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ABSTRACT 

To determine the effect of long-term, low-dose-rate irradiation on the tensile properties and microstructural development of 
12% cold-worked type 316 austenitic stainless steel, samples were retrieved from structural components of the EBR-II 
reactor. Samples were irradiated at temperatures from 371-440°C to doses of 56 dpa. Tensile testing indicates a slight 
increase in yield strength as a function of irradiation dose and a decrease as a function of irradiation temperature. For a factor 
of two difference in dose rate, no effect of dose rate on yield strength was evident. All tensile samples showed significant 
ductility. An analysis of the microstructural contributions to yield strength indicate that at low dose, the majority of the yield 
strength increase is due to dislocations. As the dose increases, the contribution from dislocations decreases, while the 
contribution from voids increases. While at high doses, the contribution to hardening from voids is expected to dominate, 
swelling had no significant effect on hardening or ductility for doses up to 51 dpa. Additionally, for doses to 51 dpa, no 
deleterious effect of swelling on ultimate tensile strength was seen. 

INTRODUCTION 

Assessing component integrity and residual life is an essential part of the aging management process for both light 
water reactors and liquid-metal-cooled fast reactors. In both types of reactors, austenitic stainless steels, such as AISI Type 
316, are used extensively to construct internal core components. While the performance of these steels irradiated at high 
dose rates, such as in fast reactor fuel element cladding, has been extensively studied, the irradiation performance at lower 
dose rates has not. Understanding the effects of long-term, lower-dose rate neutron exposure on structural materials is 
important as these conditions are encountered in fixed or hard-to-replace core internals in light water reactors and in the outer 
regions of fast reactors, such as JNC's MONJU. 

In 1997, EBR-II, the fast test reactor at the Argonne National Laboratory, began shut down and irradiated 
components with a wide range of exposure conditions became available. Recognizing that some of these components had 
irradiation parameters comparable to those in MONJU but with even higher doses, a program was established to study the 
swelling, embrittlement, and microstructural evolution in samples fabricated from two reflector subassemblies retrieved from 
EBR-II. Specimens were selected covering a wide range of dose, dose rate, and temperature. The scope of program 
consisted of: 

density measurements to determine swelling, 
tensile tests to determine radiation hardening and residual ductility, and 
microstructural characterization to underpin the above efforts and to correlate the observed macroscopic swelling 
and tensile behavior with irradiation damage. 

In this work, a comparison of the tensile properties and the microstructural development is reported. 

THEORY 

The total yield strength in an irradiated material is the sum of the yield strength in the unirradiated material (o0) plus 
the incremental increase due to irradiation induced microstructural features (Oy): 

~i  - Co + AOy (1) 

The change in yield strength from microstructural obstacles can be estimated from dispersed barrier hardening theory [1]. 
The change in yield strength due to discrete obstacles is given by: 

AOy - Mcq.tl:~-d (2) 



where M relates the shear stresses on a slip plane in a single crystal to the applied tensile stress necessary to activate slip in a 
polycrystal, c~ is the barrier strength, ix is the shear modulus of the matrix, b is the Burgers vector of a moving dislocation, N 

is the number density, and d the average diameter. The inverse of the quantity ~ represents average obstacle spacing. 
For network dislocations, the yield strength increment is given by: 

At~y - M ~ b ~ p  d (3) 

where Pd is the dislocation density (line length per unit volume). In unirradiated cold-worked material, the initial yield 
strength includes a component due to network dislocations. During irradiation, the yield strength increment due to 
dislocations can either increase (due to the formation of irradiation-induced dislocation loops) or decrease (due to annealing 
of network dislocations) the total yield strength. 

Different models exist for adding the contributions from each type of obstacle (loop, void, dislocation) [2]. A 
simple linear summation model would add the contributions as follows: 

t~ i - C  o + A ~  v°ids + At~ l°°ps  + A ~  disl (4) 
Y y Y 

A more commonly accepted approach is to add the contribution from the short range obstacles (loops and voids) in a root 
mean square fashion and the long range obstacles (dislocations) linearly [1]" 

C~ i =~o + AO disly + ~(AoV°ids ~ y  + (Ac~l;°ps) 2 (5) 

EXPERIMENT 

Stainless steel hexagonal ducts were used to house fuel and reflector subassemblies in the EBR-II reactor. Analysis 
of reflector components (identified as subassemblies U9922 and U9861) removed from the reactor following final shutdown 
provides a valuable source of information on behavior of reactor structural materials irradiated at dose rates on the order of 
10 .8 dpa/s. The materials were 12% cold-worked stainless steels. To evaluate the tensile properties, tests were performed on 
samples with doses ranging from 1 to 41 dpa at irradiation temperatures of 371-440°C. Thirteen of the tensile tests were 
conducted at 430°C, corresponding roughly to the irradiation temperature of the tensile specimens. Microstructure was 
analyzed in nine samples with doses ranging from 23 to 51 dpa at irradiation temperatures 376-430°C. The contribution to 
hardening from the microstructure is compared to the increases in yield strength measured in the tensile tests. Because of the 
limited amount of microstructural data, the measurements from all nine samples are compared to the 430°C tensile 
measurements. 

RESULTS AND DISCUSSION 

The yield strength as a function of dose is shown in figure 1. The yield strength at 0 dpa is slightly greater than 500 
MPa and increases with increasing dose. The unirradiated yield strength has two contributions: the inherent yield strength of 
the material at a given temperature and strain rate, and the strength gained from the dislocation network induced by the cold- 
working process. The yield strength of solution annealed 316 stainless steel at 430°C is approximately 170 Mpa [2]. The 
yield strength of unirradiated 12% cold-worked 316 stainless steel at 430°C was approximately 470 MPa. Therefore, the 
initial contribution of dislocations to yield strength is approximately 300 MPa. 

As shown in Eq. (2), the increment in yield strength due to discrete obstacles is proportional to the square root of the 

inverse of the obstacle spacing ( ~ ) .  The increase in yield strength due to irradiation increases as the irradiation 
produced obstacles increase in size and density (eq (5)). Therefore, the trends in yield strength should follow the trends in 
the obstacle spacing. 

The increment in yield strength due to loops, voids, and loops plus voids calculated from Eq. (2) is compared to the 
measured yield strength in figure 1. The sum of the void plus loop contribution was calculated using a root-mean-square 

~ ( A  v ~ ~k/XGy/, loops~  _ O yOids + ). The values of t~ and ~ used to calculate the yield strength increment summation ( A Cyy 
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are taken from Ref [1] and listed in Table 1. The values of M and b used to calculate the yield strength increment are taken 
from Ref [3] and are also listed in Table 1. 

Table 1. Constants for Yield Strength Increment Calculations 

Parameter 
M 

Voids 
3 
1 

6.7x101° Pa 
2.5x10 "l° m 

Loops 
3 

0.33 
6.7x 10 l° Pa 
2.5x10 l°  m 

The following conclusions can be deduced from figure 1. 

• The yield strength increases with dose. A majority of the hardening exists in the unirradiated state due to the cold- 
working. Irradiation increases the yield strength by about 20-25%. The saturation of yield strength at 430°C is 
expected to be between -750 and 850 MPa [4]. The yield strength at 40 dpa is near 660 MPa and therefore is expected 
to continue to increase more prior to reaching saturation. 

• The increase and decrease in the yield strength increment due to loops is consistent with trends in other irradiated 
austenitic stainless steels [1]. 

• The sum of the loop plus void yield strength increments is much less than the measured yield strength, indicating 
that the dislocation network contributes a large portion of yield strength, especially at low dose. The hardening 
contribution of precipitates will also contribute to the yield strength. The precipitate size distribution has not yet been 
measured in these samples. 

• Extrapolating the microstructural data to higher dose indicates that the hardening will be dominated by voids. 

The contribution to yield strength from dislocations can be estimated by subtracting the calculated contribution of 
loops and voids from the measured yield strength. This is shown in figure 2. Best-fit curves have been fit to the yield 
strength data (measured, loop contribution, and void contribution) from figure 1. The dislocation contribution to the yield 
strength was calculated by subtracting the loop and void contributions from the measured yield strength. 

The following conclusions can be deduced from the data in figure 2. 

• The yield strength contribution from network dislocations decreases with dose as dislocations are annealed. This 
contribution appears to be heading toward saturation as network dislocations are added due to unfaulting of dislocation 
loops at higher dose. 
• As the contribution to yield strength from loops decreases at high dose, the decrease in the contribution from 
dislocations slows, probably caused by loops unfaulting to add to the dislocation network. 

For three of the nine samples in which microstructural examinations were made, the network dislocation density was 
measured. For those three samples, the yield strength increment is calculated (using ~=0.2) from the dislocation density and 
plotted on figure 2. At a dose of around 25 dpa, the yield strength increment from dislocations is slightly less than that 
estimated by subtracting the void plus loop contribution from the measured yield strength. At around 50 dpa, the yield 
strength increment from dislocations is greater than that estimated by subtracting the void plus loop contribution from the 
measured yield strength. A complete measurement of the dislocation density plus the precipitate size distribution is needed 
before the differences can be explained. 

The effect of irradiation temperature on yield strength can be seen by examining figure 3. With the exception of the 
sample irradiated at 370°C to 0.1 dpa, the yield strength of all of the samples decreases with increasing irradiation 
temperature. In figure 3, the highest temperature samples are also irradiated to lower doses. This decrease in yield strength 
as a function of temperature (and dose) could be due to the contribution of loops, voids, dislocations, or inherent in the 
sample. The effect of temperature on the void contribution to yield strength can be seen in figure 4. Two trends can be seen. 
For those samples that have been irradiated to doses of 35.7 dpa and less, there is little change in yield strength as a function 
of temperature. For those samples irradiated to around 50 dpa, the yield strength increment due to voids increases with 
increasing temperature. Since the swelling in these alloys did not start to increase significantly until around 35 dpa [5], the 
increase in yield strength due to voids does not increase until the swelling becomes significant. The effect of temperature on 
the loop contribution to yield strength can be seen in figure 5. Temperature has no significant effect on the loop contribution 
to yield strength over the temperature range examined. The peak in strengthening occurs at 35 dpa (see figure 2) and does 



not correlate with temperature changes. Since the measured yield strength decreases with increasing temperature, the 
strengthening due to voids increases at higher temperature, and the strengthening due to dislocation loops is independent of 
temperature, the drop in yield strength with increasing temperature is due to a decreasing contribution from network 
dislocations (see figure 2). 

The uniform elongation and ultimate tensile strength were also measured in the tensile tests. A semi-empirical 
model indicates that uniform elongation is related to yield strength and ultimate tensile strength by the relationship [ 1]: 

(6) 

The uniform elongation is plotted versus 1 - in figure 6. Within the 95% confidence limits of the linear fit, equation 

°gu 6 holds true. Extrapolating the hardening ( 1 - )  to zero gives a minimum uniform elongation between 0 and 4 %. 

Garner has shown that at large swelling values, the ultimate tensile strength can decrease rapidly with increasing swelling [6]. 
Such an effect is not evident in this series of experiments. As seen in figure 7, for the measurements of this study, both the 
ultimate tensile strength and swelling [5] increase with increasing dose. 

CONCLUSIONS 

The tensile properties of 12% cold-worked type 316 stainless steel irradiated at temperatures from 376-440°C to doses of 51 
dpa have been measured. The yield strength increases about 20-25% as a function of irradiation dose and decreases as a 
function of temperature. The changes in yield strength were then compared to the underlying microstructural changes that 
occurred during irradiation. The contribution to yield strength from voids increases as a function of dose and temperature. 
Extrapolating to doses greater than 56 dpa indicates that voids will become a significant contributor to hardening. The 
contribution to yield strength due to dislocation loops peaks at intermediate (around 35 dpa) dose and is not strongly affected 
by temperature. The contribution to yield strength from network dislocations may decrease with increasing dose, but a final 
determination requires a detailed characterization of the precipitate size distribution and network dislocation density as a 
function of dose. No deleterious effect of swelling on ultimate tensile strength is seen at doses up to 51 dpa. 
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