
https://ntrs.nasa.gov/search.jsp?R=19680007314 2020-03-12T09:18:25+00:00Z



N A T I O N A L  A E R O N A U T I C S  A N D  S P A C E  A D M I N I S T R A T I O N  

Technical Report 32-7757 

Magnetic Susceptibility of Glassy Carbon 

D. 6. Fischbach 

Approved by: 

Howard E. Martens, Manager 
Maferials Section 

J E T  P R O P U L S I O N  L A B O R A T O R Y  

C A L I F O R N I A  I N S T I T U T E  OF T E C H N O L O G Y  

P A S A D E N A ,  C A L I F O R N  I A 

February 1,1968 



TECHNICAL REPORT 327 7 5 7 

Copyright 0 1968 
Jet Propulsion laboratory 

California Institute of Technology 

Prepared Under Contract No. NAS 7-1 00 
National Aeronautics & Space Administration 



Contents 

1 . Introduction . . . . . . . . . . . . . . . . . . . . . . . . .  1 

l l  . Experimental Technique . . . . . . . . . . . . . . . . . . . .  1 

III.Results. . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

IV . Discussion . . . . . . . . . . . . . . . . . . . . . . . . . .  4 

V . Conclusions . . . . . . . . . . . . . . . . . . . . . . . . .  6 

References . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

Table 

1 . Spectrochemical analyses of glassy carbon samples . . . . . . . . . .  2 

Figures 

1 . Magnetic susceptibility as a function of reciprocal field strength for 
representative as-received and heat-treated glassy carbon samples . . . . .  3 

2 . The influence of heat treatment temperature on total diamagnetic 
susceptibility. apparent crystallite layer diameter. and interlayer 
spacing of glassy carbon . . . . . . . . . . . . . . . . . . . .  4 

crystallite layer diameter . . . . . . . . . . . . . . . . . . . .  5 
3 . The dependence of total diamagnetic susceptibility on apparent 

JPL TECHNICAL REPORT 32- 1 1 5 1 iii 





Abstract 

The magnetic susceptibility of two grades of Japanese glassy carbon has been 
measured at room temperature as a function of magnetic field strength, heat 
treatment temperature, and high-temperature tensile deformation. The magnetic 
behavior was correlated with impurity content and with interlayer spacing and 
apparent crystallite layer diameter. The structure sensitivity of the diamagnetism 
of nongraphitizing carbons, such as glassy carbon, is compared with that of 
graphitizing carbons, and some differences are noted and discussed. 
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Magnetic Susceptibility of Glassy Carbon 

1. Introduction 
The diamagnetism of carbons is highly structure- 

sensitive. Because of this the magnetic behavior of these 
materials is of interest as a structure probe as well as in 
its own right. Although there is a considerable body of 
literature on the magnetic properties of “soft” graphitiz- 
ing carbons and polycrystalline and single-crystal graph- 
ite, relatively little information appears to be available 
on “hard” nongraphitizing carbons. Such carbons retain 
a highly disordered crystallographic structure even after 
prolonged heat treatment at very high temperatures 
under normal ambient pressure. This report presents the 
results of an investigation of the magnetic behavior of 
Japanese glassy carbon (Refs. 1 and 2), a particular non- 
graphitizing carbon. The correlation between magnetic 
susceptibility and microstructure is examined under the 
influence of high-temperature heat treatment and tensile 
deformation. 

II. Experimental Technique 
Two grades of glassy carbon, designated GC-20 and 

GC-30 by the manufacturer,l were examined. Although 

‘Tokai Electrode Manufacturing Company, Ltd. 

details of the manufacturing process are not known, 
these carbons are believed to be produced by the slow 
and carefully controlled pyrolysis of polymer resins. The 
result is a hard, vitreous-appearing, impervious carbon 
with a bulk density of about 1.5 g/cm3. The GC-20 and 
GC-30 carbons had been heat-treated at 2000 and 3000°C, 
respectively, according to the manufacturer. Both mate- 
rials were obtained in the form of plates measuring 
about 10 X 10 X 0.3 cm. The results presented were 
obtained on samples from four plates of each grade, 
designated 20-1, -2, -3, -4 and 30-1, -2, -3, -4. Some tensile 
and microstructural properties of this same stock have 
been described elsewhere (Refs. 3 and 4). The results 
of semiquantitative spectrochemical analyses on several of 
the plates are given in Table 1. 

Magnetic susceptibility and X-ray diffraction samples 
were taken from the deformed gage and undeformed 
butt portions of tensile specimens that had been tested 
to fracture at temperatures ranging from 1800 to 2900°C. 
Tensile elongations varied from 1.2 to 5.1% for GC-30 
and from 9 to 24% for GC-20, which was much more 
ductile. Some samples taken from as-received stock were 
heat-treated without deformation. Heat treatments and 
deformation tests were carried out in graphite tube re- 
sistance furnaces in helium or argon at a pressure of 
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Table 1. Spectrochemical analyses of glassy carbon samples 

Elemeni 

Si 

AI 

Fa 

Ti 

cu 

Mn 

Ca 

Mg 

B 

Ba 

N a  

K 

Ni 

Cr 

V 

c o  

2 4 1  a 

As-received, 

part/lO‘ 

89 

5.8 

20 

13 

2Wb 
As-received, 

part/1o8 

5-1 5 

20-40 

20-40 

10-20 

<5 

<1 ND 

300-700 

<1 

<5 ND 

15-30 

3-10 

15-30 

<5 ND 

<5 ND 

<5 ND 

<5 ND 

As-received, 

2 0 6 0  

20-40 

50-1 00 

5-15 

<5 

<1 ND 

100-300 

1 -5 

<5 ND 

25-75 

1 5 2 0  

15-30 

<5 ND 

<5 ND 

<5 ND 

<5 ND 

5-1 5 

<5 ND 

<5 

<5 

<5 ND 

<1 ND 

20-50 

<1 

10-20 

< l o  
3-10 

< l o  ND 

<5 ND 

<5 ND 

<5 ND 

<5 ND 

30-2” 
As-received, 

part/IO‘ 

50-100 

5-1 5 

<5 

<5 ND 

<5 

< 1  ND 

<5 ND 

< 1  

<5 ND 

<lo 
3-1 0 

< l o  ND 

<5 ND 

<5 ND 

<5 ND 

<5 ND 

Zr, Ag, Li, Sr, As, Sb, W, Zn, Cb, Cd, Bi, Mo, Pb, Sn all ND (not detected) 

aPocific Spectrochemical Laboratory. 

”National Spectrographic Laboratories, Inc. 

CReference 2. 30s is a specially purified grade of glassy carbon. 

27.3 

24.7 

100 

10 

10.2 

7.2 

5.5 

1 .o 

ND 

ND 

53 

1 .a 
15.2 

2.1 

0.1 

ND 

ND 

0.6 

0.08 

ND 

ND 

ND 

about 1 atm. Temperatures were measured with cali- 
brated disappearing-filament optical pyrometers and 
corrected for window absorption. Because of thermal 
gradients in the tensile test apparatus, the treatment 
temperatures of the undeformed butt samples were 50 to 
100°C lower than those of the deformed gage section 
samples. Time at temperature varied from 20 to 60 min. 

The magnetic susceptibility was measured at room tem- 
perature by the Faraday method using a single pan semi- 
microanalytical balance and a 4in. electromagnet with 
“constant force” pole tips (see Ref. 5). Calibrations 
by an absolute technique using a precision gaussmeter 
and a comparison technique using high-purity silver 
were in good agreement. The mass susceptibility xi was 
determined for each of three mutually perpendicular 
orientations (i = 1,2,3 parallel to the length, width, and 
thickness of the plate) relative to the magnetic field on 
samples approximately 3 X 3 X 3 mm. One of the mea- 
sured directions of gage section samples was parallel to 
the tensile axis. The total susceptibility, which is inde- 

pendent of anisotropy, is defined as 

3 

XT = xi 
i = l  

The susceptibility anisotropy was measured by the ratio 
of the maximum xi to the minimum xi. Field strength 
dependence was determined over the range of approxi- 
mately 6 to 16 kG. The absolute accuracy of the mea- 
sured xi values was estimated to be 376, but the relative 
precision of individual measurements was somewhat 
higher. 

Standard Debye-Scherrer powder X-ray diffraction 
techniques using Cu Ka radiation were used to deter- 
mine the interlayer spacing d and the apparent crystallite 
layer diameter La. The diffraction pattern of diamond, 
superimposed on the glassy carbon pattern by a separate 
exposure, was used to correct for film dimension changes 
in processing. The films were read visually. The glassy 
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carbon diffraction pattern was similar to that of other 
highly disordered carbons with broad peaks at the (002), 
(lo), (004), (l l) ,  and sometimes (20) and (12) positions. 
The interlayer spacing was determined from the position 
of the (004) peak except for GC-20 samples in the as- 
received condition, or heat-treated at temperatures below 
about 2200°C. For these samples it was necessary to use 
the (002) peak because the, (004) peak was too weak and 
broad for accurate reading. The apparent crystallite layer 
diameter was calculated from the displacement of the 
(11) peak from the graphite position using the formula 
of Warren (Ref. 6). Similar La values were obtained from 
the (10) peak when the (111) peak of the superimposed 
diamond pattern did not interfere. 

111. Results 

The magnetic susceptibility of GC-30 samples and 
heat-treated GC-20 samples was diamagnetic and inde- 
pendent of magnetic field strength. However, the suscep- 
tibility of as-received GC-20 became more diamagnetic 
with increasing field strength. In general, this effect was 
very small, but it was quite pronounced in plate 20-4. 
The measured susceptibilities of as-received samples of 
20-4 were paramagnetic. Reference to Table 1 suggests 
that this behavior is due to iron impurity in the GC-20. 
Using the standard Honda-Owen technique (Ref. 7) to 
correct for saturable ferromagnetic impurity, good linear 
plots of susceptibility as a function of reciprocal field 
strength were obtained, as illustrated in Fig. 1. The sus- 
ceptibility of 20-4 extrapolated at infinite field strength 
to a diamagnetic value in good agreement with those of 
the other GC-20 plates, which showed only a slight field 
strength dependence. On the assumption that iron was 
the only ferromagnetic impurity present, iron contents of 
240 part/106 in as-received 20-4,9 part/106 in as-received 
20-2, and 0 in GC-30 and in GC-20 samples heat-treated 
at 2600°C or above were calculated from the suscepti- 
bility data. These results are in reasonable agreement 
with the semiquantitative analysis values in Table 1. With 
the exception of 20-4, the extrapolated susceptibility 
differed little from the value determined at the normal 
measurement field strength of 11 kG. For example, 
the 20-2 extrapolated xT value was -9.3 X emu/g 
compared with the normal single measurement value of 
-8.9 X emu/g. This difference is less than the 
variation in samples from different plates of GC-30 
which had no detectable Fe impurity. Therefore, Honda- 
Owen extrapolations were not made for most of the 
samples. 

H, kG 

Fig. 1. Magnetic susceptibility as a function of reciprocal 
field strength for representative as-received and 

heat-treated glassy carbon samples 

The influence of heat-treatment temperature and ten- 
sile deformation on the total diamagnetic susceptibility, 
apparent crystallite layer diameter and interlayer spac- 
ing is shown in Fig. 2. The open and solid points corre- 
spond to GC-20 and GC-30, respectively. The squares 
indicate as-received values, the circles indicate heat- 
treated samples, and the triangles indicate tensile- 
deformed gage section samples. The horizontal bars 
indicate the estimated uncertainty in the treatment tem- 
peratures of samples taken from the butt portions of 
tensile specimens. As expected, treatment at tempera- 
tures in the range 1500 to 3000°C had no effect on 
GC-30 which had already been heated to 3OOO"C. How- 
ever, heat treatment caused progressive changes in the 
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HEAT TREATMENTI DEFORMATION TEMPERATURE, O C  

Fig. 2. The influence of heat treatment temperature on total 
diamagnetic susceptibility, apparent crystallite layer 

diameter, and interlayer spacing of glassy carbon 
Solid points, GC-30; open points, GC-20; squares, as-received; 

circles, heat-treated; triangles, tensile-deformed. 

susceptibility and structure of GC-20 until values char- 
acteristic of GC-30 were attained after treatment at 3000 
to 3200°C. Changes in XT and d began as soon as the 
treatment temperature exceeded the previous maximum 
of 2000"C, but no L, increase occurred until the treat- 
ment temperature exceeded 2600 "C. The interlayer 
spacing decreased in two stages, with the major change 
occurring in the 2000 to 2400°C range in which L, re- 
mained constant. Even after a 1-h treatment at 3200°C 
the L, and d values of glassy carbon were characteristic 
of an ungraphitized, turbostratic carbon. These results of 
the effect of heat treatment on X-ray structure are sir&- 
lar to those reported by others (Refs. 2 and 8). 

The triangle points in Fig. 2 indicate tensile-deformed 
gage section samples. Deformation had very littIe effect 
on either L, or d. Insufficient susceptibility data was ob- 
tained on deformed samples to determine whether there 
was a real effect on xT. However, tensile deformation 
caused a pronounced change in the susceptibility anisot- 
ropy. Undeformed GC-20 samples had anisotropy ratios 

of 1.00 to 1.04, while GC-30 samples had ratios of 1.02 to 
1.06. However, a GC-20 sample elongated 24% had an 
anisotropy ratio of 1.82, while a sample from a different 
lot, elongated about 15%, had a ratio of 1.5. In each 
case, the low susceptibility direction was parallel to the 
tensile axis. Thus, large tensile deformation introduces a 
pronounced anisotropy in the initially nearly isotropic 
material. 

IV. Discussion 

The diamagnetic susceptibility of pure graphite and 
disordered graphitic carbons consists of two components: 
(1) a small contribution from the ion cores that is iso- 
tropic and contributes about -1 X le6 emu/g to the 
total susceptibility and (2) a conduction electron contri- 
bution that is highly anisotropic and accounts for the 
balance of the total susceptibility. Measurements with 
the magnetic field parallel to the layer planes determine 
only the core susceptibility. Measurements normal to the 
layer planes determine the sum of the core and conduc- 
tion electron components. The conduction electron sus- 
ceptibility depends upon both the interlayer spacing and 
the apparent crystallite layer diameter. This structure 
sensitivity results from the influence of microstructure on 
the Fermi level and the detailed electronic band struc- 
ture. The diamagnetism of nongraphitizing carbons 
would also be expected to be structure-sensitive, but 
differences in magnetic behavior may result from differ- 
ences in the detailed structure. 

The structure of glassy carbon, and indeed of non- 
graphitizing carbons in general, is not well understood. 
It appears to be distinguished from the structure of 
graphitizing carbons primarily by the presence of appre- 
ciable nontrigonal (nongraphitic) bonding. A reasonable 
but crude model of glassy carbon consists of small crys- 
tallites made up of roughly parallel stacks of graphite- 
like layers with very little layer stacking order and 
appreciable lattice distortion. The distortion results from 
extensive nontrigonal crosslink bonding between and 
perhaps within the crystallites, connecting them in a 
randomly oriented array. Bonding between the layer 
plane edges of crystallites would be expected to be 
stronger than bonding between layer plane faces or 
between faces and edges. With a macroscopically ran- 
dom crystallite orientation texture, this could have the 
effect of creating tangled chains of crystallites reminis- 
cent in many ways of the structure of uncrystallized long 
chain polymers. This simple model is generally consis- 
tent with the results of X-ray diffraction studies (Refs. 2 
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and S), the mechanical behavior (Refs. 3 and 4), and the 
nongraphitizability of glassy carbon. The magnetic be- 
havior is also consistent with a model of this type. Quali- 
tatively, the magnetic susceptibility of glassy carbons is 
very similar in magnitude and heat treatment response 
to that of turbostratic graphitizing carbons and carbon 
blacks with small L, (see Refs, 9-11>. However, there are 
some interesting quantitative differences. 

It is well established that the total diamagnetic sus- 
ceptibility of graphitizing carbons increases rapidly with 
increasing apparent crystallite diameter L, (see Refs. 9- 
11). A strong L, dependence is also found in nongraph- 
itizing carbons, as shown in Fig. 3. The present results 
on glassy carbon fit very nicely with results obtained by 
Adamson and Blayden (Ref. 10) on a nongraphitizing 
cellulose carbon. However, for both of these nongraph- 
itizing carbons the susceptibility increases much more 
rapidly with La than in the case for graphitizing carbons. 
The behavior of pyrolytic carbon (Ref. 11) with d crc 3.43 A 
is shown by the dotted line in Fig. 3. The GC-30 value 
of -16.5 X 1c6 emu/g corresponds to an L, value of 
about 130 A in pyrolytic carbon. This is twice the L, 
value measured here for GC-30. This behavior could be 
interpreted in terms of a narrow distribution of crystal- 
lite sizes in nongraphitizing carbons and a very broad 
size distribution in graphitizing carbons,2 but there 
seems to be little direct evidence for such a difference in 
size distribution. Alternatively, the significance of L, 

'Private communication from A. Pacault. 

201 I I I I I I I 

I I 
CARBON (REF: IO) 

t- I 

0 I 
0 20 40 60 80 100 120 140 

APPARENT CRYSTALLITE DIAMETER L,, A 

Fig. 3. The dependence of total diamagnetic susceptibility 
on apparent Crystallite layer diameter 

Solid points, GC-30; open points, GC-20. 

may differ in these two classes of carbon. Severe lattice 
distortion associated with crosslink bonding may result 
in serious underestimation of the crystallite size in non- 
graphitizing carbons. It is well known that it is very dif- 
ficult to separate distortion broadening from crystallite 
size broadening in the usual diffraction line broaden- 
ing technique for carbon crystallite size measurement 
(Ref. 12>.3 Warren's peak displacement method also as- 
sumes no lattice distortion within the layer planes. In 
fact, it can be argued that L,(hk) is actually an inverse 
measure of the extent of the (hk) scattering volume in 
the reciprocal lattice, and is therefore more a measure of 
lattice distortion such as layer plane bending, etc., than 
of true crystallite size (Ref. 12). That is why La has been 
termed the apparent crystallite layer diameter in this 
report. 

The presence of extensive crosslink bonding and lat- 
tice distortion would also be expected to affect xr di- 
rectly. However, it is difficult to separate unambiguously 
such effects, if they exist, from the influences of other 
structural parameters such as layer stacking disorder, 
true crystallite size, impurities, etc. In the heat treatment 
temperature range 2200 to 2600°C the diamagnetism of 
GC-20 increases without any accompanying .change in 
La, as shown in both Figs. 2 and 3. This may be attributed 
primarily to the associated reduction in impurity content 
by volatilization (see Table 1). Although extrapolation of 
the SusceptibiIity to infinite field corrects for saturable 
ferromagnetic contributions, it does not correct for para- 
magnetic contributions from impurity ions or trapped 
electrons. Impurities may also affect the diamagnetic 
susceptibility by changing the Fermi level. Comparison 
of the chemical analysis results in Table 1 for as- 
received 20-1 and 20-3 with as-received 30-2, and of 
as-received with heat-treated 20-4, shows that heating to 
3000°C results in an appreciable decrease in the content 
of all the impurities detected with the possible excep- 
tion of Si and B. Although chemical'analysis data are 
available only for the 3000°C treatment, impurity vola- 
tilization would be expected to proceed continuously 
with increasing treatment temperature above the pre- 
vious maximum of 2000°C. The susceptibility field 
strength dependence results show that the iron is all lost 
at temperatures of 2600°C or below and the effect of 
heat treatment on total susceptibility suggests that most 
of the purification is accomplished in this range. The 
major impurities detected were Ca, Ba, Al, Fe, Ti, K, 
and Si, all of which would be expected to enter a gra- 
phitic lattice interstitially and be electron donors. 

'Also, private communication from W. Ruland. 
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The diamagnetism of graphitizing carbons decreases 
with decreasing interlayer spacing at constant La as a 
result of the associated increase in layer stacking order 
(Refs. 5, 11, 13, and 14).4 It is not clear if decreasing 
interlayer spacing has any effect on xT in glassy carbon. 
No xT change was associated with the initial decrease in 
d resulting from the 2200°C heat treatment of GC-20, 
and the susceptibility increased monotonically with 
treatment at higher temperatures while d continued to 
decrease. The concurrent change in impurity content 
may mask the dependence on interlayer spacing. It is 
also possible that the influence of interlayer spacing on 
xT in the highly distorted glassy carbon structure differs 
from that in the more graphitic pyrolytic carbons in 
which the d dependence has been most clearly observed. 
In particular, the interlayer spacing decrease in glassy 
carbon may result more from changes in lattice distor- 
tion than from any increase in layer ordering. Even after 
the 3200°C heat treatment the X-ray diffraction results 
indicate that there is very little layer stacking order in 
glassy carbon. 

The deformation-induced anisotropy of glassy carbon 
is similar to effects observed in coke-pitch and pyrolytic 
carbons. It implies a reorientation of crystallite basal 
planes parallel to the tensile axis. The effect in glassy 
carbons is surprisingly pronounced, especially in view of 
the isotropy of the undeformed material. The induced 
anisotropy is appreciably larger than that which occurs 
in conventional coke-pitch graphite with a definite initial 
preferred orientation texture, but it is much smaller than 
in well-oriented pyrolytic carbons (Ref. 15). The anisot- 
ropy ratio of a sample of GC-20 increased from 1.01 to 
1.82 as a result of 24% elongation as noted in Results 
(Sec. 111). For a molded coke-pitch graphite elongated 
30% parallel to the grain the increase was from 1.20 to 
1.45, while 45% elongation of a similar graphite perpen- 
dicular to the grain caused an increase from 0.82 to 
1.34.5 On the other hand, the anisotropy ratio of pyro- 

4Als0, private communication from J. W. McClure. 

‘For the measurement of tensile deformation effects, the anisotropy 
ratio is defined as the ratio of the maximum susceptibility mea- 
sured perpendicular to the tensile axis to the susceptibility 
measured parallel to the axis. In molded graphite deformed paral- 
lel to the grain, the layer planes tend to lie parallel to the stress 
axis so the ratio is greater than 1; in the perpendicular to g-rain 
orientation, the planes tend to be perpendicular to the tensile axis 
initially and the ratio is less than 1. 

lytic carbon stressed parallel to the substrate generally 
increases from an initial value of 8 to 10 to a value of 
40 or larger as a result of 10 to 25% elongation. These 
differences appear to be due largely to differences in 
deformation mechanism. Coke-pitch graphite shows little 
reduction in area, and most of the observed elongation 
results from opening cracks; there is relatively little true 
plastic deformation and the anisotropy increase prob- 
ably results from grain reorientation. In pyrolytic car- 
bons, because of the pronounced initial orientation 
texture (layer planes parallel to the substrate in a 
wrinkled-sheet structure), the initial deformation mecha- 
nism is layer plane straightening at essentially constant 
volume. This results in a very strong uniaxial orientation 
texture after deformation (Ref. 16). Glassy carbon de- 
velops about 80% of the constant volume reduction in 
area in tension so that most of the elongation results 
from true plastic deformation of the material, but little 
is known about the deformation mechanism. If the struo 
ture involves tangled chains of crystallites linked edge to 
edge as suggested earlier in this discussion, tensile de- 
formation would tend to align the chains parallel to the 
stress axis. This would produce the observed anisotropy. 
This hypothesis is consistent with the mechanical prop- 
erties of glassy carbon such as high tensile strength and 
high Young’s modulus. However, since there is little 
direct evidence for such a chain structure, this sugges- 
tion is largely speculative at this time. 

V. Conclusions 

The diamagnetic behavior of glassy carbon, a non- 
graphitizing carbon, is similar to that of various graph- 
itizing carbons. However, there are significant differences 
in the structure sensitivity that appear to be character- 
istic of nongraphitizing carbons. In particular, differences 
in the dependence of the diamagnetic susceptibility on 
apparent crystallite layer diameter, La, suggest that La 
may have a different quantitative significance in graph- 
itizing and nongraphitizing carbons. The macroscopic 
susceptibility anisotropy induced by tensile deformation 
also appears to be stronger in glassy carbon than in other 
nearly isotropic carbons and graphites, A more detailed 
understanding of the structure of glassy carbon will be 
required before such aspects of the magnetic behavior 
can be satisfactorily explained. 
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