
I ,. 

2ti2 NATURE January 20, 1962 VO~. 193 

: " t 

", .. 
•. : ...... 
Fig. 1. A, Glassy carbon; B, normal graphite; C, high·density graph ite. (A il x 50) 

Table I. SOHR PROPERTIES OF OLASSY CAJIBON 

Heat.proof up to (0 C.) 
Apparent den~lty (gm./e.c.) 
Apparent porosity 
(J)*-AJ)/D (per cent) 

Hardness 
Flexunl strength (kgm./cm. ') 
Electrical resistivity 

(1 0-' ohm, cm.) 
Ash content (pcr Ce!l!) 
OIlS pcrmeabllity (cm.'/sec.) 
Thermal conductivity 

(kcnt /m. hr. 0 C.) 
Coefficient of thermnl ex· 
pnnsion (J 0-' 0 C.) 

Impre~nllted Glassy carbon 
eMoon 
] ,300 

1-76-1 '1l2 

8-16 
46-55 (Shore) 

400-500 

0-11 
0·2 

104 -10. ' 

100-120 

2'0-2·5 

1,300 3,000 
1 '46-1 '50 1'43-1'48 

0,2- 0 ,4 
4-5 (Mohs) 
600-1 ,000 

36-50 30-35 
0'1 0·05t 

10-"- 10-" 10- ' 

3:-4 13- 15 

1'8-2,2 

* D , Renl density by bcnzcne immer~ion method. 
t After high·tempcrature ehcmicnl treatmellt, the ash content of 

this was 0·05 per cent, consisting of 2'0 p.p.m. manganesc, 0'1 p.p.m. 
magnesium, 0 ' 12 p.p.m. Silicon, 2·51l p.p.m. nickol, 6'4 p.p.m. 
aluminium, 140 p.p.m. iron, 13·0 p.p.m. calcium, 4'9 p.p.m. 

coppcr; boron, 0'08-5 p.p.m. 

Table 2. COMPARISON OF OXIDATION·RATE 

Weight loss 
Normal graphite 
Pyro graphi te 
High·dcnsity c rnphitc 
Glassy carbon 

70 % 
68 

120 
160 
205 

lteaction time (mill.) 
80% 00% 100% 
95 110 140 

138 175 250 
185 225 275 
255 270 365 

(N2 : O2 = 81 : 19 by volume) at 800 ± 5° C. Each 
sample was cut as large as 15 x 15 x 1 mm. 

Pore·size distribution of the glassy carbon by 
morcury method was quite different from the normal 
graphite. For example, the pore volume percentage to 
the whole sample volume between 102 A. and 7 x 10' A. 
is as shown in Table 3 . . 

Tnble 3. PORE· SIZE DISTRIBUTION BY MNRCURY METHOD 
Pore·size distribution Maximum 

Total pore (per cent) pore size 
volume 7 x 10'- I x 10'- I x 10'- ( ~ l,OOO 

(per cent) 7 x 10'. A 7 x 10' A. 1 x 10' A. kgm./cm.') 
Normal 
graphite 32 27 4 3 7 x 10' A. 

High·density 
7 x 10' A. graphite 11 3'5 1·5 6 

Im preglla t,cd 
imnerviou8 
grallhite 5 2'5 2·5 7 x 10' A. 

CIa.sy cn r· 
1 x 10' A. bOil 0·35 0'36 

It is of interest that dependenco on temperature 
of the internal fraction coefficient of tho glassy carbon 
wa.'! observed similady as in the case of the normal 
glass being different from many kinds of graphite 
which coefficient was independent of the temperature", 

The photomicrograph of the glassy carbon is as 
shown in Fig. lA, comparing with those of the 
normal B and high-density graphite C. 
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Electrical Conductivity of Manganin and 
Iron at High Pressures 

'I'HI;; properties of matorials at high prosliurcB Clln 
be measurod either in static compression apparatw; 
or dynamically, using explosively induced shecks. 
Pressure m easurement is indirect for static mcthods, 
but a raliable figure for temperature can usually bo 
obtained. With dynamic methods, however, absoluto 
pressures can be found from velocity measurement~. 
but at the moment there are no lmown methods for 
the accurate determination of temperature. Resis· 
tanco is probably the simplest measurement to mako 
in static proS3es at hi gh pressures, and it was thought 
that 0. useful contribution might bo the extomion of 
this measuroment by dynamic methods. 

A specimen in a static press is subject to approxi. 
mately uniaxial comprcsliion with somo variation of 
prcssuro along its length duo to plastic flow and defor· 
mation of the anvil faces. In tho eorrespondini! 
dynamic situation tho compression is initially tmiform 
uniaxial, but is accompanied by a rise in tomperatur~. 
For the more incompressible motals in the range 0-300 
kilobars this rise in temperatme is not expected to 
be very large-250° C. as a maximum. 

Initially manganin and iron h ave been studied. 
Thin wires of each material were mOtmted betweon 
two conducting supports and embedded in a thenno· 
sotting resin, so that they were parallel to the plan" 
of tho shOck front. This simple configuration elimin· 
ates t onsion effects which are difficult to avoid in 
static apparatus. Each wire was pulsed from a con· 
stant current supply starting a few microsecends 
before it was shocked. The ch ange in resistance was 
calculated from high·speed oscillograms of the voltago 
a crORS each wire as the pressme pulse pasred ovor if. 
Conductivity in the resin was checkod in separate 
oxperiments and found to bo unimportant to 200 kb. 

The rosistance pressuro curve obtai nod for man· 
ganin is shown in Fig. 1. This alloy, which has thr 
composition 86 per cont coppor, 12 p er cent man· 
ganese, 2 per cent nickel, appoars to ha\'o a lin~ar 
relation betweon pressuro and rolativo r esistanco up 
to 300 kb. Manganin is lmown to be unusual in that 
it has a positive pressme coefficient of resistance. 
Bridgman used it as a secondary pressure gau~, 
statically, and has reported a linear r osistanco chan;
to 30 kb.1 • He also found that t he pressure coefficier., 

' of resistance varied from batch to ba tch and t hi., 

may account for some of t he scatter in Fig. 1. How· 
ever, the ovidence is sufficient to indicate that the 
extension of Bridgman'S linear result from 30 kb. 
to 300 kb. is justified, particula rly if the same pi('{'o' 
of wire can be uBed. Manganin would seem to repre· 

. sent a useful secondary pressure gauge, referring for 
absolute calibration to lmown transitions such ~ 
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ht, Fig. 1. Manganin relative resistance versus pressure 
of 

. lose found in bismuth (27 kb. at 42° C.)2 and iron 
"f .31 kb. at 370 C.)3 determined from shock-wave 
() ~\uts. 
ir· A polymorphic transition in iron thought to be tho 
II! to y change has been obsorvod by Balchan and 
III rickamor as 0. resistance discontinuity statically at 
'~ ;3 kb. 20° C. (ref. 4) and dynamically by Bancroft, 
Lo ·'terson and Minshall as a volume discontinuity at 

11 kb. and at a temperature of 37° C. calculated 
I ~m thermodynamic consideration of the shock 

I . "lilt. Fig. 2 confirms a dynamic resistance tran· 
'1\ "ion in the neighbourhood of 150 kb. 1000 C. The 
). Jlpol'ature was estimated from the relative resis
\\' .lee after a correction for pressure taken from 
\. ;idgman's work on iron had been applied6 ,8. Work 
11 proceeding on the more accurate evaluation of the 
;. iIlSition pressure. This transition is almost certainly 
~ at previously observed at 130 kb. The relative 
~~ mge in resistance at the transition point agrees 
1 :h that found statically, and, as each point repre-
: Its measurements made within the first 0·1 !-lsec, of 

1 ... pressure pulse being applied to the wire, Fig. 2 
\. 
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Fig. 2. Iron relative reslstanco versus preaaure 

implios that tho Ot; to y transition takos less than 0·1 
fLsoc. to complote. Duff and Minshall' have reportod 
that the 27 ·kb. transition in bismuth undor similar 
conditions tako .. less than 1 (LSec. 
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ENGINEERING 

Convection-free Post-arc Gap Recovery 
THE recovery of the voltage breakdown strength 

of a gap subsequent to an arc dischargo is of basic 
interest in the performance of circuit breakers. 
Experiments using the simplified condition of 'free 
recovery' (that is, no voltago is applied to the gap 
until the instant of m easuring its broakdown strength) 
have been performed by Edels and Ettingerl during 
times 10-100 fLSec. aftor curront interruption, and 
by Crawford and Edels' for longer delay times. 
During the early stages of recovery the gap still has 
a finite resistance, and 'thermal breakdown' occurs 
on applying a suitable constant voltage, but at longer 
delay times the breakdown mechanism is that of a 
spark. 

A square current pulse was used for the initial arc 
in the foregoing experiments, so that the gap con
ditions at the start of the recovery period wore those 
of the steady.state arc, and any gas flow was determ
ined solely by natural convection. Edels, Shaw and 
Whittakor3 measurod recovery characteristics with 
forced gas flow in the gap and found that tho recovery 
was much more rapid for timos 1-100 msec. after 
cW'rent interruption when using gas speeds of a few 
m./sec., through gaps greater than 3 mm. 

In order to furthor tho examination of the relative 
importance of the electrodes and gas flow on gap 
recovery, it was decided to make m easurements in 
the spark breakdown regime under convection·free 
conditions, for by eliminating flow through the gap the 
gas would cool only by thermal conduction to the elec-

, trodes and surrounding gas-ignoring the small effect 
of radiation. Natural convection depends on differ
entia.! pressw'e gradients, and these may be eliminated 
within an enclosed chamber by allowing the chambcr 
to move solely under the action of gravitational 
forces. An arc chamber was constructed from a 
'Pyrex' cylinder, 4 in. diameter and 4 in. long, with 
'Duralumjn' end-pieces scaled by '0' rings. This 
could be projected vertically upwards by a spring, 
guidance being provided by wheels running on vertical 
rails. Electrical supplies to the chamber electrodes 
were provided via brushes sliding on vertical con
ductors, and the electrode gap could be varied by a 
miorometer head. After leaving the spring the 
chamber moves freely llllder gravity both upwards 
and downwJl.rds, apart from slight friotional forces 
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