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Comparison of graphite, graphene precursors in HNBR
Executive summary

High degrees of reinforcement and enhanced permeation resistance are seen
with dispersions of expanded graphite (also known as graphite nanoplatelets1)
in HNBR. Expanded graphite was significantly better at slowing permeation
than micronized graphite. 

Among the three grades of expanded graphite tested, the two grades that
were not compacted after expansion produced the lowest permeability; this
likely indicates that some irreversible loss of polymer-accessible surface area
occurs during compaction of expanded graphite. 

This study found no evidence that expanded graphite can be further exfoliat-
ed in an HNBR matrix via high shear rate polymer mixing, up to 20,000 radi-
ans/second shear rate.

By Roger W. Faulkner 
and Kenneth J. Mumby

Rethink Technologies Inc.

Expanded graphite has been used ex-
tensively in making flexible graphite
sheets for gaskets since it was patented
in 19152, but it has not been used much
in rubber until recently. 

Recent work has shown that graphite
can be exfoliated all the way down to
graphene (single molecular sheets of
graphite, less than a nanometer thick)
via wet chemistry3, where oxidation to
graphite oxide leads to dispersed
platelets that are only one atom thick,
which may then be reduced back to
graphene. 

Graphite exfoliation has also been
shown to occur without oxidation of the
graphite in dilute dispersions of expand-
ed graphite in N-methylpyrrolidone4. 

Graphite exfoliation is also believed to

occur in the production of fluoro-
graphite5, which has been shown to be
useful in FFKM elastomer6. 

Exfoliation of graphite during produc-
tion of fluorographite is believed to oc-
cur because fluorination causes the
graphite sheet to buckle, which is simi-
lar to what occurs during production of
graphite oxide. 

However the fluorination is not readi-
ly reversible. 

Expanded graphite as initially pro-
duced looks like worms, and the bulk
density is extremely low. 

The bulk density of the vermiform
(worm-like) expanded graphite used in
this study was 0.004 g/cc. 

Lab-produced vermiform expanded
graphite was compared to two commer-
cially available grades of expanded
graphite and a microwave-expanded de-
velopmental grade, plus control com-
pounds. 

All elastomer formulations mixed so
far with 10 percent or more by volume
expanded graphite have blistered in
conventional molding methods. 

This study compares graphite grades
and carbon black at 7.6 percent by vol-
ume. 

The vermiform material produced
modestly better permeation resistance
than the commercial expanded grades,
but all the expanded graphite grades as
a group produce much better perme-
ation resistance than micronized
graphite. 

It was investigated whether expanded
graphite can be further exfoliated or
partially exfoliated to graphene in high
shear rate/shear stress polymer mixing
equipment, similar to what has been
shown to work for partial exfoliation of
montmorillonite-based, organo-modified
nanoclay in NBR7, and possibly also for
mica in polypropylene composites8. 

This effort to mechanically exfoliate
expanded graphite to graphene was not
successful in HNBR at a shear rate of
about 20,000 second-1. 

When graphite is expanded, it is usu-
ally treated with concentrated sulfuric
acid plus a small amount of an oxidizer
(usually nitric acid), then after the acid
intercalates between the graphite
planes, the intercalated graphite is rap-
idly heated to about 850°C, whereupon
the graphite expands rather like an ac-
cordion, as byproduct gases are re-
leased. 

The initially flat pieces of acid-treated
graphite expand to many times their ini-
tial volume, and the expanded graphite
looks like worms. 

The expansion process fails if the in-
tercalated graphite flakes are too small. 

Apparently in this case the gas es-
capes out the edges of the intercalated
graphite layers rather than blowing the
planes apart into the expanded form.

Discussion
It is possible that the expansion of in-

tercalated graphite at 850°C involves re-
duction of the previously oxidized
graphite. 

If so, the graphite expansion process
is fundamentally similar to the oxida-
tion/reduction of graphite in solution,
which is one of the recognized routes to
producing bulk graphene from graphite. 

It therefore seems reasonable to con-
sider whether expanded graphite may
contain graphene. The experiments we
have performed so far cannot answer
this question.

The bulk density of vermiform ex-
panded graphite is extremely low; in the
laboratory expanded sample we used,
the bulk density (as received from As-
bury Graphite Mills, where the labora-
tory expansion was performed) was
0.004 g/cc, comparable to aerogel. Be-
cause of the extremely low-bulk density
of vermiform expanded graphite, it has
rarely if ever been used before in poly-
mer dispersions. 

Vermiform expanded graphite was
compared to four commercially available
grades of graphite, including two com-
mercially available grades of expanded
graphite, at equal volume loading (7.6
percent) of graphite or carbon black
(used in the control compound), in
HNBR. 

One of the commercially available ex-
panded grades, Asbury Graphite Grade
3775 (A-3775) by Asbury Graphite Mills
Inc., is made by compacting fully ex-
panded graphite, which is then ground
back into a powder. 

The other grade, TG 679 (by GrafTech
International) is made by a different
method; it is based on partially expand-
ed graphite, with lower than normal lev-
els of initial intercalation9. 

TG-679 graphite is not believed to
have been compacted after expansion
before packaging. There are also new
grades of expanded graphite that have
been expanded via microwaves10. 

xGnP-15 from XG Sciences was evalu-
ated and showed no less blistering in
HNBR than was seen for the other ex-
panded grades (other properties have
not been measured).

Alternative means exist to incorporate
expanded graphite into a polymer sys-
tem. Goodyear has a pending U.S.
patent11 on incorporation of expanded
graphite into a polymer during polymer-

ization or into polymerized latex prior to
coagulation. 

This follows up on Goodyear’s earlier
seminal patent12 on incorporation of
nanoclay into a latex-based polymer.

This paper compares noncompacted
vermiform fully expanded graphite (de-
rived from acid-treated Asbury Graphite
Grade 3721, expanded 30 seconds at
850°C) to the two previously mentioned
commercially available expanded
grades.

To round out the comparison, data on
a micronized high surface area synthetic
graphite, Asbury Grade 4827, and a typ-
ical rubber-grade synthetic graphite, As-
bury Grade A99 are also given. 

Graphene (completely exfoliated
graphite, comprising independent car-
bon sheets that are one atom thick) is
a very hot research topic right now. 

Like nanoclay, graphene has high po-
tential as a component of polymeric
nanocomposites designed for enhanced
permeation resistance. 

Graphene is a pure planar crystalline
flake, only one atom thick (about 0.25
nm), whereas exfoliated organo-modi-
fied montmorillonite clay (the most com-
mon type of nanoclay) has a crystalline
inorganic core that is several atoms
thick (about one nanometer), but the
complete platelet in the case of organo-
cation substituted montmorillonite nan-
oclays is about twice as thick as the in-
organic core if one considers the
ionically bound organic cation layer
(quaternary ammonium cations normal-
ly) that is attached to each side of the
platelet. 

In the case of nanoclays, this bound
cationic organic layer can greatly in-
crease permeation of both organic mole-
cules and water parallel to the surface of
the modified clay platelet because both
water and hydrocarbons are very solu-
ble and mobile in the organo-cationic

layer. 
In this case, the many small clay

platelets reduce permeability by creat-
ing a tortuous diffusion path as expect-
ed, but the high permeability surface
film on each platelet counteracts this ef-
fect somewhat, by forming a virtual “su-
perhighway” for compatible permeants
right at the surface of the platelets. 

By comparison, there is no well-de-
fined highly permeable organic layer at-
tached to the surface of graphene
platelets to serve as a superhighway to
speed diffusion of permeants around the
graphene platelets. 

This, and the lower thickness of
graphene compared to exfoliated clay
imply that graphene should theoretical-
ly be much better at reducing perme-
ability than exfoliated nanoclay.

It is interesting to note that most
graphene synthesis methodologies start
with expanded graphite, yet there has
not been much new research specifically
focused on optimizing (or even studying)
expanded graphite per se for elastomer
applications. 

It is possible that incremental im-
provements in how expanded graphite is
made and handled could result in signif-
icantly improved elastomer formula-
tions, though perhaps not achieving the
phenomenal improvements in perme-
ation and physical properties that are
theoretically possible for graphene. 

[Note that there is a substantial body of
research on hard thermoset polymer com-
posites based on sheet molding and bulk
molding compounds that use “graphite
nanoplatelets” (expanded graphite) from
Lawrence Drzal’s group at Michigan
State University.]

Rethink Technologies Inc. first stud-
ied expanded graphite in elastomer com-
posites for enhanced water permeation
resistance, as part of a Navy SBIR re-
search grant (N08-042) that was aimed
at developing elastomers with enhanced
sea water permeation resistance. 

Rethink filed a patent out of that
work, which showed that expanded
graphite improves water barrier per-
formance of butyl rubber significantly
more than the other platy fillers studied
(Cloisite nanoclay, talc and mica, includ-
ing silanized grades of talc and mica). 

This paper shows that the patent
pending formulations of expanded
graphite and elastomers also produce
lower fuel permeation, which has obvi-
ous applications.

Rethink possesses proprietary equip-

Fig. 1. HNBR/graphite compound tensile curves.

See Graphite, page 18
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ment that is capable of applying very
high shear stress and very high shear
rate to polymer formulations. 

This process is effective for partial
delamination of nanoclay, as we
showed in a previous ACS Rubber Divi-
sion paper6. 

That previous paper explored various
correlations between mechanical and
viscoelastic properties and exfoliation;
green strength had the best correlation
with the extent of exfoliation of nan-
oclay among the mechanical properties
we studied. 

An increase of maximum strength by
a factor of 4 in a green strength experi-
ment was observed. 

It was decided to apply the high shear
method to HNBR/graphite composites to
see if it was possible to exfoliate expand-
ed graphite enough to see differences in
green strength and/or permeability. 

A portion of the HNBR/graphite/an-
tioxidant mixture prepared in the large
Brabender internal mixer (not yet con-
taining peroxide) was put through a pro-
prietary high shear mixing process.
Green strength of uncured samples of
No. 6 and No. 15 were determined for
these two compositionally identical sam-
ples, which differ only in terms of shear
history. 

Experimental procedures
The samples were all mixed in a

Brabender internal mixer, where the
nonreactive powders (antioxidant,
graphite, carbon black) were added to
the HNBR. The curative (DCP-40) was
added on a two roll rubber mill after all
other powders had been incorporated in
the internal mixer. 

It was quite difficult to incorporate
the vermiform expanded graphite; as a
result this was the only sample made in
the small Brabender mixer (60 cc nomi-
nal volume, roller blades were used). 

Two batches of the vermiform
graphite/HNBR compound No. 1 were
made to get enough sample to do the
tests (barely), and each of these mixes
took about an hour. 

All the other samples were mixed once
in the larger Brabender mixer. 

Temperature in the mixer was kept
below 100°C during all mixes, which
were done at low speeds (26-60 RPM).
Compared to shear rate and shear stress

imposed on the samples during milling,
the internal mixer treatment was quite
mild. 

For formulations and physical proper-
ties, see Table I. 

Permeation of an aliphatic permeant
(2,2,4- trimethylpentane) was signifi-
cantly lower for HNBR compounds con-
taining all grades of graphite tested
compared to N-550 carbon black (see
Table II). 

The exfoliated graphite grades pro-
duced significantly lower permeation
than the micronized natural graphite,
and the vermiform lab expanded
graphite produced the lowest perme-
ation rate of any of the fillers tested. 

High shear mixing was applied to non-
curing masterbatch MB12 (see Table I).
MB12 contains one of the commercially
available grades of expanded graphite
(Asbury A-3775) and was first mixed in
the Brabender, and then high shear
mixed in a proprietary lab machine that
is similar to that used in the previous
Rethink work with nanoclay/NBR com-
posites. 

Cure testing was done in a Monsanto
R100S oscillating disc rheometer with 3°
of arc at 182.2°C (360°F). Mechanical
testing was performed by the relevant
ASTM standards (these are cited in
Table I). 

Green strength was also measured for
two particular compounds, No. 6 and
No. 15 which are identical except for
their shear history. In this case, a por-
tion of the HNBR/graphite/antioxidant
mixture prepared in the large internal
mixer (not yet containing peroxide) was
put through a proprietary high shear
mixing process. 

The green strength of uncured sam-
ples of No. 124-6 and No. 124-15 was
determined for these two compounds
after peroxide incorporation on the
mill. 

A tendency toward blistering has been
noticed for all samples of expanded
graphite studied so far (this includes the
microwave-expanded graphite sample
obtained from XG Sciences, cGnP-15,
not shown in Tables I and II. 

In Rethink’s prior Navy SBIR re-
search effort (N08-042), severe blister-
ing of compounds containing high levels
of expanded graphite was observed in
polyisobutylene and ethylene-octene

copolymer elastomers. 
To get valid samples, cure tempera-

tures had to be reduced, and in some
cases the samples had to be cooled un-
der pressure. 

The present study used relatively low
levels of graphite to avoid this problem,
but even at 7.6 percent by volume, blis-
tering was observed at the normal
HNBR cure temperature (182.2°C), so
all the samples were cured 30 minutes
at 160°C. 

The blistering is thought to be a re-
sult of chemisorbed water on the ex-
panded graphite surfaces and/or incom-
plete expansion of the intercalated
graphite prior to Rethink receiving the
samples. 

There is a market need for a grade of
expanded graphite that does not cause
blistering, because for highly perme-
ation resistant formulations, it is high-
ly desired to use much higher expand-
ed graphite loadings (25-35 percent by
volume) than can be created using
present curing methodology and cur-
rent grades of expanded graphite. This
is a market need that Rethink is work-
ing to fill.

Permeability was measured by the
cup method (SAE J2655) at 40°C. The
permeant was 2,2,4- trimethylpentane,
selected to give rapid, reproducible re-
sults. This portion of the lab work was

contracted out to TRI/Environmental
Inc. of Austin and was paid for by As-
bury Graphite Mills. 

TRI gave us excellent data that was
reproducible enough to allow statistical-
ly significant differences to be detected
between compounds that only varied by
about 2 percent in permeability (see
notes at the bottom of Table II). 

Results and discussion
Table I shows the formulations and

both cure and physical properties of the
compounds prepared in this study. 

There are two control compounds,
gum HNBR compound No. 7 and the
carbon black control compound No. 20. 

The vermiform graphite compound
No. 1 has higher stress at 25 percent
strain, tear strength and elongation to
break than any other compound, includ-
ing the carbon black control. 

All compounds except the gum rubber
control compound No. 7 have the same
7.6 percent volume fraction filler
(graphite or carbon black). In realistic
low permeability compounds, signifi-
cantly higher graphite levels are desir-
able. 

A low level was used in the present
study because of the tendency of HNBR
compounds with higher expanded
graphite levels to blister, and also some-
what because of the difficulty of adding
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Fig. 2. Green strength behavior before and after high shear mixing.

Graphite
Continued from page 17

Table I. Formulations and properties for HNBR/graphite compounds.
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the extremely fluffy vermiform graphite
to compound No. 1 (it took an hour to in-
corporate 20.5 phr).

Fig. 1 shows an overlay view of ten-
sile properties for the graphite-rein-
forced compounds of this study. 

As a group, the expanded graphite
reinforced compounds had the highest
Young’s moduli, but then cross over
the stress strain curve of the mi-
cronized graphite grade at strain > 100
percent. 

The standard rubber-grade ground
synthetic graphite (Asbury A99, com-
pound No. 5) produced the lowest modu-
lus and tied for highest elongation with
the compound derived from vermiform
expanded graphite. 

(The data from Table I are averages,
while the particular curves shown in
Fig. 1 are individual specimen curves
which are not identical to the average
results of Table I.) 

Two of the graphite grades tested, the
vermiform graphite in compound No. 1,
and the standard rubber grade synthetic
graphite A-99 (in compound No. 5) in-
hibited the peroxide cure to a significant
extent. 

It is possible that the relatively low-
er crosslink density of No. 1 con-
tributed to its higher tear strength
compared to compounds No. 4 and No.
6, (which are based on the commercial-
ly available expanded graphite
grades), though the crosslink density
cannot explain the higher durometer
and low-strain modulus and lower per-
meability of compound No. 1 compared
to No. 4 and No. 6. 

I believe it is likely that the high mod-
ulus, high tear strength and low perme-
ability of compound No. 1 (based on ver-
miform graphite) indicate that the
graphite platelets in this material had
the highest diameter/thickness ratio of
any of the samples tested. 

Because particle size prior to expan-
sion has not been controlled, we cannot
say for sure that this shows the vermi-
form grade to be comprised of thinner
platelets on average, though that is cer-
tainly possible.

Both green strength testing (Fig. 2)
and permeation results (Table II) show
that high shear mixing had only a small
effect on delamination/exfoliation of the
graphite. 

Apparently high shear mixing, while
effective for partial delamination of nan-
oclay, was not effective for taking ex-
panded graphite to graphene. 

There was a small reduction in green
strength because of high shear mixing,
probably because the HNBR was some-
what degraded by the high shear treat-
ment, as can also be seen from the ODR
cure torques for compound No. 15 versus
No. 6 (Table I). 

The high-shear mixed compound No.
15 was noticeably tackier during
milling than the low-shear mixed ver-
sion No. 6, which was probably caused
by some thermo-oxidative chain cleav-
age of the HNBR during the high shear
mixing. Permeability is not expected to
be affected much by modest chain scis-
sion. 

The high shear-mixed sample was
also tested for permeability (where it
proved to have slightly less permeability
than the low-shear mixed sample). 

The small degree of reduction of per-
meability seen for high shear mixing of
compound No. 15 is not indicative of any
significant exfoliation to graphene, but
may indicate improved dispersion and
possibly some delamination.

Bigger differences were seen between
the three different grades of exfoliated
graphite tested compared to the small

effect of high shear mixing. 
Table II shows permeation results for

six of the compounds of Table I. Ex-
panded graphite was significantly better
at slowing permeation than the mi-
cronized graphite. 

Among the three grades of expanded
graphite tested, the two grades that
were not compacted after expansion pro-
duced the lowest permeability. 

This likely indicates that some irre-
versible loss of polymer-accessible sur-
face area occurs during compaction of
expanded graphite. 

It now appears that there is a sub-
stantial opportunity to develop special
grades and/or dispersions of expanded
graphite that are specifically tailored to
nanocomposites, including composites in
both rubber and plastics. 

Conclusions
All types of graphite produced much

lower permeability than N-550 carbon
black.

Expanded graphite produced lower
permeability than micronized synthetic
graphite. 

The samples of expanded graphite
which had not been compacted prior to
incorporation into the elastomer pro-

duced lower permeability. 
The lowest permeability was observed

for vermiform expanded graphite.
The expanded graphite samples all

had a tendency to cause blistering.
The permeability of HNBR/expanded

graphite composites decreases only a lit-
tle with the intensity of mixing up to
20,000 radians per second. 

There is no evidence for mechanical
production of graphene in situ during
intensive mixing of expanded graphite
with HNBR.
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