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ABSTRACT
Analyses of proper£y changes during reirradiations

and anneals show that the technique of alternate reirradia-
tions and anneals can consistently be used to remove radia-
tion damage from graphite. Laboratory experiments, monitor-
ing studies, and reactor height measurements ali correlate
favorably. It is shown that the recovery for a reirradia-
tion and annealing cycle is independent of irradiation
temperature and total damage over wide ranges, The recip-
rocal of the recovery per cycle is a simple linear func-
tion of the exposure between anﬁeals with a slope that

is determined by the anneal temperature.



I. INTRODUCTION
The retained property changes in graphite after re-
peated cycles of reirradiations and anneals were described

(1)

in other work, It was concluded that alternate reir-
radiations and anneals can remove radiation damage from
graphite. 1In this investigation the cﬁanges in proper-
ties that occur during reirradiations and anneals are
shown to be consistent with the analysis of the retained
property changes,

The dimensional expansion during a reirradiation and'
the contraction during an anneal were studied as functions
of irradiation temperature, anneal temperature, total
damage, and exposure between anneals, ~Experiments in
Awhich one of these variables at a time is changed are
compared with experiments in which all of the variables
change simultaneously. It is shown that the ratio of the
growth during a reirradiation (G) to the recovery during
an énneal (|R|) is independent of both irradiation temp-
erature,aﬁd retained damage over large ranges., The ratiq

G/|R| is a linear function of exposure between anneals with a

slope that is determined by the anneal temperature. The re-



sults are found to be applicable to changes in the Brook-
haven reactor (BGRR) in spite of complexity in the ir-
radiation and annealing procedure,
IID_ EXPERIMENTAL
The type of graphite used‘in these studies and the
method for measuring changes in reactor height have been

(2)

described in detail by R. W: Powell, Apparatus and

techniques used in measuring dimensional expansions were
given in other work°(3) Exposgre units are given in net
fast_exposure or MWD where 1 MWD (megawatt daylper adjacent
ton of uranium) ~ 7 x 1016 nvt for neutrons with energies
above 0.6 Mev. 1 MWD is also approximately equivalent

to a "net fast exposure" of 3 x lOl7 n§t.

Samples that follow the irradiation and anne;ling
history of the BGRR are referred to as monitor samples,
Monitoring samples are dispersed throughout the reactor,
Irradiation and annealing histories of samples in dif-
ferent positions vary considerably since the flux, the
irradiation temperature and the anneal temperatures change
with position, Tgmperature distributions also varied from

 anneal to anneal . At the time the measurements reported

in this work were completed the reactor had been annealed



38 times, The first seventeen anneals occﬁrred under
conditions of variable annealing frequency. The reactor

was then annealed every three weeks (~16 MWD), Representati&e
data illustrating the history through the first twenty an-

(1)

neals were described in other work, The monitoring studies
given in this work (Fig. 3, Table I) pertain to the 18th
through the 38th anneal.

Contractions occurring during anneéls are describéd
’ és either net recoveries or % recovery per reirradiation
and annealing cycle, Net recoveries refer to the frac-
tion of the total expansion removed by contraction., Re-
coveries per cycle are defined as the recovery during
an anneal divided by the growth during~the previous re-
irradiation i.e.

recovery/cycle = |R|/G .

In some experiments both |R| and G were measured in-
dependently. In most of the monitoring studies only net

changes in dimensions after a reirradiation and anneal-

ing cycle could be measured. In these cases the



growth occurring during the reirradiation was estimated
from growth rates of'continuously irradiated BGRR graph-
ite. The data necessary for these estimates were given
.as functions of exposure and irradiation temperature in
other work°(3) The recovery fof a reirradiétion.andA

annealing cycle under these conditions is defined as

[estimated growth + measured contraction] .
estimated growth

Reactor height measurements involve columns of
graphite with varying degrees of radiation daﬁage°
Some of the graphite is essentially unirradiated since
the fast flux in the peripﬂery is zero. Recoveries
for such measurements are defined relative to ex-
pansions that occurfed during the continﬁous exposurei'
before the onset.of altefﬁate reirradiations and ahf
neais° It is assumed‘that the complicating factors
due to inert graphite effect the expansion and con-
traction of the reactor cpntour in the same manner,

These studies are based on dimensional changes,

(1)

It is expected, from other work, '’ that the results

are also valid for c-axis and stored energy changes.



III. RESULTS AND‘DISCUSSIOﬁ ’
A, Variation of G/|R| with Exposure and Irradiation

Temperature

Continuous neutron irradiations of graphite result
in expansions that depend on exposure and irradiation
temperature., When irradiated graphite is thermally an-
nealed, the amount of contraction that occurs_at a given
anneal temperature is monotonic with the magnitude of
the.first exposure and inversely dependent on the ir-
radiation temperaturen(s) However, neither relation-
ship is well defined.

In graphites that are‘alternately irradiated and an-
nealed more dimensional damage can be femoVed by a re-
irradiation and annealing cycle than is produced by the
reirradiation itself. The ratio of the growth to the re-
covery (G/|R|) will vary from less than unity to greater
than unity Qith increasing exposure between anneals. Al-
though the growth during the reirradiation and the re-
covery during the anneal are each dependent on ir-
radiation temperature and magnitude of exposure between

anneals, the ratio G/IR] is independent of irradiation

temperature and is a linear function of the exposure



between anneals,

The ratio G/|R| was measured on samples that were
annealed at 350°C after each of a series of different
exposures at a fixed irradiation temperature, The re-
sults of such eﬁperiments for irradiation temperatures
between 20°C and 200°C ére shown in Fig., 1, The samples
studied had total exposures from 1200 MWD to 2000 MWD
with an exposure before the first anneal of about 1000
MWD, It can be seen that for the range.of exposures
studied, the ratio of expansion during the reirradiation
to the contraction occurring at 350°C is proportional
to the exposure between the 350°C anneals and is in-
dependent of thé temperature of irradiation;

The aﬁscissa value for G/|R| = 1 corresponds to the
exposure at which the -350°C anneal removes the same

/
quantity of damage thét the previous reirradiation pro-
duced, The results of studies relating the exposure
necessary for '100% recovery (G/|R| = 1) to the anneal
temperature are compared to a similar experiment of

Woodruff's(4)

in Fig, 2, It is seen that as the ex-
posure between anneals increases, higher anneal temp-

eratures are necessary to remove the expansion pro-
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duced by the reirradiation.
B. Recoveries Under Conditions of Varying Anneal Temp-
. eratures
Net recoveries for all the 3 week reirradiation and
annealing cyéles of the BGRR are shown for 3 typical
samples in Fig., 3. The samples were taken from different

(2)

reactor positions and represent a range of irradiation
temperatures from 28°C to 125°C. The original damage
present before the first cycle varies by a factor of
three in the samples shown., Additional data for these
and a fourth sample are given in Table I. (The plot of
new recovery vs number of cycles for the fourth sample

is almost identical to the sample with é 28°C irradia—
tion temperature and is not shown})

It is obéerved from Fig. 3 that the net fecoveries
are approximately linear with the number of cycles and
show no trend with irradiation temperature. From
Table I it is seen that while the net recoveries show
no trend Qith original dimensional damage, the average
recovery per cycle is the same for ali samp}es°

+

Similar effects were also observed in reactor height
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{
measurements, Fig. 4 shows the data used to obtain the
recovery per cycie in reactor height. The three linear
plots with positive slopes on the left side of the figure
represent growth before the first anneal given by R. W.
Powell [Reactor Operations Division Monthly Report, April
1957, BNL 450 (T-96)]. The curves on the right of Fig. 4

" give the recent data on reactor contractions for the 24th
through the 37th anneal. The average recoveries obtained .
from the ratios of the slopes of the lines are 182%, 189%, and'188%
for the three positions measured. These velues compare
favorably with the~monitoring results,

C., Estimates of Effective Anneal Temperatures

The absence of any dependence of tﬂe recovery per
cycle on the irradiation temperature is not surprising
in view of the studies described in Section A, The
consistent value of 185% obtained throughout the reactor
from monitoring and reactor height measurements is, how-
ever, unexpected. Since the recovery (i.e. |R|/G) is
dependent on anneal temperature, the data imply that a
single effective anneal temperature characterizes each
cycle at all positions,

It is possible to estimate such a temperature from
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the data given in Figs. 1 and 2.: It is firét assumed
that the G/|R] functions a:e,linear with exposure~between
annea;s for all anneal temped;atures° The actﬁal slopes
of the lines can then be detetmined by connecﬁing éhe»
origin with points obtained from Figq 2 for G/|R| = 1,
The results are shown in Fig. 5. It is observéd that
a fecovery of 185% for a 16 MWD exposure between anneals
is equivalent to an effectiye anneal tempefature of 250°c,
It is worth noting that the same effective anneal temp-
er;ture can be obtained from a weighted average of the
seventy thermocouples used to measure annéa; tempera—
tures., The numerical tempera#ufe distﬁiﬁutiqn and weight-
ea averages for the laét sevenAannealsAaie given in Table
II. The weighted average, therefore,.appgars to be é
useful empirical too}_fo; estimating the effectiveness
of an anneaL, |

| Iv, CONCLUSIONS

Laboratory.experihents, monitoring studies, and re-
actor'heigﬁt measu;ements all show thét‘the recovery for
a reirradiation and annealing cycle is independent of
irradiation temperaiure and total damage over wi.de'ranges°

The_reciprocalvof the recovery per cycle is linear with
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exposure between anneals with a s lope that.is determined
5y the anneal temperature, When the exposure between an-
neals and the annea; temperature arevfixed, the recovery
per cycle remains constant and does not appear to decrease
after many cycles., This effect was also observed in other

(1)

work and. holds for wide ranges of dimensional damage,

However, it is not expected to hold when most of the
damage is removed.(6)
In spite of complexity in the irradiation and anneal-
ing program and fluctuations in pertinent variables, re-
actor height measurements correlate well with monitoring.
sample measurements,
It is concluded that the technique'of alternate re-

irradiations and anneals can be used consistently to re-

move radiation damage from graphite,
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FIGURE CAPTIQNS
Ratio of growth to recovery (after 350°C anneals)

vs exposure between anneals for various irradiation temp-
eratures, ' : S

Anneal temperature for G/|R| = 1 vs exposure
between anneals,

Net dimensional recoveries vs number of 3 week

-

reirradiation and annealing cycles,

Reactor height expansions and contractions,

1

Y
G/]R[ functions for various anneal temperatures,



1GI /IR 3500c)

4.0

3.5

3.0

2.5

2.0

- RATIO OF GROWTH TO RECOVERY (AFTER
350°C ANNEAL) vs IRRADIATION INTERVAL BETWEEN

ANNEALS FOR GRAPHITES IRRADIATED TO 2000 MWD
]

— T T T T T T T 1 —
- 0133 ¢ /
|R|(350°c> @=O|5_
o IRl "
o 22°C v 66°C | TO 0221
o 27°C v [I8°C . |
x 37°C A |58°C
o 42°C s |90°C
s 59°C ]
o
. h o
Ao
ma ]
] | | | | | | | | | |
.10 20 30 40 50 60 70 80 90 100 300

t IN (MWD)

FIGURE 1



ANNEAL.TEMP (°C) FOR 100% RECOVERY

500

400

300

200

ANNEAL TEMPERATURE vs
IRRADIATION INTERVAL FOR G/IRIl=|

| o I [ I [ [ T [ [ 1 ]

HANFORD _]
DATA

« — 30°C IRRADIATIONS

| | [ 1 | | ! | 1 | I |

15 45 75 105 135 165 195
IRRADIATION INTERVAL (MWD)

FIGURE 2



) ol ol » H
Y o o V) o]

o

NET DIMENSIONAL RECOVERY (%)
N

DATE

NUMBER OF CYCLES (3 WEEK IRRADIATIONS + ANNEALS)

FIGURE 3

o N o ’ 0 M (10) ()]

e s ¢ ¢8 g 5 ¢ ¢

SO - N S N - S

6 KN o o M N o

CT T T T T T 1T 1T 7T 1T 1T 1 1T T 71 [ -

—  DIMENSIONAL RECOVERY : ) 7

— BGRR MONITORING SAMPLES / -

- i

/
| s —
x——"
- , _
/
WSS / —
//
_ p esr—
/ o’

— e s N

—_—— /x// —’./o./ pu——

- // ./,O’ ]

- — X _/o/_/ —

- e —— B—31/2S (125°C) _

o ———B—3 172N (28°)

o —-—B-0-41/2N(76°C) —

o N T T T T O Y O
2 4 6 8 10 12 14 16 I8 20 22
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ANNEAL TEMPERATURES

[ T ?Izso°cl 1
200°C T 300°C —

400°C

1617 R|

o8 ’ - —

0.4 | | ]

185% RECOVERY/16 MWD

0.2 CYCLE R

N4 Y M S AR

0 20 40 60 80 100 120
EXPOSURE BETWEEN ANNEALS (MWD)

FIGURE 5

'56
63
7l
83
100

125

143"

167
200
250

—1333

500

% RECOVERY



N

TABLE 1

Average Dimensional Recovery of BGRR Monitoring Samples

f

—

Total Growth Expected Growth Contraction Average

. Irradiation | at Beginning of During During | Recovery
Channel Temp. 3 Week Program | 3 Week Program |3 Week Program | Per Cycle

°C inches x 10* inches x 10% inches x 10* To
B-33 S 125 54 31 26 185
B-33 N 28 . 108 57 46 181
B-D-43 N - 76 169 48 41 185
B-31 S 80 82 41 36 188




Temperature Distribution in BGRR During an Anneal

TABLE 2

Number of Thermocouples*

38th 37th " 36th 35th 34th 33rd 32nd
Temp. Arneal . Anneal Anneal Anneal A.nneal. Anneal Anneal
(".C) (9/34/63) 28/23/63) (8/2/63) {(1/12/63)| (6/22/63) | (5/10/63) [(4/20/63)
100 1 3 1 1. 1 3 1
125 5 2 4 5 6 4 6
150 4 3 3 4 3 4 4
175 1 3 3 1 1 0 0
200 1 0 0 1 2 0 2
225 7 8 3 3 3 4 4
250 8 8 11 11 20 15 17
275 15 9 8 16 8 13 18
300 L1 16 - 22 13 17 13 13
325 12 11 9 11 9 9 5
350. 5 5 6 4 0 5 0
375 0 2 0 0 0 0 0
Xiigrhat;: | 252¢C 267°C | 269°C | 2z63°C 254°C 260°c - | 250°C

*Based on 70 thermocouples dispersed through the BGRR,
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