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Year 1; Quarter 2

Overall Program Goals for Year One

Year one of this project had three major goals. First, to specify, order and install a new
high current ion source for more rapid and stable proton irradiation. Second, to assess the
use low temperature irradiation and chromium pre-enrichment in an effort to isolate a
radiation damage microstructure in stainless steels without the effects of RIS. Third, to

prepare for the irradiation of reactor pressure vessel steel and Zircaloy.

Program goals for Second Quarter .Year One

In year 1 quarter 2, the project goal was to complete an irradiation of an RPV steel
sample and begin sample characterization. We also planned to identify sources of

Zircaloy for irradiation and characterization.

Program achievements for Second Quarter, Year One

Task 1: RPV Steel Irradiation

Sample Preparation:

Since the majority of microstructure characterization of irradiated RPV steel is done by
neutron scattering, there is little experience in the electropolishing or jet-electropolishing
of these alloys, and especially the mode] ferritic alloys; VA (Fe), VH (Fe-0.9Cu) and VD

(Fe-0.9Cu-1.0 Mn). The proper polishing conditions were developed at Michigan in the
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last quarter. A trial of several different electropolishing solutions resulted in success with
the following solutions:
Electropolish: solution--- 150ml HNO,
350ml methanol
40ml 2-butoxyethanol
temperature-— -20°C
voltage--- S0V
time--- 7-8 seconds
Jet-polish: solution--- 30ml HNO,
30ml Butylcellosolve
500ml methanol
temperature--- -38°C
voltage--—- 120 V
flow--- pump speed = 3.2; laminar flow.
The VA, VD, VH alloys are very easily oxidized in air, so the storage of samples is a
critical problem, especially for TEM samples. If prepared TEM samples are oxidized, the
samples become unusable. Hence, a vacuum dessicator with a water vapor absorber is
required for storage of these samples after polishing. For TEM examination, a small,
portable vacuum dessicator is used for transport and holding before and after analysis in

the TEM.

Sample Irradiation
The initial plan calls for 7 irradiations (4 samples per irradiation) at different values of
the key irradiation parameters of dose, dose rate and temperature, table 1. To date, we

have completed one irradiation to a dose of 0.01 dpa, at a dose rate of 7 x 107 dpa/s and




at a temperature of 300°C. (see Appendix A for determination of irradiation

temperature). Table 2 gives the irradiation conditions.

Table 2. Irradiation conditions for the first irradiation of alloy VD

Dose | Dose rate | Temperature | Irradiation Fluence Flux Current
(dpa) | (dpa/s) °C) time (hour) | (ions/cm® | (ions/cm™s) | (uA)
0.01 | 7x107 300 4 1.02x 107 | 7.11 x 10" 1.82

A problem encountered during irradiation was that the beam current was obscured by
system noise. Because of the low dose rate required for this experiment (<10 dpa/s), the
stage leakage current was comparable to the current due to the ion beam. The stage
heater and thermocouple were identified as the sources of noise. The stage heater used
AC power, which produces an alternating magnetic field, and hence a weak electric field,
thus producing a weak current on the stage. This weak current is very evident at a low
dose rate. To solve the problem, we replaced the AC power supply with a DC power
supply for this experiment. The thermocouples attached to the samples were also a
source of noise. The thermocouples are required to calibrate the pyrometer prior to
irradiation. However, after irradiation begins, they are not necessary, but can’t be
removed since they are inside the vacuum chamber. Therefore, we disconnected the
thermocouple wires from the A/D board in the computer after calibration and this further

reduced the leakage current from the samples.

The sample activity was recorded to verify the dose and to ensure sample-to-sample dose
uniformity. Results indicated that three of the four samples received the expected dose,

but the fourth one had lower residual activity, table 3. A possible reason is that this




sample may have been partially shielded by the sample stage aperture due to

misalignment of the aperture with the beam axis.

Table 3. Residual radioactivity of the four irradiated bars of alloy VH

Sample Beta count rate 2 x standard
(CPM) deviation, 2¢

A 515.60 20.31

B 515.00 20.30

C 505.40 20.11

D 315.00 15.87

Heat Treatment

An unirradiated sample was heat treated for the purpose of inducing the precipitation of
copper rich precipitates and studying these precipitates and their contribution to
hardening in comparison to those produced by irradiation. The sample was heat-treated

at 550°C for 11 hours followed by an air cool.

Hardness Measurement
Hardening of the irradiated and heat treated samples is an indication of the precipitation
of copper rich precipitates. We used a Vickers hardness indenter with a 25 g load and a
20 sec. loading time. At least 30 indents were made for each material condition.
Hardness is reported in units of kg/mm? and the hardness increase is also converted to
yield strength increase using the relation by Higgy and Hammond [1]:

Ac, [MPa] =3.62 AH [kg/mm?]
Results are presented in the table 4 and compared to those from neutron irradiation in

Figure 1.




Table 4. Hardness of irradiated and heat treated alloy VD (Fe-0.9Cu-1.0Mn)

Before After irradiation After heat-treat
irradiation

No. of indents 30 30 34

Hardness (kg./mm?) 102.4 184.8 134.4

The increase of hardness (kg./mm?) 82.4 32.0

The increase of hardness, % 80.5 30.2

Std. deviation of hardness o (kg./mm?) +8.8 +11.7 +4.9

Std. deviation of hardness, % 8.6 6.4 3.6

Increase of yield stress 298.3 115.8

Ao, [MPa] = 3.62 x AH, [kg/mm?]
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D. E. Alexander and G. R. Odette [2] studied the effect of neutron and electron
irradiation on the hardness of alloy VD (Fe-0.9Cu-1.0Mn). The results are shown in
Figure 1 as a function of dose. Note that at 0.01 dpa, neutron irradiation produces a yield
strength increase of about 300 MPa. The electron irradiations were only carried out to
about 0.0005 dpa, but the trend line is in good agreement with the neutron results at that
dose. The result for the proton irradiation at 300°C is shown by the “+” symbol. Note
that the result is in excellent agreement with that from the neutron irradiation to the same

dose.

Task 2: Identification of Zircaloy Alloys for Irradiation and analysis

We have identified two sources of Zircaloy for use in this project. The first is Zircaloy 4
sheet that has been extensively studied and characterized at ORNL and is being used in a

NERI program by Ken Farrell. The second is a source of Zircaloy 2 that may be

available from General Electric’s Vallecitos Nuclear Centér. These would be ideal alloys
for this investigation as they would span the breadth of Zircaloy alloys in current use and

both have substantial post-irradiation characterization data already compiled.
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Appendix A
The calculation of temperature shift

The theory of void growth predicts that the temperature dependence of the void growth rate is a
function of the dose rate. A change in dose rate produces a change in temperature dependence,
and hence the effect of a dose rate change on void growth can equivalently be described by a
change in temperature L. K. Mansur [A1] derived the following equation for the temperature
shift as a function of displacement rate:
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T: temperature

k: Boltzmann’s constant

E,™: migration energy of vacancy

E,%: formation energy of vacancy

E,: the energy barrier for vacancy at the void surface

R: coefficient of recombination

S: sink strength

r: void radius

L: dislocation density in loops

G: effective point defect generation rates per unit volume

Subscripts are defined as follows:

1: pertaining to RPV conditions in reactor
»: pertaining to proton simulation conditions

In our experiments, recombination is the dominant process of point defect removal, and the

absorption of vacancies and interstitials at voids is diffusion-controlled. Therefore, we set n=1

2
and R= iliijl . The differences in S, r, L between reactor and proton irradiation conditions
Tz

are negligible. For ferritic steel, E,"=1.2 eV, E,’=1.83eV, E, <0.1eV, G,/G;=10°, and T,=288°C.
Substituting into eqn. (A-1) yields a value of T,=300°C, for a temperature shift of about 12°C.

Al. L. K. Mansur, “Void Swelling in Metals and Alloys under Irradiation: An Assessment of the
Theory,” Nuclear Technology, 40 (1978) 5-33.




Planned and Actual Completion Date of Major Tasks

Task Planned Completion Date | Actual Completion Date
1. Installation of the high 6/30/2000

current ion source

2. Isolation of microstructure | 8/31/01

in stainless steel

3. Proton irradiation and 8/31/02

characterization of Zircaloy

4. Proton irradiation and 8/31/02

characterization of RPV steel

Task time schedule by project year (time increments in quarters)

Task 1 2 3 4
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Estimated expenditures for the period: December 1, 1999 through February 29, 2000

Salaries: $9,934
Fringe Benefits 1,040
Supplies 338
Travel 1,290
Indirect Cost 6,223
Tuition 5.467
TOTAL $24,293

At the midpoint of the project, expenditures constitute 52% of the total budgeted for the
fiscal year.
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