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ABSTRACT: Electrical resistance anomalies noted in
EPDM gaskets have been attributed to zinc-enriched sur-
face sublayers, about 10-lm thick, in the sulfur cured rub-
ber material. Gasket over-compression provided the
necessary connector pin contact and was also found to
cause surprising morphological changes on the gasket
surfaces. These included distributions of zinc oxide
whiskers in high pressure gasket areas and cone-shaped
features rich in zinc, oxygen, and sulfur primarily in low

pressure protruding gasket areas. Such whiskers and
cones were only found on the pin side of the gaskets in
contact with a molded plastic surface and not on the
back side in contact with an aluminum surface. The
mechanisms by which such features are formed have not
yet been defined. VVC 2008 Wiley Periodicals, Inc. J Appl Polym
Sci 110: 3973–3984, 2008
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INTRODUCTION

Ethylene Propylene Diene Monomer (EPDM) rubber
formulations are widely used in sealing applications
such as o-rings and gaskets and are generally con-
sidered nonconducting. Multiple pin connectors
with EPDM rubber gaskets in a protecting cover
(Fig. 1), however, were sporadically reported to
show reduced electrical resistance values during
testing. These covers and gaskets were paired with
the connector face shown in Figure 2. Pin contact
due to over-compression of the gaskets was evident
in the problem units and rapidly evaporating liquid
films, later identified as carbon disulfide, were noted
when the connectors were opened. The carbon disul-
fide films did not explain the low resistance values
but did suggest that a sulfur cured material might be
involved. A subsequent gasket replacement program
required the use of a peroxide cured EPDM material.

Sheet materials used in the connector gaskets had
been supplied by two vendors using proprietary for-
mulations. Assembly records did not note the mate-
rial used in particular gaskets. The two sheet
materials are referred to here as EPDM-C and
EPDM-S. (As discussed later, C refers to a cumyl
peroxide cured EPDM and S refers to a sulfur cured
EPDM.) The EPDM used in the replacement gaskets
(EPDM-R) was a peroxide cured formulation con-

trolled by a government specification and was pro-
vided by one of the original vendors.
As gaskets were replaced they were retrieved and

made available for a study to understand the cause
of the unexpected resistance anomalies. Electrical re-
sistance tests were not carried out during the gasket
replacement program and the performance of the
gaskets at that time is unknown.

EXPERIMENTAL

During the gasket replacement program, retrieved
gaskets and covers were placed in screw cap SPME
(Solid Phase MicroExtraction) vials to minimize the
loss of any volatile species (40 ml clear vials from
EPScientific, Miami, OK). Twenty of the retrieved
samples (G-1 to G-20), selected to represent a range
of compression patterns and age, were analyzed by
SPME and then sectioned for further analysis, both
chemical and by scanning electron microscopy
(SEM). Other retrieved gaskets were used for initial
SEM evaluations (S-1 and S-2) and electrical resist-
ance tests (E-1 to E-6). Four gaskets, retrieved earlier
because of their anomalous electrical resistance tests,
were also evaluated chemically and two (A-1 and A-
2) were available for SEM examination. Test slab
and sheet samples of a range of EPDM and butyl
rubbers were used as comparisons in the chemical
analyses. Table I lists the gaskets and EPDM materi-
als evaluated in the study and their designations.
Thermal desorption and ion chromatography anal-

yses were carried out at Sandia National Laborato-
ries in Albuquerque, NM and SPME analyses were
carried out at both Lawrence Livermore National
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Laboratory and at Sandia National Laboratories in
Livermore, CA. Thermal desorption samples were
heated up to 200�C and the outgassed organics were
analyzed by GC/MS (gas chromatography-mass
spectrometry). Most of the SPME analyses were car-
ried out on samples stored at ambient temperature
and were again coupled with GC/MS. A limited
number of SPME analyses on samples heated over-
night at 60�C provided higher levels of outgassed
species.

SEM with energy dispersive X-ray spectroscopy
(EDS) and wavelength dispersive X-ray spectroscopy
(WDS) as well as X-ray diffraction (XRD) were used
to evaluate the rubber microstructure and feature
compositions. These analyses and the electrical resis-
tivity measurements were carried out at Sandia, CA.

EPDM FORMULATION BACKGROUND

EPDM elastomers are formed by the polymerization
of ethylene, propylene, and one of three diene
monomers (1,4-hexadiene, 5-ethylidene norbornene,
dicyclopentadiene). One or more elastomers are
blended with additional ingredients to provide ei-
ther a free radical or sulfur crosslinking reaction.

Carbon black fillers are added to modify the final
mechanical properties such as hardness and tensile
performance. Other ingredients modify the mixing
uniformity, flow characteristics, oxidative stability,
or other properties. General discussions of EPDM
and rubber technology can be found in numerous
reviews.1–3

Table II lists typical ingredients in peroxide and
sulfur cured EPDM formulations. Peroxide cured
formulations use dicumyl peroxide or other initia-
tors and also often contain polyfunctional monomers
such as trimethylolpropane trimethacrylate to im-
prove crosslink density. Sulfur cured formulations
contain sulfur as well as a range of additives such as
benzothiazoles and similar compounds to control
the cure rate and the number of sulfur atoms in the
crosslinking sulfur chain. The mechanism of sulfur
vulcanization has been studied for years and
remains both complex and incompletely understood.
The EPDM-C and EPDM-S materials were proprie-
tary formulations and their exact compositions are
not known. The peroxide cured formulation shown
in Table II is the EPDM-R used in the replacement

Figure 1 Connector protective cover with EPDM gasket.

Figure 2 Connector face with beveled pin cavities and
DAP (diallyl phthalate) molding in aluminum frame.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

TABLE I
Gasket and Rubber Sheet Designations

Gaskets Description

A-1 and A-2 Two of four retrieved gaskets with low
electrical resistance examined by SEM.

S-1 and S-2 Two retrieved gaskets used for initial SEM
evaluations.

G-1 to G-20 Twenty retrieved gaskets used for chemical
and SEM evaluations.

E-1 to E-6 Six retrieved gaskets used for electrical
measurements.

EPDM-C One of two proprietary EPDM materials
used to make the retrieved gaskets. Per-
oxide cured.

EPDM-S One of two proprietary EPDM materials
used to make the retrieved gaskets. Sul-
fur cured.

EPDM-R Specification controlled formulation used to
make replacement gaskets. Peroxide
cured.

TABLE II
Typical Ingredients in Peroxide and Sulfur Cured EPDM

Seal Formulations

Ingredient Peroxide cured Sulfur cured

EPDM rubber(s) 100 100
Zinc oxide stick (85%) 5 4
Carbon black(s) 65 50
Stearic acid – 1
Antioxidant 2 0.5
Trimethacrylate 10 –
Peroxide (dicumyl, etc.) 12 –
Sulfur – 1.5
Mercaptobenzothiazole – 0.5
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gaskets and was developed under a government
contract.

A common ingredient in both peroxide and sulfur
cured formulations is zinc oxide. In sulfur cured
materials, zinc oxide takes part in the cure chemistry
and is partially converted to zinc sulfide. In peroxide
cured materials, zinc oxide is often retained due to
its beneficial effects on blend uniformity and me-
chanical properties. Dispersion of powdered zinc ox-
ide is sometimes problematic and it can be
preblended with, for example, naphthenic oils in an
85/15 oxide/oil ratio to form a soft stick product.
The sticks are easily handled and provide a more
uniform dispersion.4

RESULTS AND DISCUSSION

Thermal desorption, SPME, and ion
chromatography analyses

None of the organic or ion analyses suggested any
unusual species in the anomalous gaskets or a cause
for the observed electrical resistance anomalies. Both
the thermal desorption and SPME results provided
indicators of the cure chemistry in many but not all
of the samples. Other commonly observed organics
included antioxidants, plasticizers, carboxylic acids,
amines, cleaning solvents, and others.

A commonly observed volatile organic was carbon
disulfide (boiling point 46�C) and it is believed that
this was the rapidly evaporating film noted in anom-
alous gaskets opened in the field. It was surprising
that enough carbon disulfide was present to provide
a visible film and this heavy surface concentration is
probably related to the distinct gasket over compres-
sion noted in these samples. Carbon disulfide may
be a trace impurity in the benzothiazoles used in
sulfur cured rubbers and is also sometimes used to
modify the surface characteristics of carbon black
fillers.5–7 There are also reports on the evolution of
carbon disulfide during sulfur vulcanization in
which thiocarbamates are used as accelerators8–11

although such curatives did not appear to have been
used in any of these formulations.

The presence of carbon disulfide in thermal de-
sorption or SPME analyses was not found to conclu-
sively indicate a sulfur cured material. Trace
amounts were sometimes observed where not
expected, possibly due to system retention or to non-
curative sources such as the carbon blacks used in
the formulation. The presence of mercaptobenzothia-
zole (MBT) or similar species was definitive for a
sulfur cured rubber, however, and was generally
coupled with the presence of carbon disulfide.

Many peroxide cured rubbers use dicumyl perox-
ide. A common byproduct of this curing agent is
cumyl alcohol, often accompanied by acetophenone,

and both provided indicators of dicumyl peroxide
cured EPDMs.
Two gaskets which had shown anomalous resis-

tivity were analyzed by thermal desorption and
showed prominent mercaptobenzothiazole and
hydroxybenzothiazole peaks, as well as carbon di-
sulfide, indicating a sulfur cured rubber. SPME
analyses on twenty of the retrieved gaskets (G1–
G20) were carried out on samples stored at ambi-
ent temperature and did not provide definitive cu-
rative information. Ten of these same twenty
samples were also analyzed by thermal desorption
and six showed benzothiazoles indicative of a sul-
fur cured EPDM. Five of these six also showed
carbon disulfide. The other four did not show
peaks clearly indicative of either a sulfur or perox-
ide cure chemistry.
Control rubber samples were also analyzed by

thermal desorption and SPME, including a series of
SPME samples which had been stored at ambient
temperature for 7 months. This prolonged storage
allowed for further outgassing from the rubber.
Three different sheets of EPDM-C were sampled
and all showed cumyl alcohol peaks in the thermal
desorption and in the aged SPME samples. The
replacement EPDM-R, as expected, and two other
EPDM materials also showed cumyl alcohol peaks.
Only one material, EPDM-S, showed no peaks
clearly indicative of a peroxide or sulfur cure.
It did show carbon disulfide in the SPME analyses,
however.
EPDM-S was the only material used to fabricate

gaskets not clearly shown to be peroxide cured and
it was deduced that this was a sulfur cured material.
Sulfur cured gaskets retrieved from stockpile,
including at least two and probably all of the anom-
alous gaskets, were apparently made from EPDM-S.
This formulation is proprietary but based on a sulfur
curing system providing mercaptobenzothiazole resi-
dues. Retrieved gaskets not made from EPDM-S
would have been made from EPDM-C.
Ion chromatography for negative ionic species was

carried out on two of the anomalous gaskets, the
rubber controls, and on partial samples of half of the
twenty retrieved gaskets selected for study. All
showed similar ions and ion concentrations with
only minor variations which did not suggest a cause
for the observed low electrical resistivity measure-
ments. Commonly observed anions included chlo-
ride (usually the dominant species), nitrate,
carbonate and sulfate. Lower concentrations of for-
mate, oxalate (a common ingredient in metal clean-
ing formulations), acetate, and others were noted.
Such anions might be trace materials or contami-
nants in the rubber formulations and/or picked up
in handling of the rubber performs, sheets, or
gaskets.
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Initial gasket examinations

Retrieved gaskets showed visual compression pat-
terns as shown in Figure 3 ranging from ‘‘none’’
(� 5% of the gaskets examined) to slight (� 15%) to
distinct (� 75%) to severe (� 5%). The extent of pin
contact varied significantly along with gasket com-
pression. Simple pin penetration was common in the
distinctly compressed gaskets while extensive sur-
face damage was noted in the severely compressed
gaskets. The connector face causing this compression
pattern is shown above in Figure 2 and consists of a
DAP (diallyl phthalate, a highly crosslinked thermo-
set) plastic connector with beveled cavities in which
the connector pins are housed. Both the enclosing
connector case and connector cover are fabricated
from aluminum 6061-T6 with a chromate coating
and were procured from ITT Canon. The protective
EPDM gaskets are added later.

The retrieved gaskets had been in the connectors
for 4–8 years. No correlation of compression severity
and time was noted and the degree of compression
was attributed to tolerance variations within the gas-
ket and the connector. EPDM is generally known for
its excellent aging behavior and resistance to com-
pression set.

SEM and related analyses of gasket surfaces

No specific findings were expected from the initial
SEM analyses. One of the two gaskets first analyzed
by SEM showed a distinct compression pattern (S-1)
while the other was only slightly compressed (S-2).
The gaskets were halved and mounted showing
both the front and back sides.

The compressed side of gasket S-1 showed a re-
markable distribution of high aspect ratio whiskers,
cone shaped features, and rubber surface damage as
shown in Figure 4. The whiskers were long hexago-
nal shapes and were distributed primarily on the
compressed flat surfaces between rubber protrusions

corresponding to the pin holes in the connector. The
cone features in this and subsequent samples were
more often grouped on the rubber protrusions. The
back side of this gasket and both sides of the less
compressed S-2 gasket were all generally feature
free except for variations in the rubber surface.
EDS and element mapping analyses indicated a

zinc oxide composition for the whiskers, consistent
with the known hexagonal shape of zinc oxide crys-
tals. The cones were rich in zinc, oxygen, and sulfur.
Limited further analysis of these features has not
identified a specific cone composition as yet and
searches for Zn/O/S found no properties or referen-
ces. The consistent shape of these features suggests a
fixed composition.
Zinc oxide has a range of measured conductivities

depending on the material preparation process, tem-
perature, and measurement technique. Although the
possibility of such whiskers forming a low resistance

Figure 3 Compression patterns of retrieved gaskets. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 4 Whisker and cone features noted on com-
pressed side of gasket S-1.

3976 DOMEIER AND YANG

Journal of Applied Polymer Science DOI 10.1002/app



path was considered, such conductance would
clearly require a significant number of randomly
arrayed whiskers with overlapping contacts.

Two gaskets which had demonstrated low electri-
cal resistance before retrieval (A-1 and A-2) were
available for SEM evaluation and had distinct com-
pression patterns similar to that seen in gasket S-1.
Punctures from the connector pins were evident.
Whiskers were most notable in gasket A-1 while
cones were most notable in gasket A-2. The zinc ox-
ide whiskers again appeared most prevalent in the
compressed flat areas while the cone features were
primarily distributed around the rim of punctured
rubber protrusions as shown in Figure 5. Features
denoted as platelets were also noted in the area just
around a punctured rim and may be precursors to
the better defined cones. These were also observed
in other gaskets, but their composition has not been
established.

Figure 6 shows pictures of the three major feature
types (whiskers, cones, and platelets) noted on these
and other gaskets examined. The zinc oxide
whiskers showed a wide range of lengths and diam-
eters. The cone shaped features appeared anchored
in the rubber surface and several appeared to have
been mechanically dislodged. There was again a
range of sizes although all of these features main-
tained the same well-defined shape. As will be noted
later, neither whisker nor cone features have been
found on control sheet materials although platelets
were found in one EPDM. It is probable that both
the zinc oxide whiskers and the cone shaped fea-

tures are formed on the surface of the compressed
rubber gaskets and grow in size there.
SEM overviews of all twenty samples G-1 to G-20

selected from the retrieved gaskets (on the center
section after cutting into thirds) were obtained as
well as higher magnification pictures looking at the
general level of zinc oxide whiskers present. Those
nine gaskets clearly showing zinc oxide whiskers are
shown in Figure 7. Where the punctured gasket pro-
trusions were also shown, distributions of cone fea-
tures were commonly observed.
These overviews indicated a strong correlation of

whisker and cone feature formation with the level of
gasket compression. Gaskets with no compression
pattern were feature free. Gaskets with slight com-
pression patterns were sometimes feature free or
sometimes showed low concentrations of features.
Gaskets with distinct compression patterns showed
varying distributions of zinc oxide whiskers as well
as the cone features previously noted in gaskets S-1,
A-1, and A-2. An exception to this trend was the ab-
sence of whisker and cone features in two gaskets
with severe compression and pin damage to the gas-
ket surface. Cracks in the surface of one of these gas-
kets suggested stress relief at the surface and these
two gaskets remain under study.
The anomalous gaskets A-1 and A-2 had shown

whisker and cone features primarily on the front,
pin side with a very few, perhaps dislodged, fea-
tures on the back sides. The twenty retrieved gaskets
selected for study had been sectioned and mounted
for SEM evaluation with only the front side visible.

Figure 5 Gasket surface showing concentration of cone features on protruding rims (Gasket A-2).

Figure 6 Surface feature types on EPDM rubber.
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An additional four gaskets with distinct compression
patterns were halved and mounted with both sides
visible. Three of these gaskets again displayed
whisker and cone features on the front, pin side of
the gaskets. None showed such features on the back
side. The fourth gasket showed extreme pin penetra-
tion damage, similar to gaskets noted earlier, and
had no distinct features on either side of the gasket.

The front or pin side of the gaskets, when
mounted in the connector, was pressed against a
diallyl phthalate (DAP) connector face with pin cav-
ities as shown in Figure 2. The back side was
pressed against an aluminum 6061-T6 cover, shown
in Figure 1, with a chromate coating. The effects of
different compressing surfaces, plastic versus metal,
on the surface growth of zinc oxide whiskers and
cone shaped features remain to be investigated, but
this is believed to be an important parameter in the
formation processes.

SEM and related analyses of gasket cross sections

In addition to the gasket surface evaluations, cross
sections of gaskets A-1 and A-2 were encapsulated
in epoxy and planarized for SEM examination. Both

cross sections showed distinct 5- to 10-lm-thick sub-
surface layers on both the front (pin side) and back
sides of the gaskets. Gasket A-1 is shown in Figure 8.
The layer thickness was relatively uniform and was
not thicker in either the compressed flat areas or pro-
truding areas of the top side. The thickness uniformity
suggested that these layers were not formed by com-
pression of the gaskets in the connector, a nonuniform
pattern, and were instead formed during molding and
curing of the original sheet material. The dark bands
in these cross sections are gaps between the gasket
surface and the encapsulating epoxy.
Element mapping by SEM/EDS and WDS of the

areas shown in Figure 8 clearly indicated enrichment
of the subsurface layers in oxygen, sulfur and zinc.
Many of the bright particles observed in the gasket
bulk were enriched in oxygen and zinc and appear
to be small zinc oxide crystals or other oxides. EDS
measurements of the oxygen/carbon, zinc/carbon,
and sulfur/carbon ratios in the sublayer and in the
gasket bulk allowed estimation of the degree of sub-
layer enrichment. The sublayers in both gaskets
appear to have roughly sixfold enrichment in zinc,
fourfold enrichment in sulfur and threefold enrich-
ment in oxygen.

Figure 7 EPDM gaskets showing distributions of zinc oxide whiskers and other features.
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The presence of sublayers enriched in zinc, oxy-
gen, and sulfur suggests the possibility that such
layers are only formed in rubber formulations con-
taining sulfur. As discussed later, these sublayers
are also consistent with the well known ‘‘blooming’’
of various rubber ingredients on the surface during
cure, particularly in sulfur cured formulations.

SEM and related analyses of EPDM sheet material
surfaces and cross sections

SEM examination of the three EPDM sheet samples
and a new, unused gasket found no evidence of sur-
face whisker or cone features. The EPDM-S sample
showed areas with platelet features similar to those
seen in gaskets A-2 and others.

In cross section SEMs, shown in Figure 9, distinct
surface sublayers, top, and bottom, like those
observed in the anomalous gaskets A-1 and A-2
were seen in one sample, the sulfur cured EPDM-S.
No sublayers were noted in EPDM-C. Both the
EPDM-R sheet and the new gasket made from this
material showed a less distinct subsurface band but
did not show the bright sublayer seen in EPDM-S.
Both element mapping and EDS again confirmed
enrichment of zinc, oxygen and sulfur content in the
EPDM-S sublayer. No sublayer enrichment was seen
in the other three samples and the cause of the vis-
ual bands in EPDM-R and the new gasket is
unknown. High Z bright particles in the SEMs were

shown by EDS to be variously enriched in alumi-
num, silicon or zinc.

Sublayers, surface features, and rubber blooming

Cross section evaluations of the anomalous gaskets
and the EPDM sheet materials support the idea that
sulfur is required, beyond the levels present as
impurities in carbon black, to enable the formation
of sublayers rich in zinc, oxygen, and sulfur during
rubber processing. It is likely that such an enriched
layer provides a precursor to the observed zinc ox-
ide whiskers and the Zn/O/S containing cones. The
results to date further suggest that compression is
required to transform these sublayers into the
observed whiskers and cones. It is speculated that a
transparent zinc oxide film may be formed at the
surface and serve as an intermediate precursor to
actual whisker formation.
In comparing the nine of twenty study gaskets

which exhibited whisker formation with the SPME
and thermal desorption results, four of these gaskets
were demonstrated to be sulfur cured by the pres-
ence of benzothiazole species. All nine gaskets
showed peaks for carbon disulfide in either the
SPME or thermal desorption or both. None showed
cumyl alcohol peaks and it is believed that all these
gaskets were fabricated from the sulfur cured
EPDM-S. Two gaskets which exhibited benzothiazole
peaks in thermal desorption analyses did not show

Figure 8 Gasket A-1 cross sections.
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whisker formation and had only slight compression
patterns. Other gaskets, shown in Figure 7, with sim-
ilar compression patterns did show whisker and
cone features and the exact combination of cure
chemistry and compression required to cause
whisker and cone formation remains to be defined.

Although sublayers, whiskers, and cones have not
previously been reported, a related and widely
reported behavior is the ‘‘blooming’’ of various ingre-
dients at rubber surfaces during cure and under com-
pression. Blooming of many species can result in
surface films, which are sometimes desirable, and
surface imperfections which are undesirable.12 Bloom-
ing during cure can also leave accumulated residues
on the mold surface which in turn can contaminate
subsequent moldings or damage the mold sur-
face.13,14 Suppliers of chemicals to the rubber industry
commonly advertise the improved solubility and
reduced blooming seen with some of their additives.

A species often identified in rubber blooming is
zinc sulfide which is formed from zinc oxide during
sulfur vulcanization.15,16 Migration of sulfur itself
can also occur and blooming, in general, appears to
be more prominent in sulfur cured formulations

than in peroxide cured formulations.1,17 Ingredients
such as waxes and similar low molecular weight
species readily migrate to the surface and this
blooming has been related to concentration, temper-
ature and also pressure.18 In some cases, such migra-
tion is expected and beneficial as it provides a wax
film on the rubber surface which protects against
ozone damage or enhances appearance.1

The specific migration of zinc oxide itself has not
been studied although poor dispersion during mix-
ing is known to leave residues on the surface, and
cause less efficient curing. These issues have lead to
the use of zinc sticks to improve dispersion. Studies
of zinc oxide dispersion have used various method-
ologies.19–21

The presence of enriched sublayers as seen here is
consistent with the migration and blooming of vari-
ous species in molded rubber articles. Blooming was
also observed in the retrieved gaskets where surface
patterns on the back side of the gaskets and depos-
ited contaminants on the cover surface matched the
compression patterns imposed by the connector.
Some obvious examples of this behavior are shown
in Figure 10. The bloomed and deposited materials

Figure 9 SEM cross sections of EPDM sheet materials and a replacement gasket.
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have not been identified as yet, but clearly suggest
the influence of compression on migration behavior.
The cure chemistry of these and other gaskets with
evident blooming has not been clearly established in
most cases, but most did show carbon disulfide in
the organic analyses and some, including the G-18
shown, were clearly sulfur cured as shown by the
presence of benzothiazoles.

It has been suggested11 that earlier work on wax
migration17 can be generalized to other species and
would be consistent with such pressure sensitive
patterns. In that study, species which were more
soluble at higher pressures were postulated to
become less soluble as the species migrated to areas
of reduced pressure. The areas of least pressure in
the gaskets would be those matching the pin holes
in the connector face. This reduced pressure is also
felt on the opposite side of the gaskets, causing the
observed patterns. Such compression effects may
indicate that the unidentified cone features noted in
the anomalous and other gaskets arise from migra-
tion of specific components within the Zn/O/S
enriched sublayer to the low pressure protruding,
and often punctured gasket areas.

The zinc oxide whiskers have been generally con-
centrated in the flat, compressed areas on the front
side only of the gaskets. This might suggest a differ-

ent or additional process beyond migration leading
to their formation. The absence of whiskers on the
back of the gaskets also suggests a role for the con-
tacting surface which was DAP on the front and
chromated aluminum on the back. The high concen-
trations of zinc oxide needed to support crystal
growth may be supplied by the enriched sublayers
but might also require an intermediate zinc oxide
film with even greater enrichment. No direct evi-
dence for such a thin, perhaps submicron, transpar-
ent film has been found as yet.

Zinc oxide morphologies

The nature of zinc oxide added to rubber formula-
tions was of interest and three samples were submit-
ted for SEM characterization. One was a zinc oxide
stick (AkroZinc Bar 85, an 85/15 zinc oxide/naph-
thenic oil blend) and the other two were powders,
one recently purchased from Aldrich Chemical and
one obtained from an old, undated (perhaps decades
old) can of zinc oxide powder from St. Joseph Lead
Co.
As shown in Figure 11, neither the zinc stick nor

Aldrich powder showed noticeable zinc oxide
whiskers. The older powder did appear to have ran-
dom high aspect ratio whiskers growing out of the

Figure 10 Examples of surface blooming in compressed gaskets. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Figure 11 SEM pictures of zinc oxide materials.
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highly faceted particles. It is unlikely that inventory
control in commercial blenders would allow the use
of extremely old samples of zinc oxide in their rub-
ber formulations. It is also questionable whether
high aspect ratio zinc oxide whiskers would survive
the blending and molding operations and find their
way to the rubber surface.

The zinc oxide whiskers are presumably formed
on the surface of the compressed gaskets by mecha-
nisms which have not been elucidated. Their sur-
prising length, around 20 lm in some cases, and
wide range in thickness, however, suggests a robust
growth process.

Electrical resistivity measurements on gaskets

Electrical resistance measurements were carried out
on retrieved gaskets which covered a range of com-
pression patterns as shown in Figure 12. These were
not part of the G-1 to G-20 group examined by SEM.
Measurements were also carried out on two unused
replacement gaskets. A Keithley 2002 Multimeter
with fine tip probes was used along with an adjust-
able stand to help provide uniform contact pressure.
The actual depth and location of the probe tips on
the gaskets was difficult to know or control with
this simple equipment, but consistent measurements
were still obtained. Measurements were carried out
on both the front and back sides of the gaskets.

The two new gaskets, made from peroxide cured
EPDM-R, showed no measurable conductivity. The
retrieved gaskets (E-1 to E-6) showed erratic and
continuously decreasing resistivity values which lev-
eled off after several minutes. The resistance was
very sensitive to local vibrations and any movement
in the counter surface or adjustable stand. Perhaps
most surprising, similar resistance behavior was
found on both sides of the gaskets and the resistivity

on the back side was in fact lower than on the front.
Although erratic, the values leveled off at about 5–
60 MX on the front side of the gaskets and at about
1–3 MX on the back side. Some values were still
declining when the measurements were stopped.
The compression patterns in the six gaskets show-

ing conductivity were similar to patterns in those
gaskets which had generally shown zinc oxide
whisker and cone distributions. Although the electri-
cal measurement samples have not been examined
by SEM, it is expected that they would also show
whisker and cone features. As in the earlier samples,
these features would be expected only on the pin
side of the gaskets and not on the back side and
only in gaskets made from the sulfur cured EPDM-
S.
The decreased resistance seen on the back side of

these gaskets would suggest that the probes were
contacting a zinc-enriched sublayer on both sides of
the gasket or perhaps a transparent and continuous
film of zinc oxide. The disruption of the surface on
the pin side of the gaskets would reduce the con-
ducting area of either the sublayer or a zinc oxide
film and might therefore account for the lower resis-
tivity seen on the smooth back side. The absence of
zinc oxide whisker and cone features on the back
side of similar gaskets clearly indicates that they are
not a major source of reduced electrical resistance.

Electrical resistivity measurements on
sheet materials

Similar electrical measurements were made on the
three EPDM sheet materials. No measurable conduc-
tivity was observed in either the EPDM-C or EPDM-
R samples, both cured with cumyl peroxide. The
EPDM-S sample, the only sulfur cured material and
the only material shown to have a zinc-enriched

Figure 12 Compression patterns of gaskets showing reduced electrical resistivity.
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sublayer, did show decreased and erratic resistivity
in the sub-MX range which was again very pressure
sensitive.

The EPDM sheet results suggest that the zinc-
enriched sublayer in the EPDM-S material is respon-
sible for the low resistance values noted in the con-
nector application. Such an enriched sublayer would
be expected in all the gaskets made from this mate-
rial. The absence of more anomalous reports prob-
ably reflects the variance noted in gasket
compression and pin contact as well as the unknown
percentage of gaskets made from EPDM-S and
EPDM-C. These results also suggest that all the
retrieved gaskets showing decreased electrical resis-
tivity (E1–E6) were made from this sulfur cured
EPDM-S. Thermal analyses have not yet been carried
out on those gaskets.

As a further control, the electrical resistance of the
zinc stick paste, containing 85% zinc oxide, was
measured and, surprisingly, showed no measurable
conductivity. The level of zinc enrichment in the
EPDM-S gasket sublayers is estimated to be only
about 20–30%. Although not quantitative, this esti-
mate is based on the sixfold zinc enrichment ratio
between the rubber bulk and sublayer noted earlier.
This may indicate that the carbon black fillers in the
rubber matrix also some effect on the sublayer con-
ductivity. The identity and level of these fillers in
EPDM-S is not known.

DISCUSSION

The zinc oxide whiskers which were briefly consid-
ered a potential conducting pathway now appear to
be primarily a symptom of the problem and not a
cause. Although gasket over compression leads to
both pin contact and feature formation, it appears to
be enriched sublayers in the rubber sheet which
cause the observed low resistance measurements.
The direct formation of zinc oxide whiskers from the
enriched sublayer seen in EPDM-S remains question-
able, perhaps, in the absence of an even more
enriched intermediate zinc oxide film. The presence
of such an as yet uncharacterized film on the gasket
surfaces, front and back, would also be expected to
cause changes in gasket resistivity.

The specific distribution of zinc oxide whiskers in
high pressure areas of the retrieved gaskets and con-
trasting distribution of unidentified Zn/O/S cone
features primarily in lower pressure protruding
areas suggests dissimilar processes for their forma-
tion. Both feature types are presumed to arise from
enriched sublayers in the rubber, and platelet sur-
face features seen in the sulfur cured sheet may also
be involved as precursors. The absence of whisker
and cone features on the back side of the gaskets

clearly suggests a role for the differing (DAP versus
chromated aluminum) contact surfaces.
Ongoing studies with simulated compression envi-

ronments are evaluating the kinetics of feature
growth as well as the effects of conducting and non-
conducting surfaces including both chromated and
bare aluminum. The absence of whisker and cone
feature formation in severely compressed and dam-
aged gaskets is also under study.

CONCLUSIONS

Electrical resistance anomalies noted in connector
gaskets have been attributed to zinc, oxygen, and
sulfur-enriched surface sublayers in the sulfur cured
rubber material. Gasket compression is required to
provide connector pin contact and has also been
found to cause surprising morphological changes in
the gaskets. Distributions of zinc oxide whiskers
were found in high pressure areas of the gaskets.
Cone shaped features rich in zinc, oxygen, and sul-
fur were noted primarily in the low pressure pro-
truding areas of the gaskets. These features were
only found on the pin side of the gaskets facing a
plastic connector face and not on the back side fac-
ing an aluminum connector cover. Sheet materials
and uncompressed gaskets did not exhibit whisker
or cone feature formation.
Distinct 5–10-lm thick sublayers (rich in zinc, oxy-

gen, and sulfur) were noted in cross sections of
problem gaskets and also in the sulfur cured EPDM
sheet material from which they were apparently fab-
ricated. Similar sublayers were not found in perox-
ide cured EPDM sheets or in replacement gaskets
fabricated from such sheets. Electrical resistivity tests
found no measurable conductivity in peroxide cured
EPDM sheets or gaskets while a sulfur cured EPDM
sheet and retrieved gaskets made from that material
did show reduced electrical resistance.
The observed sublayers, zinc oxide whiskers, and

cone features have not previously been reported.
The sublayers are believed to be formed via migra-
tory processes similar to those which cause surface
blooming in many rubber products. The processes
by which zinc oxide whiskers and the as yet uniden-
tified Zn/O/S cone features are formed on the sur-
face are clearly related to pressure and contacting
surface (plastic versus metal), may involve an inter-
mediate zinc oxide film, but remain unknown.
The generality of these observations in other rub-

ber types has not been explored. The use of peroxide
cured rubbers is clearly recommended, however, in
applications where decreased electrical resistivity
would be problematic.
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