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Distinguishing Between Graphitic and Amorphous Carbon

By P. L. Walker, J:., J. F. Rakszawski, and A. F. Armington

THI-} ability to distin-
guish between amorphous earbon and
graphitic carbon (pure graphite) is a
practieal necessity. For many applica-
tions, graphite is the premium product
because of ifs higher electrical and heat
conductivity, lubricating properties,
lower reactivity to gases, greater
thermal-shock resistance, and superior
machinability.

Biscoe and Warren! and TFranklin,?
among others, have shown that both
amorphous carbon and graphite are
composed of essentislly parallel lnyer
planes, ench layer plane being in turn
composed of a number of eondensed
benzene rings. However, in amorphous
carbons the stacked layer planes are
found to be randomly oriented, whereas
in graphite the layer planes have 2
fixed “three dimensional” order. The
order affects the spacing between layer
planes, which in turn is thought to
account for the majority of the differ-
ences in properties between these two
forms of carbon.

Amorphous earbon varieties are nu-
merous and include all coals, cokes,
pitches, and earbon blacks. QGraphitic
carbon is less plentiful and, at the
moment, is taken as the earbon that
has the smallest spacing between layer
planes.? Ceylon natursl graphite is
an example. Carbons are alse found
that run the gamut between completely
amorphous and completely graphitic
material. These intermediate carbons
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A comparison of estimations of
graphitic carbon by X-ray diffraction
and a recently suggested ASTM
“float and sink” test.

show & degree of “three dimensional”
ordering, usually produced by heating
an amorphonus carbon to temperstures
shove 2000 C.%* A mechanical mix-
ture of an amorphous carben and
Ceylon natural graphite can also be
considered an intermediate carbon inso-
far as its over-all properties and X-ray
analysis are concerned.

Classieally, the method used for the
distinction between amorphous and
graphitic earbon is based on the fact
that graphite can be converted to
graphitic acid by strong oxidizing
agents whereas amorphous earbon is
unaffected.* IHowever, this technirue
has been found by numerous worlers,?
including the present authors, to be
a fime-consuming, tedious, and some-
times dangerous procedure, which is
not practical as a routine test.

Recently ASTM Committee D-2 on
Petroleum Products and Lubricants
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published a suggested procedure for the
determination of amorphous carbon.®
It is & “‘float and sink type of test that”
uses ethylene bromide (specific gravity
2.18-2.19) as the separating fuid.
1t is based on the fnet that graphite
has o specific gravity of approximately
2.26, whereas amorphous carbons have
a specific gravity of less than 2.18.
However, the only type of separation
that can be realized by this technique is
that where the amorphous and graphitic
carbon are in a mechonical mixture.
If the amorphous and graphitic carbon
are integrally mixed within the same
crystallite (and, hence, particle), as is
the case? for heat-treated carbons,
these two types of earbon will not be
separated by the above technique.
1t is from the sbove that the possibilities
of using X-ray diffraction as the broad
tool to determine graphitic carbon
content ara presented.

Results and Discussion

The flexibility of the X-ray technique
can best be described by examining
the shape of the {002) diffraction peak,
Fig. 1, for sample No. 1, consisting of
a mechanical mixture of 87 per cent
amorphous carbon and 13 per cent
graphifized corbon (itself not com-
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Fig. 1—Xwray Diffraction Pattern of the
(002) Region for a Mechanical Mixture
of Amorphous Carbon apd Graphitized
Carbon (Sample 1)—Cu Radiation,

pletely gruphitic). The experimental
Xerey diffraction techniques and dis-
cussion of the significance of the
different carbon diffraction peaks are
completely discussed elsewhere? The
(002} region consists of the super-
position of the broad and weak (me-
chanically mixed) amorphous carbon
peals, partienlarly on the low angle side,
onto the sharp and strong pesk of the
graphitized earbon. Jrom the angular
location of the stronger peak, the inter-
lnyer spacing of the graphitized carbon
is caleulated to be 3.3600 & at 15 G
(again see the earlier paper® for tech-
niques used to deterimine accurate

interlayer spacings). Using the Frank--

lin?* and Bacon® correlation relating
interlayer spacing to graphitic carbon
content (reproduced in Fig. 2), the
graphitized carbon is estimated to
contain 80 per cent graphitic carbon,
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Determination of the interlayer spac-
ing of the carbon producing the weaker
peak, seen in Fig. 1, is complicated by
the difficulty of selecting the position
of maximum penk intensity. However,
if the main information desired is
whether the weaker pesk originates
from amorphous carbon or semi-
graphitic earbon, an  approxima-
tion of its peak width at half peak
intensity should be made. If this
width is greater than 0.5 deg,
using copper radiation (that is, the
carbon has an average crystallite size
of less than 150 A,)%9 the carbon can
be considered as amorphous.® If the
width is less than 0.5 deg, an estimation
of the angle at maximum peak intensity
must be made fo determine the gra-
phitie earbon content. In sample No.
1, the width of the weak peak at half
intensity approximates 4 deg, bearing
out the amorphous character of this
earhon.

In summary, the following informa-
tion ebout the ahove carbon is obtained
from Fig. 1:

1. The superposition of two (002)
peaks indicates that the sample is g
mechanical mixture of two carbons.

2. One of the carbons is amorphous :
the other is 80 per cent graphitic.

3. The over-all sample, therefore,
contains 0 per cent amorphous carbon,
87 per cent as discrete amorphous
particles, and 3 per cent as amorphous
carbon intimately mixed on a miero-
scopic scale® with the 10 per cent
graphitic earbon.

X-ray diffraction does not enable a
determination of the percentage of
mechanieally mixed amorphous carbon
in the above sample unless prior
calibration runs have been made relat-
ing intensity of the peaks to different
known amounts of the particular
amorphous carbon in the particular
graphitized carbon.

It should alse be pointed out that
the above information on a carbon,
from preparation of an X-ray slide to
interpretation of the data, can be
-obtained within 1 hr,

Xeray diffraction has been further
used to clarify the proposed ASTM
“float and sink” technique. A sample
of the sbove carbon was ground to
passa No. 325 sieve, separated by centri-
fuging in ethylene bromide (directions
of the ASTM test being carefully fol-
lowed) and patterns taken of the fop
and bottom material, as shown in Tig.
3. As would be expected, the relative
intensity of the amorphous carbon
peak of the top material apd that of
graphitic carbon in the bottom ma-
terial are found to he increased.
However, it is noted that the top
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materinl still contains some graphitic
carbon and the bottom material some
amorphous carbon. From its X-ray
parameters, the graphitic carbon is
caleulated to have a true density of
225. If the number of blind pores
in the sample is small, the specific
gravity will ealso .opproximate this
figure, and all of the graphitic carbon
should have settled to the bottom of the
ethylene bromide. A substiintia] num-
ber of blind pores in the carbon par-
ticles would explain the floating
of graphitic carbon as would also a pre-
ponderance of amorphous carbon in
the individual particle.

Table I presents comparable data on
the graphitic carbon content of &
series of carbons as determined by
the techniques just discussed. An
indication of the effect of particle size
on the graphitic earbon content, s
defermined by the ASTM procedure,
was determined on sample No. 1. It
is seen that & decrease in particle size
of the earbon resulted in a decrense in
the amount of material floating on the
ethylene bromide (called zmorphous
carbon by definition). This result
could also be attributed to & decrease
in the number of blind pores per particle
upon finer grinding. Furthermore,
the graphitic content of these samples,
as determined by the ASTM procedure,s
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Fig. 3.—X-ray Diffraction Pattern of the {002). Region of Top and Bottom Material
after Separation by ASTM Float and Sink Test (Sample 1)-Cu Radiation.

is higher than that reported by Me-ray
diffraction. Since only 13 per cent
graphitic carbon was added to this
carbon, it is obvious that some of the
amorphous carbon sank fo the bottom
of the ethylene bromide. This is
confirmed in Fig. 3. It may be as-
sumed that it was earried down by
graphitic carbon.

Ceylon natural graphite was found
to be 100 per cent graphitic by baoth
techniques.

Again, for the spectroscopie, graphi-
tized carbons, samples Nos. 3 and 4,
and the graphitized carbon, sample
No. 5, the ASTM procedure indicates
a higher graphitic carbon content
than does X-ray diffraction. If the
amorphous material was microscopieally
dispersed among the graphitic material,
as is supposedly the case, the “Hoat
and sink” procedure should have
indicated 100 per eent graphite in all
three cases. That this is not so for
two of the samples perhaps indicates
that the specific gravity of a pertion
of the particles was less than that of
the ethylene bromide. Again blind
pores within the particles, even after
grinding to pass & No. 325 sieve, could
be responsibla.

For the petroleum coke sample
No. 6, which was gns baked at only
1060 C and sheuld be completely
amorphous after this mild heat treat-
ment, as confirmed by X-ray diffrac-
tion, the ASTM test indicates over
4 per cent graphitized earbon.
barely possible that the 0.24 per cent
ash in the sample was so distributed
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it is-

between particles that the resulting
specific gravity of a fraction of the
particles was greater than that of
ethylene bromide (2.18).

On samples Nos. 5 and 6 the graphitic
carbon content has also been deter-
mined by the graphitic acid test. It
is seen that in both cases it gives a
value intermediate between the X-rny
diffraction and the “float and sink”
fest.

A further revealing comparison of the
two techniques is found in testing the
carbons produced from carbon mon-
oxide decomposition .Carbon 7 is an
intermediate carbor, 53 per cent gra-

phitie, as indicated by X-ray diffraction.
However, all of the carbon sank to the
bottom of the ethylene bromide, in-
dicating by this test 100 per cent
graphitic carbon. On the other hand,
another sample, which X-ray diffrac
tion indicates possesses 15 per cent
graphitie maferial, floated to the top
of the ethylene bromide. These re-
sults clearly confirm the fact that
the ASTM procedure is not able to
distinguish between amorphous carbon
and graphite when these fwo ma-
terials are present within the same
crystallite or particle,

According to Seeley,’ one of the
things that prompted the writing of
the ASTM “float and sink” test for
graphitic carbon was the desirability of
detecting the presence of carbon addi-
tions to natural graphite. The above
test probably would be sucecessful in
detecting the presence of amorphous
carbon if complete dispersion were
achieved In the ethylene hromide.
However, if ecarbon produced from
carbon monoxide were substituted for
a portion of the natural graphite, it
would not be detected by the “foat
and sink” test. On the other hand,
X-ray diffraction would show a doublet
(002) peak and thereby indicate dilution
of the graphite with a carbon of inter-
mediate character.
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TABLE L—GRAPHITIC CONTENT OF DIFFERENT CARBONS.

Graphitic Carbon Content,
Tnter] per cent
: nterlnyer
Sample Description nges‘l,rég Spacing at x ASTM Cra-
50 4 ASTAY | G Tloat hitic
15 C‘ A Diﬁl"ﬂ.f_‘— 1 1" P :
tion:  {2nd Sink" Acid
Tests Taostt
No. la..] Mixture of 87 per cent | No. 48 | 3.456—879 10 LAY
petroleum coke and 13 3.3600—13%,
per cent graphitized
petroleum colte
No. 1b..{ Repent of 1a 10 28.9
No.le..| ...... No. 325 . 10 36.5
No. 1d..] Repeat of 1e e L. 10 37.8
No. 2...] Ceylon natural graphite No, 328 | 3.3546 100 100
No. 3...] Spectrosecpic grophitized | No. 325 | 3.3572 89 82.5
peiroleum coke powder
No. 4 Spectroscopie graphitized | No, 325 | 3.3572 89 100
petroleum colie, coal
tar piteh rod
Noa, 5...; Graphitized petroleum | No. 325 | 3.2600 30 98.6 1.3
coke, coal tar pitch rod .
No. 6...| Petroleumn goke, coal tar i No, 325 | 3.436 0 4.3 0.30
piteh rod 0.54
No. 7o Carbon from CO de- | No. 200 | 3.374 53 100 -
eomposition
No, 7h P No, 325 | 3.374 53 100
Neo. 8...) Carbon from CO de- | No. 325 | 3.416 15 0
composition
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