength was under-predicted at the higher temperatures.

Since the voids and precipitates were observed to nearly always occur in coupled pairs, they

were considered to be one large defect contributing to hardening through the Orowan bowing

mechanism. This mechanism alone could not account for the strengthening observed. However,

radiation-induced segregation of alloy components to the bubbles could account for the

observed hardening, although defects below the limit of deductibiiity are also believed to make

a contribution.
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Introduction

Several authors have related the strength of alloys to the microstructure produced during

irradiation [1,2]. The theory of strengthening by defects is well established [3,4,5,6],

although there are uncertainties in the form of constants in the relations that are determined by

details of the defect geometry. These constants are usually determined by experiment.

The present paper does not introduce new mechanisms of hardening or improve on the

theory of hardening, but it contributes to the existing literature on the subject in two ways. The

first is that the strength and the microstructures were determined on specimens that were

irradiated side-by-side. The second is that lower temperatures, 60-400° C, are addressed in order

to apply the results to the design of the International Thermonuclear Experimental Reactor (ITER).

The lower temperature experiments also aid in separating the effects of individual types of defects

since this range extends below the temperature range of detectable cavities and precipitates.

Small "black dot" defects were not observed above 200° C, further aiding in separation of the

effects of defects on hardening.

'Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under
contract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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Experiment Description

Tensile specimens 0.762 mm (0.030 inches) in thickness as well as electron microscope

specimens 0.254 mm (0.010 inches) in thickness were irradiated in the Oak Ridge Research

Reactor (ORR). Irradiation temperatures of 60, 200, 330, and 400° C were attained through

contact with the reactor coolant at 60° C, conduction through aluminum holders at 200° C, and

conduction of heat through gas gaps at the two highest temperatures. Temperature was

continuously monitored and actively controlled by modifying the composition of the conducting

gas at 330 and 400° C.

The neutron spectrum of the ORR was modified as a function of time in order to achieve

a helium/displacement ratio of 12-16 appm/dpa in austenitic stainless steels. The specimens

examined in the present study were discharged at a displacement level of 6.9 dpa for 60 and

200° C and 7.4 dpa at 330 and 400°C as determined by dosimetry [7,8]. This exposure

resulted in concentrations of 90 appm He at 60 and 200° C and 120 appm He at 330 and 400° C.

Most of the helium was produced through thermal neutron reactions with nickel. T h e

average damage rate was 4 x 10'7 dpa/sec, the equivalent of about 1 MW/m2.

Hardening Mechanisms

The present paper will be restricted to the alloy PCA, a Ti-modified austenitic stainless

steel for which there is a large volume of irradiation data [9]. The defects that contribute to

strength in an irradiated austenitic stainless steel are network dislocations, small Frank loops and

defect clusters known as black dots (many of which are small Frank loops and will all be treated

as small loops), large Frank loops (about an order of magnitude larger), precipitates, and

cavities (either bubbles or voids). These defects are divided into two classes: long range and

short range. Simmons and Hulbert define short range obstacles as those which influence moving
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dislocations only on the same slip plane as opposed to long range obstacles which impede

dislocation motion on slip planes not containing the obstacle [1]. Following the lead of Garner

et.al. [2] and Simons and Hulbert [1], only the network dislocations will be considered iong range

obstacles. The contributions to hardening by short and long range obstacles are combined in

the manner suggested by Bement [3] as follows:

(l)

The contributions of the short range obstacles are added in quadrature as follows:

(AoSJ?)
 2= (Aosmioop) 2+ (bo l g l o o p ) 2+ (bobubbia.piecip)

2 (2)

Hardening due to dislocations may be expressed by the following equation:

(3)

where A T ^ is the increment in shear stress, G is the shear modulus, b is the Burgers vector, pd

is the dislocation density, and a is constant between 0.15 and 0.3 [4]. The constant a is

dependent upon the geometry of the dislocation configuration, but it is usually evaluated

experimentally. In this case, the difference in strength of unirradiated annealed and cold-worked

PCA was used to evaluate a. All of the increment in strength was attributed to the increase in

dislocation density, which in this case was by a factor of about 1000. The constant a was

determined in this way to be 0.16.

Both small defects and large Frank loops were treated as short range obstacles using an

expression similar to equation (3) expressed as follows:

A _GWM

where N is the loop density, and d is the loop diameter. The constant p ranges between 2 and

4 as suggested by Bement [3] and by Olander [10]. At this point, the data were used to
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determine the constant, p. A value of 2.2 was found to match the data well at low temperatures.

The same constant was used for both the small defects and large Frank loops, even though

some difference might be expected. It was also held constant at all temperatures. In converting

from shear stress to tensile yield stress, the von Mises factor of 73 was used.

Precipitates and bubbles were treated in a somewhat unconventional manner. Electron

microscopy revealed that bubbles and MC precipitates nucleate and grow together in attached

pairs or even clusters of three (2 bubbles + 1 MC), Fig. 1 [11]. As a result of this observation,

the bubbles and precipitates were treated as one obstacle rather than as separate defects.

Because the precipitates were found to be incoherent, which would favor the Orowan bowing

mechanism as opposed to a shear mechanism, the compound obstacle was treated by the

Orowan bowing mechanism [1]. The particles were assumed to be spherical with a diameter

equal to the sum of the average precipitate and bubble diameters. A more accurate analysis

would consider the situation of two spheres in contact, but using an expression for rod geometry

indicated only a small effect on the result [12]. The relation used for the stress increment

introduced by the bubble-precipitate pairs is the following based on Kelly [12]:

bub-pxecp~ — •*•**' 2b (5)

Results and Discussion

The incremental hardening from irradiation can now be computed by substituting

equations (3) through (5) into (1) and (2), multiplying by 73 to convert from shear stress to yield

stress. The actual yield stress can be found by adding this result to the yield strength of

unirradiated annealed PCA. The annealed alloy is used since the contribution from the network
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dislocations is already included in equation (3). Defect sizes and densities, determined by

electron microscopy by Maziasz [11], are presented in Table 1. The result of the calculation

appears as the upper curve in Fig.2. The hardening from each component appears as the lower

set of curves in Fig. 2.

It can be seen that black dot defects and large Frank loops are the primary source of

hardening below 200°C. At the two higher temperatures, 330 and 400° C, the black dots have

been replaced by large Frank loops. These loops and the bubble-precipitate pairs now

constitute the primary sources of hardening. The network dislocation density has decreased over

an order of magnitude as a result of irradiation at all four temperatures observed. Consequently,

the network dislocations make a relatively minor contribution to the irradiated yield stress.

Experimental data from the ORR irradiation experiment are plotted in Fig. 2 for comparison

with the model results. Data for five different cold-worked alloys were plotted together since their

yield strengths were all very similar after irradiation. At the two lowest temperatures, the yield

strength appears to have been predicted very well. This is not entirely coincidental since the

value of the constant, p, has been chosen to be 2.2 to match the data. Since the suggested

values of the constant lie between 2 and 4, this is not an unreasonable choice. However, at

330 and 400° C, the curve under-predicts the data, only slightly at 330° C but significantly at

400° C. In this regime, large Frank loops, bubbles, voids, and precipitates are the primary

hardening agents. Since the observed hardening has not been completely accounted for by the

model, either the number of obstacles is larger than thought, the size of the obstacles is larger

than thought, or there is another obstacle that is not being taken into account.

The complexity of the microstructure hinders detection of defects smaller than about 2

nm, and the existence of a large population of defects below this size cannot be dismissed.

Calculations (Table 2) indicate that the observed yield stress at 400° C could be accounted for
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by an obstacle density of 3 x 1024 m'3 with a diameter of 2 nm. There is also some experimental

evidence to indicate that such a high number density is not unrealistic [13]. In a separate

spectrally tailored < xperiment, the same heat of 25% cold-worked PCA was irradiated to 13 dpa

at 400° C. The concentration of MC- bubble complexes was 3 x 1023 m3, an order of magnitude

higher than that observed at 7 dpa. It is possible that these additional defects represent a

fraction of a large population of defect clusters below 2 nm which grew into a size range >2 nm

in diameter during irradiation from 7 to 13 dpa. Further supporting evidence for the existence

of such large defect populations comes from aged ferritic stainless steels where G-phase

precipitates 1.5 nm in diameter with densities exceeding 1024 m"3 have been observed [14].

An alternative explanation for the breakdown of the model is that the observable bubble-

precipitate complexes are more effective barriers at 400° C than they are at 330° C. The

presence of irradiation-induced zones of segregated solutes could result in an effective obstacle

diameter that is greater than the measured diameter [15,16,17]. Although radiation

induced segregation (RIS) studies have not been carried out on specimens from the spectrally

tailored experiments, Kenik et al. have reported the formation of grain boundary zones about 5

nm wide, enriched in Ni and Si, in PCA irradiated in the FFTF to 9 dpa at 420° C [18].

Significantly narrower segregation zones would be expected at 330° C. Calculations (Table 3)

show that the observed yield stresses could be accounted for ii the bubble-precipitate complexes

were 6 and 15 nm at 330 and 400° C, respectively rather than the observed diameters of 4 and

5 nm. Such enhancement is reasonable, considering the higher diffusivities at 400° C compared

to 330° C.

Further microscopy and microanalysis is in progress to investigate more thoroughly the

origins of hardening in these materials.
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Conclusions

1. In 25% cold-worked PCA irradiated to 7 dpa under spectrally tailored conditions,

radiation hardening at 60 and 200° C is dominated by black spot defect clusters and small Frank

loops. In this regime, a simple hardening model based upon Orowan interactions with short-

range obstacles correctly predicts the yield strength.

2. At 330 and 400° C, the microstructure is dominated by Frank loops and MC-bubble

complexes. The hardening model slightly under-predicts the yield stress at 330° C and

substantially under-predicts it at 400° C.

3. The discrepancy between predicted and measured yield strength at 400° C could be

do to: (1) a very high concentration of obstacles with diameters <2 nm or (2) enhancement of

the effectiveness of visible obstacles due to local compositional changes caused by RIS.
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Table 1. Defect Sizes and Densities for Unirradiated and ORR-Inadiated PCA

Irradiation Conditions Dislocation Concentration (a m/mh Cavities

Alloy/ Dose "Black-Dot"
Condition Temp. ("Ct fdmrt Network Loops

SA-PCA

25% CW
PCA

25% CW
PCA

25%CW
PCA

25% CW
PCA

25% CW
PCA

As annealec

As-cold
worked

400

330

200

60

<5 x 1012

>5 x 10"

7.4 2 x 1014

None

None

Larger
Frank Loops

None

None

Voids
Diam.
Coot

None 9 x 10M (29 nm)* 5 to 10 nm
A few patches

7.4

7.4

7.4

4.5 x 1014

2.6xlO14

3.4xlO14

None

18x10"
(2.2nm)*

2.8x10"
(2.2 nm)'

3.1xl015

(9nm)"

5xlO14

(16.5 nm)*

< l x l O M

(16.5 nm)

None

None

None

Bubbles
Diam.
Cone.

< i to2nm
>3 x 10° m"3

None

None

Precipitation

Phase

None

None

Diam.
Cone.

MC 3 to 4 nm
2-4xl022m°

1 to 2nm MC 2 to 3nm
>8xl022m"3

None

None

'Average diameter of loops in this size class



Table 2. Number density of defects at the detectability limit necessary for
agreement with data

Temperature

330
400

Detectability
Limit (nmi

2
2

Measured
Density (m 3

1.2 xlO23

3X1022

Density for
Agreement (m

2 x 1024

3 x 1024
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Table 3. Effective diameter of bubble-precipitate pairs
necessary for agreement with data.

Temperature Measured Effective
(°O Density (m3) Diameter

330 3-5 6
400 4-6 15



Figure Captions

Fig. 1 Microstructure of annealed PCA irradiated at 330° C in the ORR to a displacement level

of 13 dpa showing bubble-precipitate clusters.

Fig. 2 Yield strength as a function of temperature for each strengthening defect in irradiated

austenitic stainless steels. The sum of defect hardening and yield strength of unirradiated

annealed PCA is shown by the top curve. The symbols represent alloys irradiated in the ORR

to 7 dpa.
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