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Abstract—Glassy carbons containing iron were prepared [rom copolymers of furfuryl al-
cohol and lerrocene derivatives at heat-treatment temperatures from 500°C 1o 2500°C.
The copolymerization produced a highly dispersed state of iron in carbonaceous matrices
at least in the early stage of pyrolysis. Above 500°C, the homogeneously dispersed iron
separated into irregularly spaced domains consisting of cementite, pure iron and iron
compounds of unknown composition. Addition of iron resulted in a local graphitization
of the glassy carbon at heat-treatment temperatures above 1000°C. At heat-treatment
temperatures between 506°C and 800°C, electrical resistivities of the iron-doped carbons
were much smaller than those of unmodified polyfurfuryl aleohol carbons but followed
more or less the behavior of the latter for heattreatment temperatures above
800°C. Measurements of mechanical properties indicated a remarkable increase in tensile
strength of the low temperature carbons (500°C) with increasing iron content but the
strength of the iron containing carbons decreased at bigher carbonization temperatures.

1. INTRODUCTION

Studies by Fitzer and co-workers have
shown that some of the properties of glasslike
carbons perpared from three different ther-
moselting resins were nearly independent of
the chemical structure of  the starting
resins{}]. This indicates the difliculty of ob-
taining desirable properiies of glassy carbon at
the pure element composition by chemical
treatment only. The addition of very small
amounts of platinum salt to the raw material
led to a marked increase in flexural strength
of the resultant glassy carbons, unaccom-
panied by any change in the X-ray diffraction
parameters{2]. A large number of studies
have been done on the structural modifica-
tion of glassy carbon and the improvement of
its properties by the addition of various
metallic elements[3]. So far, the merallic ele-
ments have been added in the form of pure
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metal or ionic compound to an already car-
bonized matrix or polymerized resin{4-6].
Therefore, a homogeneous dispersion of the
added metal could not be obtained through-
out the carbon matrix.

The objective of the present work is to de-
termine the possibilities of modifying the
structure and properties of glassy carbon by
the addition of iron to the starting organic
precursor to ebtain glassy carbons containing
iron in a highly dispersed state. In this work,
glassy carbons were prepared by the
copolymerization of furfuryl alcohol and fer-
rocene derivatives such as ferrocene dicar-
boxylic acid and vinyl ferrocene in order to
obtain a highly dispersed state of iron in the
glassy carbon matrices.

2. EXPERIMENTAL
2.1 Preparation of samples
Furfuryl aleohol commercially obtained
was distilled at 60°C under reduced pressure.
The ferrocene derivatives were dissolved in
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1]

purified furfuryl alcohol monomer and then
copolymerized at 70°C for 48 hr in the pres-
ence of an actd catalyzer, 2N HCI, [ollowed
by a gradual temperature increase to 250°C
under reduced pressure. Two series of sam-
ples of copolymers were prepared from solu-
tions of furfuryl alcohol containing T per cent
{by weight) and 3 per cent of {ferrocene dicar-
boxylic acid {(FDA) and 1 per cent, 3 per cent
and 10 per cent of vinyl ferrocene (VF), Al of
the specimens were in rod form with a diame-
ter of approximately 1/8in. and a length of
2in.; on occasion, plate shaped specimens
were prepared of 1/16in. in thickness and
one inch square. They were heat-treated in
purified nitrogen at armospheric pressure
with a heating rate of 6°C/hr to a temperature
ol 706°C, [rom there with a rate of 25°C/hr up
to 970°C. Specimens obtained at 870°C were
further heat-treated to 1500°C, 2000°C and
2500°C in a graphite resistance furnace with a
positive flow ol argon at a heating rate of
5-3°C/min. Soaking time at the maximum
temperature of each heat-treatment ranged
from 1 to 15 hr. The specimens heat-treated
at 2000°C and 2500°C were slowly cooled
down to 1500°C, held at 1500°C for 30 min
and again cooled to 1300°C. From there, they
were furnace-cooled for 2 hr. Control sam-
ples, without the ferrocene additives, were
also prepared and heat-treated under the
same conditions. Specimens of copolymers
comtaining different amounts of the fer-
rocene additives were heat-treated at the
same time 1o allow for a meaningful analysis
ol their properties, and in separate sample
containers to avoid contamination between
different samples.

2.2 Experimental measurements

The specimens heat-treated at various
temperatures were analyzed by transmission
clectron  microscopy, scanning electron
probe, selected area electron diffvaction and
X-ray diffraction methods. After each heat-
treatment, the total iron content in glassy car-
bon matrices was determined by wet chemical
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analysis and the dispersion of iron examined
by scanning electron probe.,  Structural
changes of the samples with heat-treatment
temperature and total iron content were fol-
lowed using an X-ray diffractometer with
FeKa radiation. On occasion, nickel-filtered
CuKe radiation was used for the specimens
containing no iron.

Electrical resistivities of rod-shaped speci-
mens were measured at room temperature
employing a potential probe method which
utilizes two extra electrodes to eliminate er-
rors due to contact resistance. The potential
drop due to the resistance of the specimen
was measured at zero current through a
known distance of sample between potential
probe electrodes having point contact with
the specimen surface. The temperature de-
pendence of the resistivity was measured in 2a
silicon oil bath at temperatures ranging from
20°C 1o 120°C in order to obtain activition
energies of iron containing glassy carbons.

Uniaxial tensile strength measurements
were performed on samples of all glassy ear-
bons obtained at 300°C, 700°C and 970°C with
a soak time of 1 hr. All the measurements
were made with a crosshead speed of
0-02 in./min.

3. RESULTS AND DISCUSSION

3.1 Morphology of iron

Preliminary experiments on copolymeriza-
tion showed that the ferrocene derivative
could not be solvent extracted from the resin
produced {rom the polymerization of [ur-
furyi alcohol containing the ferrocene deriva-
tives. This indicates that the organie deriva-
tive of tron is incorporated by covalent bonds
into the polymer matrix. The precarboniza-
tion temperature of 300°C, while converting
the copolymer into a rigid marrix, does not
result in the decomposition of the ferrocene
derivative. Thus, by delaying the release of
the foreign element from its erganic struc-
tural cage unudl a rigid carbon matrix is
formed, it can be expected that its aggrega-
tion into distinct phases is prevented and that
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its initial molecularly dispersed state is main-
tained.

The resulis of the electron microprobe
analyses of furfury! alcohol FDA copolymers
heat-treated at temperatures from 500°C to
970°C indicate that the separation of iron
from a homogeneous iron-carbon macros-
tructure existing below 600°C into irregularly
spaced domains of iron-enriched carbon in-
creases with increasing heat-treatment temp-
erature and soak time. These domains are
composed of cylindrical whiskers of 0+1 wm in
diameter and up (o several microns in length
as shown in Fig. 1. They were identified as a
highly crystalline cementite (Fe,C) by selected
area electron diffraction (SAD). Andreev ol
al.[7] studied the thermal stability of fer-
rocene and found it decomposes at tempera-
tures between 400° and 470°C into meiallic
iron and carbon as well as gaseous products
consisting of hydrogen and low molecular
weight hydrocarbons. At these temperatures
they reported the absence of iron-carbide
type compounds among the decomposition
products. The formation of amorphous and
microcrystalline iron carbides occurs at temp-
eratures of B40°-650°C in the pyrolysis of
pure {errocene as reported by Gray et al. [8].
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Table 1 and Fig. 2 show the results of the
electron microprobe analysis on glassy car-
hons prepared [rom copolymers of furfuryl
afcohol with 1 percent FDA and 1 per cent VFE,
respectively. The data in Table 1 were ob-
tatned from astadstical analysis of the detector
response from hackground iron in scanning
timme increments of Wsee. The peaks in Fig. 2
correspond to the domains of iron-enriched
carbon. I the PFA—T per cent FDA system,
the coment of dispersed background iron
with  increasing  heat-treatment
temperature and becomes negligible a1 970°C
in spite of nmcrease of total iron content as
shown in Fig. 3. In the case of glassy carbons
from PFA-VF, the content of background
iron increases, with increasing heat-treatment

cdecreases

Table 1. Intensity of highly dispersed background
iron in glassy carbon matrix by Scanning Electron
Microprobe analysis

Microprobe intensities
for different HTT

Sample 500°C 700°C 970°C.

3-8 %940
40:7 =25

PFA-1%: FIDA 55 =3
3

7* 32514
PFA~1G: VF 1

42-1 22-9

*Confidence limits at 95 per cent certainty.

Fig. I. Electron micrograph of glssy carbons from polyfurfuryl alecohol-FIYA obtained at
950°C, showing whiskers of cementite (Fe ().
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Fig. 2. Seanning electron microprobe analysis of iron in glassy carbons (HTT, 970°C).
T 7 T T T from the carbon matrix at temperatures
above 550°C. Figures 4 and 5 show transmis-
.00} o ~=2 1 sion electron micrographs of representative
sections of glassy carbons from PFA-10 per
0.80F 1 cent VF. Figure 4 shows the formation within
the carbon matrix of thin, square-shaped
0.60+- crystallites which occur in samples heat-
treated
CPFA+ | % FDA =
.40k o eFar smeoa 4 lleal-treatment temperature to 625°C, some of
a BFA+ 1% VF these crysiallites are released from the carbon
o PFA « 0% VF .
. . . : : surface and leave traces behind as can be seen
500 §00 700 8GO 900 . . .
HTT pE) in Fig. 5. The exact nature of these crystallites,

Fig. 3 Relative change of total iron in glassy car-
bons with heat-treatment temperature,

ternperature, in contrast with the case of
PFA-FDA, and the total iron content is
nearly constant  at  temperatures  from
B00°-970°C. This constancy of the total iron
content in the glassy carbon from PFA-VF
over the temperature range [rom 500°-970°C
indicates the partial weight loss of iron at a
rate proportional to that of the weight loss of
the carbon matrix due 1o thermal cracking
and, therefore, the existence of a thermally
unstable iron compound which is released

as of now, has not been determined. In
samples obtained ar 970°C, the formation of
massive aggregates can be observed (Fig. 6),
which consist of a crystalline material iden-
tified as elemental iron of the y-type with fcc
unit cell. At high temperatures, going from
1600° 1o 2500°C, the iron compounds, particu-
larly the cementite whiskers, decompose and
iron eventually disappears from the carbon
matrix.
3.2 Xoray diffraction data

The glassy carbons were examined by X-
ray dilfraction to determine crystallite size
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Fig. 4. Eleciron micrograph of glissy ciarbons from polyTurfuryl aleohol-10 per cent VI
showing the appearance of square-shaped crvsiallites m 350°C,

Fig. 5. Electron micrograph of glassy carbons from polyfurfuryl sdeohol-T6 per cent VF ar
625°C.,

and interlayer spacing. Figure 7 shows dif-
fraction profiles from (002) plane. The addi-
tion of iron produces a marked increase in
the intensities of (002) diflraction peak and
the narrowing of the linewidth. The inter-
planar spacing (dwe} and apparent crystallite
size (L) normal to the {(2) planes are shown
as a function of heat-treatment temperature
in Table 2. The X-ray difl raction data listed
in Table 2 were obtained using mangancse-
filtered Fela radiation for samples hear-

treated up to 2000°C and nickel-Rltered
CuKea radiation for samples prepared at
2500°C. These data indicate thar catalytic
graphiuzation of glassy carbeons from
polyfurfuryl alcohol increases with increasing
heat-treatment temperature and concentra-
tion of the lerrocene derivative. The degree
of catalytic graphitization for the PFA-VF
system is nearly equal to that for the
PFA-FDA system. The inclusion of a small
amount of iron in glassy carbon matrices re-
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X 250,000

Fig. 6. Electron micragruph of glassy carbons from polyfurfuryl aleohol- 10 per cent VF w
970°C.

Table 2, X-ray diffraction data of iron-doped PFA carbons

625°C TO0°C 970°C 1500°C 2000°C 2500°C

([uuz( .‘\) I_.x (1"\\) (l L‘ (l L, d L, (1 I_., ([ L,

PFA — —  — %83 12 351 20 350 28 346 38

PFA-IT FDA — s —  — 3+ 8 3545 9F 342 95 348 N7
PFA-8G FDA - — — — - 340 92 341 104 3839 111 339 134
PFA-1G VF . — — — #4386 345 1060 342 100 330 198
PFA-3% VF — _— —  — 342 103 %41 108 3480 110 %39 193
PFA-10% VF 338 130 388 164 537 166 3-38 170 338 18t 337 201

sulted in a remarkable increase in the appar-
ent cyrstallite size and a decrease in the in-
terplanar spacing. For example, the PFA-]
per cent FDA carbon which contains 0-32 per
cent by weighe of iron alter heat-treatment
970°C for thr had an L of 84A and o €hios OF
4A,  while the corresponding  N-ray
parameters for pure PFA carbon obtatned
untder the swme conditions are 12A and 3-33;‘?\,
respectively.

3.3 Properties of tron containing glassy carbons

Uniaxial tensile strength and electrical re-
sistivity measurements were carried out on
samples of pglassy carbons obtained from
PFA-FDA and PFA-VF copolymers. Glassy
carbons from pure PFA exhibit a pro-

nounced increase in tensile strength with
heat-treatment temperature. On the other
hand, the specimens of glassy carbons con-
taining iron become more brittle and gener-
ally have lower tensile strengths at elevated
heat-treatment temperatures. However, the
specimens obtained at 500°C reveal a striking
increase in the tensile strength with increas-
ing concentrauon of the ferrocene derivative,
as shown in Tabte 3. The remarkable de-
crease in tensile sirength at higher heat-
treatment temperature may be aseribed to
the inhomogeneity of the glassy carbon due
to variation in composition of the iron do-
mrains and to the formation of graphitie struc-
ture in glassy carbon by the catalytic action of
added iron, This matrix inhemogeneity may
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I. PFA-I0% VF

2. PFA~ |9 VF

3. PFA

HTT 2500°C —4
CuKg [N}

RELATIVE INTENSHTY

Fig, 7. Neray diflraction profiles of glassy carbons
from (1) PFA-10 per cent VF, (2) PFA-Y per cent
FDA and (3) PFA a1 2500°C.

Table 4. Tensile strength of - iron-doped
PFA carbons

Tensile strenpgth

(kgicml”")
Sample S0°C 700°C 970°C
PFA 80 148 4142
PFA+ 1% FDA —_ — 132
PFA+ 5% FDA 253 275 200
PFA+ 1% VF 96 166 244
PFA+3% VF 154 — 51

PFA+ 105 VF 288 — —

*Average of five determinations.

produce localized internal strain accom-
panied by a decrease in the overall tensile
sirength.

In: Fig. 8 are shown electrical bulk resistivi-
lies of carbons from PFA and iron—organic
PFA precursors as a function of heat-treat-
ment temperature. In all cases inclusion of
iron lowers the resistivity of the resultant car-
hon compasite at heat-treatment tempera-

]
o]
~1

— PFA
—— 3%FDA
----- 0% vF

p lehm-cm)

1o

102

:
100¢

HTT *4)

Fig. . Electrical bulk resistivity of glassy carbons
PFA and iron-doped PFA.

tures below 800°C. Above this temperature
the electrical resistivity follows more or less
the behavior of unmodified PFA carbon. The
influence of different functional groups at-
tached to the ferrocene precursor on the
properties of glassy carbons becomes appar-
ent if resistivities are plotted versus total iron
content. Carbons derived from PFA-VF
show consistently lower resistivities than
those derived from PFA-FDA at heat-
treatment temperatures below 800°C, when
compared at identical levels of iron, as can be
seen in Fig. 4. This effect is not explainable at
this time, but it is believed that it originates
from differences in the copolymer structure
of the precursor. Generally, resistivity de-
pends not only on the degree of crystal disor-
der but alse on geometrical factors such as
porosity and the relative distribution of diff-
erent conducting phases in the matrix. As is
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Fig. 8. Vartation of elecirical resistivity of iron-
doped PFA carbons as a function of total iron con-
tent.

ohserved in semiconducting materials, the re-
sistivity of all of these samples decreases with
increasing measurement temperature. Table
4 shows activation energies obtained {rom the
temperature dependence of resistivity, to-
gether with electrical bulk resistivities of

Table . Bulk resistivity and activation energy of
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ghassy carbons prepared below 625°C. The ac-
thvation energies of the samples decrease with
an increase in heal<treatment temperature
but are only slightly affected by iron addition.

Electronic properties of doped carbons by
either titanium and manganese have been
studied by Millet et al.[9]. Doping with these
metailic elements resulied in a significant de-
crease ol the electrical resistivity of the car-
bons heat-treated at a given temperature.
This elfect was entirely explained by graphit-
ization catalysis, because all the values of re-
sistivity from doped and nondoped carbons
fell on the same curve when they were plotted
as 2 function of the degree of graphitization.
This does not apply to iron-doped PFA car-
bons which have nearly identical resistivities
to those of nondoped PFA carbons at heat-
treatment  temperatures above S00°C, al-
though the ron-doped glassy carbons contain
more graphitic structure than the pure PFA
carbons, as described in the preceding sec-
tion. The lower resistivity of iron-doped PFA
carbons obtained at temperatures between
S00°C and 800°C may be ascribed 1o the pres-
ence of puare iron, cementite (Fe,0) and
magnetite {Fe,O,). These forms of iron were
detected for iron-doped carbons by Neray
difl raction and selected area electron diffrac-
tion methods. The resistivities of iron and
cementite wre S7X 107 em and  4bx
W°Qem, respectively, and that of nagnetite
36> 107°Q.em[10]. Aluminum is a good
electric conducior and one of the metallic cle-
ments which produce enhanced graphitiza-
tion of amorphous carbons[11, 12]. However,
addition of aluminuim increases the resistivity

carbons from polylurfuryl alcohol and lerrocene

derivatives

560°C 580°C H00°C 695°C
Sample p{Q-cmy ALE{eV) ] AE p AE I AE
PFA 6:3 X 10° 7:8% 107 3-8 [0 83x 107 66% 10° 62107 5 28X 10
PFA-3% FDA S8 107 84 107 18X 107 75X H™ 2% 10" 7= 107 58%107% 42107

PFA-HI%A VF B4 x 10" 85 % 107 5-6% 10" &1

XHYY 272 100 4% 107 1-8x 107
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of pyro-polymer carbons  heat-treated
temperatures from 800°C 10 1200°C{15]. This
has been explained by the presence of non-
concucting aluminum carbides. The tron
containing glassy carhons prepared in this
stucdy consist of small regions of highly
graphitized carbon in the isotropic carbon
matrix, as shown in the foregoing section.
But, their resistivities are nearly equal to
those of non-doped PFA carbons at heat-
treatment temperatures above 800°C. This
seems to indicate that the resistivity is depen-
dent upon the nature of the material between
regions of high conduction and on their rela-
tive distrthution in the mawrix,
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