
Isolation of Microstructure in Proton-Irradiated Steels

Topical Report
NERI Project 99-0101

A Novel Approach to Materials Development for Advanced Reactor Systems

G. S. Was, M. Atzmon, L. Wang
University of Michigan

f%”-, - VED
“kwm

cm-n

September, 2000



DISCLAIMER

This repo~ was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or

implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof. .

?..- T . . , . . ,.,,,<,~fl,.: . ,,,. .~x; ,.,<, \ , ,,,- ,, ,;.. ....,,,.,,. , ..27. . . .-, .-.3, _,..i> - - ., .>,,. .- -- -.: ,, —.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



INTRODUCTION

Component degradation by irradiation is a primary concern in both current reactor

systems as well as advanced designs and concepts where the demand for higher efficiency and

performance will be considerably greater. In advanced reactor systems, core components will be

expected to operate under increasingly hostile (temperature, pressure, radiation flux, dose, etc.)

conditions, The current strategy for assessing radiation effects for the development of new

materials is impractical in that the costs and time required to conduct reactor irradiations are

becoming increasingly prohibitive, and the facilities for conducting these irradiations are

becoming increasingly scarce. The next generation reactor designs will require more extreme

conditions (temperature, flux, fluence), yet the capability for conducting irradiations for

materials development and assessment in the next 20 years is significantly weaker than over the

past 20 years. Short of building new test reactors, what is needed now are advanced tools and

capabilities for studying radiation damage in materials that can keep pace with design

development requirements.

The most successful of these irradiation tools has been high energy (several MeV) proton

irradiation. Proton irradiation to several tens of dpa can be conducted in short amounts of time

(weeks), with relatively inexpensive accelerators, and result in negligible residual radioactivity.

All of these factors combine to provide a radiation darnage assessment tool that reduces the time

and cost to develop and assess reactor materials by factors of 10-100. What remains to be

accomplished, is the application of this tool to specific materials problems and the extension of

the technique to a wider range of problems in preparation for advanced reactor materials

development and assessment.

In this project, we plan to approach the mechanism of irradiation assisted stress corrosion

cracking (IASCC) by isolating the irradiated microstructure. This report focuses on the

microstructure of proton irradiated stainless steel and model alloys for reactor pressure vessel

(RPV) steels.

APPROACH

We propose to identify the “persistent” effect responsible for IASCC by separating the



microstructure changes from the microchemistry changes. That is, we propose to create a

microstructure typical of that resulting from neutron irradiation in reactor to several dpa, but with

little change in microchemistry from the unirradiated state. Similarly, we propose to create a

microchemistry typical of that resulting from neutron irradiation in-reactor to several dpa, but

with little change in microstructure from the unirradiated state. In this way, we can perform

SCC tests to isolate the key material condition that is responsible for the observed cracking. We

do not expect to completely eliminate one feature while completely retaining the other, but we do

expect that the feature of interest will strongly dominate the other. We will then be able to

conduct more specific investigations into the mechanism by which microstructure or

microchemistry changes affect the IG cracking process.

The end result of this program will be the identification of the material changes that

affect IASCC and a better understanding of the mechanism. Until such changes are identified,

no further progress can be made on identifying the mechanism and solving the problem. Solving

the IASCC problem is a long-term goal, but not the objective of this proposal. An understanding

of the mechanism will allow for the development of mitigation strategies for existing core

components and also the development of radiation-resistant alloys or microstructure for

replacement components and for advanced reactor designs. These developments are essential to

the extension of existing plants to longer lives and the prevention of IASCC in advanced reactor

designs.

The plan of work is based on isolating the relevant LWR microstructure. Experiments

will be conducted primarily on commercial putity 304 SS and 316 SS alloys. The alloys will be

cold-worked and annealed to produce a grain size of 10-12 micrometers. The commercial alloys

were irradiated in reactor and were shown to be susceptible to IASCC via constant extension rate

tensile tests. [1] An extensive characterization of their microstructure and microchemistry has

been conducted by PNNL and we have shown that both can be replicated by proton irradiation.

[2-6] Hence, these alloys represent the ideal case for studying microstructure effects using

proton irradiation. Irradiation will be conducted using 3.2 MeV protons generated in the

tandetron accelerator at the Michigan Ion Beam Laboratory at the University of Michigan. This

produces a nearly flat damage profile over the first 35 ~m, followed by a damage peak at -40

~m. [7] Characterization of microstructure and microchemistry changes will be made in the flat
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damage region, away from the surface and the damage peak. Microstructure characterization

will be made in TEM and microchemistry characterization will be made using STEM-EDS. The

effect of microstructure will be evaluated for IASCC susceptibility using CERT tests. We will

focus IASCC experiments on the 304 SS alloy because of its greater propensity for IASCC. This

report covers microstructure formation and characterization.

EXPERIMENT

Alloys of 304 SS and 316 SS were selected for microstructure study following proton

irradiation at 360”C over a range of doses and in different initial conditions. Model IU?V alloys

were selected to isolate the effects of Cu and Mn on the hardness and microstructure following

proton irradiation at 300”C over a range of doses. The chemical compositions for all the alloys

used in this study are listed in table 1, and a summary of irradiation conditions for each alloy

used in this work is listed in table 2.

All alloys were used in the as-received condition, in the form of bar samples made by

electric discharge machining (EDM) to minimize the mechanically darnaged layer. No heat

treatment was given to these samples. After wet polishing, all stainless steel samples were

electropolished in a solution of 60% phosphoric acid and 40’%0sulfuric acid for 3 min at

approximately 42°C to provide a smooth surface prior to irradiation. Model RPV alloys were

electropolished in a solution of 659Z0methanol, 28’ZOnitric acid and 7% 2-butoxyethanol.

Sample irradiations were performed using a tandem accelerator (the General Ionex

Tandetron) at the Michigan Ion Beam Laboratory for Surface Modification and Analysis at the

University of Michigan. All irradiations were conducted using 3.2 MeV protons in a vacuum

better than 3X10-8torr. Protons with this energy produce a nearly uniform damage layer in the

first 35 pm of the proton range (40 ~m) as calculated using TRIM97. [8] Stainless steel samples

were irradiated at 360”C to between 0.1 and 5.0 dpa. Model RPV alloys were irradiated at

300”C to doses between 0.001 and 0.01 dpa. The dose uniformity of the irradiated stainless steel

samples was checked using a Tennelec LB 5100 automated alphalbeta counter by measuring the

activity in units of ~-counts/minhmn2 for each sample within the same irradiation batch.



Irradiated bar samples were back thinned to a thickness of -300 ~m from the unirradiated

side using wet polishing (180-320 grit SiC paper). TEM disks were cut using a slurry drill core-

cutter to minimize mechanical damage. TEM disks were further wet-polished from the

unirradiated side down to

removing -5 ~m from the

until perforation occurred.

a thickness of 100-140 ~m using 400-2400 grit SiC paper. After

irradiated side, samples were jet-polished from the unirradiated side

Microstructure analysis on stainless steel alloys was cagied out using transmission

electron microscopy on a JEOL@ 2000FX TEM7STEM. Bright field (BF) imaging, dark field

(DF) imaging and rel-rod dark field (RRDF) imaging techniques were used to characterize the

microstructure before and after proton irradiation. A minimum of four TEM images (at

magnification=100K to 200K) were taken for each condition in order to obtain a reliable measure

of loop density and size. Model RPV alloy microstructure were analyzed in the JEOL 201OF.

Both bright field and dark field techniques were used to characterize the precipitate character of

the sample. Small angle x-ray scattering (SAXS) was also used to evaluate the precipitate

structure of the irradiated model alloys. Anomalous small angle x-ray scattering was conducted

on the SAXS beam line at the Advanced Photon Source (APS) at a photon energy of 7.09 keV,

with the help of Dale Alexander of Argonne National Laboratory.

To evaluate radiation induced hardening, yield strength changes were estimated from

Vickers hardness measurements before and after irradiation. At least 20 measurements were

made using a 25g load at room temperature. According to Higgy and Hammad [9] the yield

strength changes due to irradiation for 304 SS can be estimated from hardness changes using the

relation:

A~Y= 3.54 AI$ , (1)

where AHVis in kg/mm2 and AuYis in MPa. For the Fe-base model RPV alloys, the conversion

factor is 3.62. [10] If the unirradiated yield strength is known, the yield strength for the

irradiated material can be determined.

Radiation-induced hardening in the stainless steels was also determined from

microstructure measurements by calculating the yield strength change using the dispersed-

barrier-hardening model [11] for dislocation loops:



AOY= 3.06q./bfi Y (2)

where et is the barrier strength factor (1.0 for voids and 0.4 for faulted loops), w is the shear

modulus, b is the Burgers vector for network dislocation, N is the defect number density, and d is

the mean size of the defects. For austenitic stainless steels, p=76 GPa and b=2.55x10-8 cm were

used for calculation.

RESULTS AND DISCUSSION

The results for the proton-irradiated microstructure and irradiation-induced hardening

(yield strength increase) as a function of irradiation dose at fixed temperature are presented in

comparison with the neutron-irradiated microstructure. Results on dislocation loop

characterization are presented first, followed by irradiation hardening. Results on stainless steel

are presented first, followed by those on model IWV alloys.

StainlessSteels

Microstructure Characterization

TEM examination indicated that dislocation loops are the dominant irradiation-induced

microstructure feature for all the proton irradiation conditions investigated. Figure 1 shows rel-

rod dark field images of the Frank loops as a function of irradiation dose for CP 304 SS and CP

316 SS. Loop size distributions measured from proton- and neutron-irradiated commercial

purity CP 304 SS and CP 316 SS are shown in Fig. 2. At comparable doses, loop size

distributions for neutron irradiation at 275°C and proton irradiation at 360”C are in good

agreement. This confirms that loop structure development under neutron irradiation (275”C,

7X10-8dpzds) and proton irradiation (360”C, 7X10-Gdpa/s) is basically the same despite the

difference in displacement morphology due to differences in particle type.

Loop densities resulting from proton irradiations are plotted together with those from

neutron irradiation as a function of dose in Fig. 3. Note that the alloys used for neutron

irradiation at 275°C and for proton irradiation at 360”C are from the same heat, providing direct

comparison of microstructure evolution between neutron and proton irradiation without concern

for the difference in composition and heat treatment. Loop densities in proton-irradiated CP 304



SS andCP316 SS follow the same trend as for neutron irradiation at 275”C. This indicates that

the partitioning of point defects to loops and other sinks, the balance between nucleation and loss

of loops by loop unfaulting and interstitial cluster diffusion, and the evolution of overall sink

strength are similar for neutron and proton irradiation. While the trends are in good agreement,

the loop density in proton-irradiated CP 304 SS at 360°C is slightly lower than that for neutron

irradiation at 275°C. It appears that the difference in loop densities between neutron and proton

irradiation diminishes with increased dose. One of the possible reasons for the larger difference

at low dose may be the greater difficulty in imaging small loops at low doses where the size is

small. The JEOL 2000F used at Michigan for characterization of proton-irradiated

microstructure does not have the same imaging capability as theJEOL2010F used at PNNL for

characterizing the neutron-irradiated microstructure used for comparison.

The dose dependence of loop size for proton-irradiated CP 304 SS and CP 316 SS, and

high purity alloys is shown in Fig. 4, together with neutron data (275”C, 300°C and 390°C) taken

from references [12-16] The data for proton- and neutron-imadiated CP 304 SS andCP316 SS

taken from the same heat are in good agreement. The magnitude of the loop size for proton-

irradiated CP 304 SS and CP 316 SS is consistent with that of neutron irradiation. Loop size

rapidly increases with dose at doses below 1 dpa, approaching saturation between 3 and 5 dpa.

Proton irradiation can achieve damage rates several orders of magnitude higher than that

of neutron irradiation in LWR core components. To maintain an equal fraction of defect loss to

recombination as for neutron irradiation, and to have the same defect partitioning to the

microstructure, an elevated temperature is required. However, the effect of elevated temperature

on the overall sink strength could also influence the microstructure development. For example,

the annihilation of network dislocations is promoted and the loop loss by small interstitial cluster

diffusion to sinks is also increased by the upward temperature shift.

The microstructure resulting from neutron and proton irradiation can still be very similar

if the effects of higher dose rate, higher temperature and smaller cascades for proton irradiation

on the defect partitioning and sink development are balanced. Therefore, the physical process

for a rapid increase in loop density and size at low dose and the tendency to saturation for loop

density and size at higher dose should be the same for both neutron and proton irradiation.

Results show that the magnitude of faulted loop density and size at saturation from proton
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irradiation can be controlled to be very close, if not the same, to that of neutron irradiation by

adjusting the proton irradiation temperature at a given dose rate.

Irradiation-Induced Hardening

The dose dependence of hardening in proton-imadiated austenitic alloys is shown in Fig.

5. Hardening from proton irradiation was determined from Vickers hardness data and that from

neutron irradiation was determined via the shear punch technique. For comparison, hardness

increases using both techniques were converted to yield strength increases in units of MPa. Note

that the agreement between neutron- and proton-inadiation induced hardening is excellent across

the entire dose range.

Figure 6 shows a comparison between measured (Vickers or shear punch) hardness and

hardness calculated from the dislocation loop microstructure using eqn. (2). Results are in fairly

good agreement across the hardness range (larger hardness occurs at higher dose), especially for

proton irradiation. The only anomaly is the higher dose neutron-irradiated results for the 304 SS

samples, where the hardness determined from microstructure exceeds that measured from the

irradiated sample.

The comparison between proton and neutron results on these two heats and the existing

database is shown in Fig. 7. The dose dependence of yield strength evaluated from hardness and

microstructure measurements for proton-irradiated commercial purity alloys is compared with

neutron data [17-20]. An unirradiated yield strength value of 243 MPa for CP 304 SS and 228

MPa for CP 316 SS was added to the irradiation-induced yield strength change to obtain the

irradiated yield strength. To increase the clarity, two lines were drawn to mark the boundaries of

the neutron data, Fig. 7 (a), then the neutron data were removed and proton data were

superimposed on the boundaries for comparison, Fig. 7 (b). The proton data are within the

neutron data band except for the two data points for CP 304 SS at 3 dpa. That the proton data

fall within the neutron data band is expected since the irradiation condition was designed to

generated equivalent microstructure for LWR conditions around 300°C. The close agreement

with neutron data justified the use of proton irradiation to produce the same amount of irradiation

hardening as does neutron irradiation.



Model RPV Alloys

Microstructure Characterization

The bulk of the characterization of the microstructure of the model alloys is by SAXS,

with only preliminary data from TEM. In these experiments, the VD alloy was irradiated to two

doses and subsequently analyzed by SAXS. Measurement was taken at an energy of 7.090 keV.

The relation between q and I is shown in Fig 8. From this figure; ~amples at both dose levels,

0.01 dpa and 0,001 dpa, produced higher scattering intensity than the unirradiated ones. The

0.01 dpa dose sample has stronger intensity than 0.001 dpa sample, indicating a higher density or

larger size scattering centers. The intensity of the 0.01 dpa dose sample drops as q increases,

approaching the curve for the unirradiated sample at high q values and angles. With the angle of

X-ray scattering increasing, the upper limit of the structure size, which the scattering can reflect,

will decrease, At large angles, X-ray scattering is not sensitive to larger structures. At the

corresponding (low) size, the scattering is no different between an irradiated and an unirradiated

sample, so the signals overlap. It should be noted that the curve for the 0.001 dpa sample does

not approach that for the unirradiated sample at high q. This is likely due to contamination horn

Kapton tape used in the experiment. Kapton tape is used to suspend the foil samples in the X-ray

beam. Unfortunately, our current set up resulted in slippage of a stepper motor, resulting in mis-

positioning of the sample in the beam. In the low dose proton case, some of the kapton tape was

intercepted and scattering from it was superimposed upon the sample signal.

The relation between Inl (where I represents the difference between the irradiated and the

unirradiated signals) and q’ is shown as Fig. 9. From Guinier’s approximation [21] we obtain:

()q’%I(q) =10exp –~

where ~ is the scattering vector which defines the geometry

20, the modulus q is 2zf3L1.RGis particle radius of gyration.

lnI(q)=K–~q2

(3)

of the experiment. For small angles,

Equation (4) can be rewritten as:

(4)



From the slope of a plot of bd(q) vs. q2, we obtain directly, the radius of gyration, R~ and

then the particle radius, R=(5/3)lnR~ (assuming spherical particles). Phythian [22] confirmed the

spherical symmetry of the strain field around the precipitates in Fe-1 .3CU model alloy through

TEM. For both doses, we obtain excellent linear fits to the data. From eqn. (5), the precipitate

radius in the 0.001 dpa dose sample is about 7.1 & and in the 0.01 dpa dose sample it is 16.0 ~.

The low dose size is smaller than that resulting from electron irradiation [23] 11.8 ~ (VD,

0.0005dpa, 7.5x 10-9dpa/s, 300”C). However, the high dose pre~ipitate size is close to that

following neutron irradiation to -0.013dpa (1.8 nm for a l-feature fit and 1.0 and 2.0 nrn for a 2-

feature fit). [24] The Guinier approximation is strictly valid in the range qli~<<l O. [25] In these
.

measurements, RG is 5.5A for the low dose and 12.4A for the high dose, yielding values of qRG.

in the range 0.5 to 1.2. Therefore, the approximation is not ideal for these measurements. In

future work, the maximum entropy method will be applied to the data.

Irradiation-Induced Hardening

Hardening in model RPV alloys

microstructure induced by irradiation and

can result from two sources, the dislocation

second phase particles. Results from hardness

measurements following irradiation of alloys VD and VA are given in table 3 and are compared

to those from neutron irradiation in Figure 10. The unirradiated hardness values for each alloy

represent an average of the values of several different samples. Results for the VT) alloy are very

encouraging in that both the magnitude of the hardness increase and the trend with dose is very

similar to that found after neutron and electron irradiation. The amount of hardening at all dose

levels is essentially indistinguishable from that due to neutrons. Of equal interest is the

hardening of the VA alloy (Fe only), which is similar to that of the Fe-1 .OMn alloy irradiated

with neutrons. The fact that the hardness increase is only about 1/6 that of the Fe-Cu-Mn alloy at

the same dose indicates that something other that radiation damage (dislocation hardening) is

contributing to the hardening of the Fe-Cu-Mn alloy. Given the magnitude of the hardness

increase, the likely cause is precipitation of Cu-rich clusters. Subsequent annealing of the 0.01

dpa VD alloy at 450”C for 24 hrs resulted in a drop in hardness by about 25 NIPa, or about 30%

of the as-irradiated hardness increase. These values are in good agreement with those of Lucas

et al. [26] who found that a 0.35Cu-O.6Ni model alloy experienced 40% recovery of the as-

irradiated hardness increase after the same time at temperature. The magnitude of the drop is



further indication that the hardness of the irradiated alloy is likely due to precipitates. The drop

in hardness is likely due to precipitate coarsening.

Taken together with the SAXS data on the microstructure, these results are consistent

with hardening by a high density of very small precipitates, and the hardening is similar in trend

and magnitude to that resulting from neutron irradiation of the same alloys.

The objective of this work was to

model alloys of reactor pressure

SUMMARY

understand the microstructure evolution in stainless steel and

vessel steel under LWR irradiation conditions. This work

focused on investigating the irradiated microstructure by using proton irradiation in comparison

with neutron irradiation. The following points summarize the results of the study:

1) The irradiation-induced microstructure in proton-irradiated austenitic stainless steels

consists mainly of dislocation loops up to 5.0 dpa.

2) The dose dependence of the dislocation loop density and size in proton-irradiated Fe-

Cr-Ni dloys follows the same trend as in neutron-imadiated alloys. The higher loop density in

commercial alloys is probably due to enhanced nucleation of loops by minor constituent

elements (phosphorus, silicon).

3) Yield strength in proton-irradiated austenitic alloys as a function of dose and

temperature are consistent with the neutron data trend. Across the entire dose range, the

hardening estimated from hardness measurements agrees with calculations based on the

dispersed barrier hardening model.

4) Hardening analysis of proton-imadiated model R.PValloys show that the amount of

hardening is comparable to that from neutron irradiation at the same temperature and to the same

dose. Annealing of the irradiated microstructure produces a recovery of hardening that also

matches that from neutron irradiation. SAXS data shows that the precipitate size/density

combination is similar to that from neutron irradiation.

5) The difference in the effect of the character of the displacement cascade on loop

nucleation between neutron irradiation (275”C, 7X10-8dpa/s) and

7X10”6dpa/s) has little effect on the final irradiated microstructure.

11

proton irradiation (360”C,

The reduced level of loop



nucleation by in-cascade interstitial clustering in proton irradiation appears to be balanced by the

higher cascade efficiency and higher vacancy supersaturation caused by the higher dose-rate and

the lower sink strength at the higher irradiation temperature.
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Table 1. Composition of alloys used in this work (wt%)
Alloy Fe Cu Cr Ni m Mo Si c N p s

CP 304 Ss Bal. - 18.3 8.5 1.38 0.37 0.65 0.035 0,068 0.03 0.03
CP 316 SS Bal. - 16.7 12.2 1.75 2.58 0.59 0.04 0.058 0.02 ().()1

VD Bal. 0.9 - - 1.() - - . . - _
VA Bal. - - - - - - - - - -

Table 2. Summary of irradiation conditions used in this work

Alloy Temperature (“C) Dose (dpa)

CP 304 Ss 360 0.5
360 1.0
360 3.0
360 5.0

CP 316 SS

VD (Fe-0i9Cu-l.OMn)

VA (Fe)

360 1.0
360 3.0
360 5.0

300 0.001
300 0.003
300 0.01

300 0.001
300 0.003
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Table 3. Hardness and yield strength changes in alloys VA and VD following proton irradiation
at 7 x 10-7dpah and 300”C.

VD alloy VA alloy

Dose (dpa) ~i~d AH Ao &T,v~ ~~d AH Aci A~
(kg/mm’) (kghnrn’) (MPa) (Ml?a) (kghllnl’) (l@-’) (MPa) $:)

0.001 159.0 53.0 192 92.2 9.7 35.1
157.0 51.0 185 189 91.9. 9.4 34.0 34.6

0.003 165.2 59.2 216 91.5 “ 9.0 32.6
166.7 60.7 220 218 92.2 9.7 35.1 33.9

0.01 184.8 78.8 285
190.8 84.8 307 296

0.01+
450°C/24 hrs 176 61.0 221 221
~ for alloy VD = 107 kghrnz, ~ for alloy VA = 82.5 kghnm’
Acr(MPa) = 3.62 x AH(kg/mm’)



Figurel. Phototicrographs showing dislocation loops indmk-field images asafunctionof

irradiation dose at 360 ‘C for a) CP 304 SS andb)CP316 SS.
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Figure 2. Comparison of loop size distribution between neutron-inadiated (275”C) and proton-
irradiated (360”C) CP 304 SS (a) andCP316 SS (b).
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Figure 3. Dose dependence of faulted loop density between neutron-irradiated (open symbols)
and proton irradiated (solid symbols) CP 304 and CP 316 stainless steels.
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Figure4. Dosedependence ofloopsize inneution-imatiated (open s~bols) andproton
irradiated (solid symbols) CP 304 and CP 316 stainless steels.
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Figure 5. Dose dependence of yield strength change calculated from microhardness (proton-
irradiated alloys) and measured by the shear punch method (neutron-imadiated alloys) for both
CP 304 SS and CP 316 SS.
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Figure 6. Yield strength increase as determined from hardness or shear punch measurements and
compared to that determined from the microstructure for proton-irradiated and neutron-in-adiated
CP 304 SS and CP 316 SS.
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Figure7. (a) measured yield strength of300 series austenitic stainless steels inadiated with
neutrons andtested at approximately 300°C, and(b) estimated yield strength increase in proton
irradiatedCP304 SSandCP316 SS plotted against theneutrondata trend.
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Figure 8. The relation between scattering vector q and X-ray @=7.090keV) intensity 1 for
a)O.001 dpa and b)O.01 dpa proton (3.2MeV) irradiation at 300”C for VI) alloy (Fe-O.9Cu-l .0).
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Figure 9. The relation of Inl and ~ for the VI) alloy irradiated with protons to doses of 0.001
and 0.01 dpa at 300°C and a dose rate of 7x10-7dpa/s.



350

300

250

200

150

100

50

0

10-5 0.0001 0.001 0.01 0.1

t
-50

+ Fe-O.9Cu n
x Fe-1 .OMn n
O Fe-O.9Cu-l .OMn n
❑ Pure Fe n
0 Fe-O.9Cu-l .OMn e
RI Pure Fe e
● Fe-O.9Cu-l .OMn p
❑ Pure Fe p

+

c1

G

x

300

250

200

150

I100

■ ❑ 1
50

0

10-5 0.0001 0.001 0.01 0.1

Dose (dpa)

Figure 10. Yield strength increase as a function of dose for several alloys and several irradiating
particles (n=neutron, p=proton, e=electron).


