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Diffusion studies of porous materials
Part 3 Effects of thermal and radiolytic oxidation on the pore structure

of an AGR moderator graphite

J.D.CLARK, M. D.McVEY, S. MURAD, P. J. ROBINSON
Department of Chemistry, Manchester Polytechnic, Manchester, UK

Steady-state and transient gas diffusion measurements are reported for two series of
specimens of AGR moderator graphite. One series had been oxidized radiolytically in a
coolant atmosphere in the BFB experiments at Grenoble; the other series had been
oxidized thermally in air at ~ 425° C. The evolution of pore structure with oxidation is
followed for each series, and in particular, the changes in restricted-access pore (RAP)
volume are determined. The results, together with previous data, indicate that thermal
oxidation of the gilsocarbon graphite leads to a rapid increase in RAP volume due to the
opening up of closed pores. In contrast, radiolytic oxidation leads to a relatively slow
growth in RAP volume due mainly to the oxidation of existing RAPs in which the
coolant’s methane inhibitor is substantially depleted.

1. Introduction

In previous work we have investigated the transient
elution of methane into a nitrogen carrier gas [1]
from the pores of a series of porous materials,
including a ‘high reactivity” nuclear reactor
graphite [2], porous polymers, concretes and
sandstones [3]. The present work is concerned
with measurements on the impregnated gilsocar-
bon graphite used in the majority of British AGR
power reactors. Measurements have been made
on both radiolytically and thermally oxidized
specimens and a specific objective was to investigate
changes in the RAP (restricted access pore) volume
during the different conditions of oxidation. Such
comparisons were thought to be possibly important
in assessing the contribution of RAPs to the over-
all corrosion of the graphite structure [4—7].

2. Experimental details

The specimens for this work were provided by
Springfields Nuclear Power Development Labora-
tory. One series had been radiolytically oxidized in
the Anglo-French BFB experiments at Grenoble
[8—11], and are listed in Table I with some relevant
data on their history, These samples were machined
after oxidation to a length and diameter of 11.1
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and 7.0 mm, respectively. Thermal oxidation of
the second set was carried out slowly in air at
~ 425°C, and the surface layers were turned off
to produce the samples for measurement; they had
a length of 10.0mm and a diameter of 8.0 mm.
The OPV, CPV and diffusivity values measured at
SNPDL on these specimens are given in Table L.

Transient elution measurements were carried
out as described by Clark ef al. [1,2] and fitted
to the “modified GKF” equation as before [2].
As illustrated previously [1], fits were virtually
exact (e.g. Fig. 1), and the derived pore-structure

TABLE I Data provided by SNPDL on radiolytically
oxidized specimens

Specimen % Weight loss*®

identity co, Inhib. Total
A — 5.8 5.8

B 2.3 6.5 8.8

C 10.2 2.8 13.0
D - 17.7 17.7

E 4.6 16.1 20.7

F — 231 23.1

*“CO,” =% wt loss in pure CO, coolant. “Inhib.” =
% wt loss in inhibited coolants (approximate composition
2.05vol% CO, 200 vpm methane, 220 vpm water, 300
vpm hydrogen).

593



“(I11 ®1QEL 998) UTW g0 19§50 dwur) uIs() ¢
‘[€] poezipixo Aqrewzay) = [ rom jussard ‘paziprxo AffednAfope = ¥,

6L0°0 T'e LTT 08T YTT 6Ll SY'0 0'sT TLT ST00
£60°0 Tt oSt €91 6L'T LET o 66T L'1g 6700 - 9500 09T €L LUyl A
£90°0 L'e bEs 88°S or'e v0'1 9T 6°€T €LT 810°0
LS00 S'e 80 Ly0 veEy 61°¢ ST1 007 v've 9100 - 0200 68T L'ST 1§01 X
8000 8¢S €61 01'c 80't 91 [4°N¢ 14 9L 10070 - 010°0 18°¢ 70T L¥'S M
0t0'0 9 62'C LY1 90T 9T 090 1'z1 Tyl £00°0 - 900°0 90'S 91 191 A
9200 09 T 6¢°1 SO'T 6¢'T1 99'0 L'ST 8°LI +00°0 - 9000 LTS 09T  LST n
1010 8T 9¢°C 86T 8.0 LSO 17°0 08¢ L'8T 9€0°0
680°0 L't we £0°C 60'T 980 £T0 10'v0) 10'so) 1(€€0°0) £¥0'0 7800 86’V LEASE U & 14 L
6800 e [A1R3 69'C 6L'T 11 $9°0 887 9°0¢ 8200 - 9700 £y's T0€  WL'0T q
090°0 L'e PLE $8°CT 69T €11 950 6'1¢ 9ee 81070 - 6100 §9'S LT ALLT a
£50°0 8¢ P1'e 88°C 06'T 611 190 661 L'1T $¥10'0 - 11070 o 0'€T  ¥0oeT o]
LT0°0 99 (A4 T €0'T 690 V€O YL 81 000
€20°0 99 8¢€T €L 68T VU1 $9°0 ¥'er €LT 000 LOO0 800°0 8¢'L 161 418’8 q
910°0 LL 80'C 891 L8'T T¢1 $S0 071 8¢l 2000
ST0°0 UL 012 1€1 99't 90l 150 L1t €€l 7000 £00°0 2000 LL'L €LT AP8'S v
0700 6t 61°S - ¥9'0 +90 - '6 8'6 Y00'0 - Y00°0 'zt
91070 TS oLs - LTe LTO - 78 V'8 €000 - S00°0 6¥'8 T ursna N
- - - - - - - - - - 9000 LO00 - - ursaa N
Auloomv A—ruvwv z € T 1 Av—uoa
o ‘zore oz0d + "4 501 A1 2T e @ ¢ ™ol Woso1g)  (1GANS)  (1GdNS)  (TAdNS)
L SIUEISUOD DU IV Y (%) AdO X X X @) Ad (%AO ss0]
2 (y10m STYI) s3[nsoy uolin]y JUSSURI], $)INSsI 981s-Apeals NAB % uswnoadg

siorourered aInjonils a10d j0 Arewnuing 11 mqm.::l

594



Tracer flow {cm3 sec™)
1076 1075 10t 1073 102 107

1077

0 10 20 30 40 50 60 70 80
Time {min)

Figure 1 Transient elution plot for Specimen B.

parameters are summarized in Table II. Steady-
state diffusivity measurements using methane/
nitrogen [1, 3] were also carried out on some of
the specimens, for comparison with the SNPDL
values; the results are included in Table II. All
measurements were made at a temperature of
approximately 52° C unless stated otherwise. The
quantities in Table II are as follows: A = diffus-
ivity; @, = fractional OPV in transport pores; &,,
®; = fractional OPV in RAPs with time constants
Y, and Yj, respectively; 7 = tortuosity (of trans-
port pores), (®;/\)"?; a = apparent transport pore
fractional cross-sectional area, (®;2\)!/%; L = speci-
men length.

3. Discussion

The steady-state diffusivities measured at SNPDL
and at Manchester Polytechnic are in good agree-
ment, even where the trend with oxidation is
unexpected (e.g. specimens M, A, B). The apparatus
and analytical techniques are completely different,
and the agreement provides a good measure of
confidence in the results obtained.

Excellent fits were obtained of the GKF-
based theory [1] to the experimental elution
results. In optimizing these fits, all the ¢;, ¥; and
A were allowed to vary without constraint (A
being incorporated in the parameter Yy = ADw?/
&, L?). Satisfactory fits were usually obtained with
a total OPV (&, + &, + ®3) which was somewhat
lower than the helium OPV (see Table II). This has
previously been attributed to the initial elution
from the dead-space; very small errors in this sec-
tion of the curve can alter the optimized param-
eters quite significantly. In one case only, Transient.
Run 1 on specimen F, the optimized fit gave an
OPV which was impossibly low (Table III, time
error zero). A possible source of error was a faulty
start to the run, giving effectively a shift in the
time axis. Computer fits were therefore carried
out to modified data with the times all incre-
mented by 0.02 to 0.08 min. Perfectly acceptable
fits were obtained in all cases, and Table III shows
that time errors of this order (only 5 sec) can shift
the OPV into the correct region.

These results confirm our previous conclusion
that the ®; values from the transient results are
not particularly reliable, and since A and &, are
connected, similar remarks apply to the A values
from the transients. In the remainder of the
discussion, we therefore use the steady-state A
values and calculate the tranmsport pore volume
as &, =e— P, —P;, using the pyknometer
OPV for €. In contrast, the results show that the
data for the RAPs are quite insensitive to errors
of the type discussed, since the values for ®,,
®;, V,, V5 in Table III are effectively constant,
Since the main object of the technique is charac-
terization of RAP structures, this is very encourag-
ing. .

As in previous work, we find that the RAP
volume in these graphites is relatively small and
does not change enormously in absolute terms
upon oxidation under any of the conditions
studied. Under these circumstances, any discussion
is confused by the inherent variability of graphite

TABLE III Effect of time error for specimen F, Run 1. (Pyknometer OPV 32.6%)

Assumed time OPV (%) Time constants
ff i

offset (min) Total ®, o, o, 10° Y, (sec™) 10* ¥, (sec™!)
0.00 13.23 12.14 0.21 0.88 2.02 2.39

0.02 14.16 13.06 0.22 0.88 2.12 2.27

0.04 14.91 13.80 0.24 0.86 1.87 2.22

0.06 22.82 21.74 0.25 0.85 1.75 2.25

0.08 25.11 24,02 0.23 0.86 2.03 2.42
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Figure 2 A plot of diffusivity, A, against % weight loss;
TO = thermal oxidation, RO = radiolytic oxidation.

characteristics from specimen to specimen; for
example Specimens A and W appear to be some-
what “abnormal”. In this context, there are no
discernable differences between specimens oxidized
in inhibited or partly in uninhibited coolants; any
distinction must be small and masked by the
general scatter of results. Despite any limitations,
however, relative changes can be discerned and will
provide a useful insight into the evolution of the
pore structure with oxidation.

In Figs. 2 to 6 various pore structure parameters
are plotted against % weight loss. It is immediately

transport pore volume (7)

10 20
Zweight loss

Figure 3 A plot of % transport pore volume (¢ — @, — ®,)
against % weight loss.
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Figure 4 A plot of % RAP volume (®, + ®,) against %
weight loss.

apparent that these plots are different for thermal
(TO) and radiolytic (RO) oxidation. For example,
the RAP volume increases during the first 10%
weight loss in both cases, but much more so for
TO than RO (Fig. 4). Similarly the diffusivity
(Fig. 2) and tortuosity (Fig. 5) vary in a significantly
different way for the two types of oxidation.

This difference, which is at first sight puzzling,
can be rationalized by a consideration of the
closed pore volume (CPV) (Fig. 7). As has been
noted by other workers [12] the CPV of gilso-
carbon graphite is opened up more rapidly by
TO than by RO. This is shown in Fig. 7 by (a) a
more rapid decrease in CPV, and (b) a more rapid

tortuosity, T

10 20
7 weight loss

Figure 5 A plot of tortuosity, 7, against % weight loss.
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Figure 6 A plot of fractional pore area, «, against %
weight loss.

increase in total OPV with per cent weight loss by
TO.

The present results demonstrate unequivocally
what had previously been a resonable hypothesis,
that the CPV which is opened up by TO is con-
verted to a major extent into RAPs (Fig. 4).

Since a significant proportion of the new OPV
is in RAPs, the transport properties would be
better related to TP volume &, rather than %
weight loss or total OPV. Again the present results
provide new information which makes this possible,
and appropriate plots are shown in Figs. 8 to 10.

OPVor CPV(Z)

7 weight loss
Figure 7 A plot of % OPV and CPV against % weight loss.
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Figure 8 A plot of diffusivity, A, against % transport pore
volume.

Although there are still differences between RO
and TO, they are much less marked when the com-
parisons are made at a given TP volume rather than
a given total % weight loss.

It is potentially instructive to analyse the
changes in volume in an attempt to define what
processes are occurring during the oxidation. Such
an analysis is likely to be simplest in the initial
stages of the oxidation. Table IV compares the
changes in volume (expressed as percentage of the
specimen volume) accompanying 1.6% TO and
(interpolated) 2.2% RO, chosen to give the same

tortuosity, T

TP volume (%)

Figure 9 A plot of tortuosity, r, against % transport pore
volume.
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TABLE IV Volume changes accompanying 1.6% TO
and 2.2% RO

TO RO
Increase in volume due to C loss 1.9%} 1.8%}
CPV opened up 3.4% 3% 39,1217
Increase in RAP volume 1.7%} 0.7%}
Increase in TP volume 3.6% 5:3% 1.4% 2.1%

apparent volume increase due to carbon removal
(the change in vol % C = 100 — OPV — CPV).

The data in Table IV are consistent with the
well-established model in which RO takes place
predominantly in the RAPs in a well-ventilated
specimen, whereas TO takes place throughout
the pore structure. It is evident that in the gilso-
carbon graphite TO at impurity sites creates
“tunnel pores” [12] from the TPs into the CPV,
thus creating RAPs (by one tunnel pore) or more
TP volume (by two or more tunnel pores). The
CPV which is opened up appears to divide equally
into RAP and TP volume. In contrast, RO results
in relatively little opening-up of CPV and the RAP
volume grows more by enlargement of existing
RAPs, as found for a more open-pored nuclear
graphite [1]. These conclusions are consistent
with (a) protection of TPs but not RAPs by
methane in the RO experiments, and (b) the
catalytic effect of impurities in the TO but not
the RO experiments. In the TO experiments with
the open-pored graphites, the RAP volume
decreased rather than increased, consistent with
the absence of CPV to be opened up in this
material [1].

fractional pore area

L L x 1

10 20 30
TP volume (%)

Figure 10 A plot of fractional pore area, o, against %
transport pore volume.
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In conclusion, the present results complete
another aspect of the investigation of the pore
structure of oxidized graphites, and are consistent
with the emerging picture of the factors controll-
ing the radiolytic and thermal oxidation of differ-
ent materials. In particular, the pore-structure
model can now incorporate factual quantitative
information on the magnitude and the evolution
of the restricted-access component of the open
pore volume.
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