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Observation of salt impurities in
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Different direct molded ultra-high-molecular-weight polyethylene (UHMWPE) samples have
been investigated using reflective light microscopy and scanning electron microscope
techniques (low voltage and variable pressure SEM). On the surfaces as well as throughout
the material a—to the best of our knowledge—unknown type of impurities has been
identified. X-ray element analysis (EDX) was used to characterise these impurities as
sodium chloride and potassium chloride salt inclusions. C© 1999 Kluwer Academic
Publishers

1. Introduction
Ultra-high-molecular-weight polyethylene (UHMW
PE) is a high-density polyethylene with a molecular
weight of above 3× 106 according to ASTM D 4020.
Some of the advantageous properties of UHMWPE are
the abrasion resistance greater than that of any other
thermoplastic material, and a low coefficient of sur-
face friction [1, 2]; the highest impact toughness of any
plastic, even at low temperature; good corrosion and
chemical resistance; resistance to cyclic fatigue; and
resistance to radiation [3].

Preferred applications of UHMWPE are in chemi-
cal processing, the food and beverage industries, the
lumber industry, medical implants [4], strong and light
fibers [5], textiles, transportation and highly efficient
battery separators [6].

Currently, UHMWPE is the material of choice in
many technical as well as medical applications. How-
ever, in spite of its advantageous properties, UHMWPE
failure due to wear is of growing concern. Especially,
in medical applications, where UHMWPE is used as
a bearing material for total knee and hip arthroplasty,
particle release from the bulk UHMWPE is considered
as a major problem [7–10]. It has been reported that
polyethylene debris causes periprosthetic bone resorp-
tion (osteolysis) and leads to loosening and, thus, fail-
ure of the artifical joint. Hence, considerable attention
has been focused on the intrinsic wear properties of
UHMWPE.

Under several factors influencing the wear properties
of UHMWPE, inclusions are reported to play a crucial
role in the failure scenario. Particularly, for abrasion re-
sistance the quantity of extraneous particles or inherent

inclusions should be the lowest possible. According
to ASTM F 648-84 a 300-gram sample of powder is
restricted to no more than twenty-five extraneous parti-
cles for medical applications and DIN 58834 suggests
upper limits of foreign elements as for titanium, alu-
minum, calcium and chlorine (20, 40, 50, and 20 ppm,
respectively). In this study we report a previously un-
known and unexpected type of impurity in UHMWPE
compression molded sheets.

2. Experimental
Test sheets of different UHMWPE materials were
kindly supplied by Hoechst/Ticona (GUR 1020 and
GUR 1120), Germany, Hoechst/Celanese (GUR 4150,
PolyHi Solidur Reference UHMWPE), USA, DSM
(UH 210 and UH 410), The Netherlands, and Phillips
Petroleum Company (non-commercial sample), USA.
The test sheets were directly molded using the raw pow-
ders without additives. From these sheets samples were
cut with a razor blade for reflective light microscopy
(LM) and scanning electron microscopy (SEM). All
investigations were performed on the untreated surface
of the test sheets. In addition, thin microtome cross-
sections were prepared for analyses of the bulk mor-
phology.

Reflective light microscopy was carried out using a
Zeiss Universal light microscope equipped with crossed
polarisers. The micro-features of the samples were ex-
amined using a S-4500 Hitachi low voltage SEM (1 kV
accelerating voltage, secondary electron detector) and a
S-3200N Hitachi variable pressure SEM (20 kV accel-
erating voltage, 70 Pa pressure, back scattered electron
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detector). Both systems were equipped with an Oxford
Link Pentafet EDX detector for energy dispersive X-ray
spectroscopy. Also this part of the analysis was per-
formed without additional surface treatment or coating.
A survey of low voltage SEM applications on polymers
is given in [11, 12].

3. Results and discussion
The surfaces of all investigated samples showed iden-
tical defects: scratches of different length, pitting and
embedded particles. A representative example of the
surface of one of the molded sheets is shown in Fig. 1.
Scratches and standard roughness of technical mold are

Figure 1 Reflective light microscope image of the surface of a direct molded test sheet (GUR 1020). Impurities under investigation are marked with
arrows.

Figure 2 High magnification reflective light microscope image of a salt impurity (SI) formed by dendritic particles. Note the embedding in a circular
matrix.

replicated on the polyethylene surface which explains
the imperfect appearance of the test sheets. The ad-
hesive wall/sheet interaction is responsible for pitting.
Beside these defects third body inclusions or embedded
particles are visible on the surface of the test sheets.

The authors will focus their interest on a special type
of these impurities, marked with arrows in Fig. 1 and
shown in Fig. 2 at higher magnification, and named as
salt impurity (SI). The typical appearance of this type of
impurity is an agglomeration of cube-like, or dendritic
particles embedded in a circular matrix, independent of
the powder type used for the sheet preparation. Adjust-
ing the plane of focus of the light microscope at different
height levels the SI seemed to sit on the surfaces of the
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Figure 3 (a) Reflective light microscope and (b) low voltage SEM images of thin microtome cross-sections (UH 210).

test sheet and may be caused by excremention during
the molding process.

Fig. 3a represents a reflective light microscope image
of a cross-sectioned test sheet. The vertical striations in-
dicate the cutting direction and result from defects of
the knife blade of the microtome. In the center of the
image two SI are visible with diameters of approxi-
mately 30 and 50µm. In addition to the circular shape
of the entire impurity, its individual cubic-like particles
can be differentiated from each other. To collect fur-
ther information the identical sample area as in Fig. 3a
was investigated using low voltage SEM (Fig. 3b). The
low acceleration voltage of 1 kV results in low pene-
tration depth of the primary electron beam in the sam-
ple, and the secondary electron image represents the

surface topography. The particles are well defined and
embedded in the matrix material. Because the shape
of the matrix appears circular on a two-dimensional
cross-sectional image, it is suggested that the original
three-dimensional shape of the SI is spherical.

More details about the SI composition can be re-
solved using variable pressure SEM (Fig. 4a). A SEM
chamber pressure of 70 Pa and an acceleration voltage
of 20 kV is sufficient to perform X-ray element anal-
ysis (EDX). At the same time a satisfactory number
of backscattered-electrons (BSE) are generated which
can be used to produce images without charging arte-
facts of the non-conductive sample. The accelerating
voltage of 20 kV results in a longer penetration path
of the primary electrons in the sample and in a high
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Figure 4 (a) Variable pressure SEM image of a test sheet surface (GUR 1020) and (b) high magnification of one dendritic particle. Areas for EDX-point
analyses are indicated asM, CM, A andB.

yield of BSE. Detection of these electrons with a spe-
cial detector leads to an increased information depth
and to high materials contrast. The contrast is based on
different backscattered-electron coefficients dependent
on the atomic number of the investigated element [13].
Therefore, the brightness variations in Fig. 4a reflect
sample areas with different materials composition: the
UHMWPE surrounding appears dark, the cube-like
and dendritic particles are bright—indicating a higher
atomic number—and the circular matrix looks brighter
than UHMWPE.

Further details of the SI composition can be evalu-
ated at higher magnification (Fig. 4b). The dendritic
particles do not have a constant brightness at all

locations, but rather show BSE-contrast variations.
The latter may result from differences in the inter-
action depth of the backscattered electrons, such as
the BSE-signal from the subsurface returns weaker
and less intense than the signal from the surface.
Another possibility may be due to differences in the
SI element compositions. To clarify the reasons of
the intensity variations we used the identical sample
area for EDX. According to other reports of defects
found in UHMWPE devices [14–16], most impurities
are composed of minerals (e.g. calcium, titanium,
aluminum, and silicon), which are part of the catalyst
system, or consist of known additives. The latter
are for example calcium stearates, which minimize
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Figure 5 EDX-point analyses of areas indicated in Fig. 4b: (a) UHMWPE (M ); (b) bright area of the inclusion (A); (c) greyish area of the inclusion
(B); and (d) circular shaped matrix (CM ); intensities in a.u. and energies in keV. (Continued.)
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d)

Figure 5 (Continued.)

yellowing of the material during various methods of
fabrication and increases the processibility of the raw
powder. Fig. 5 displays the EDX plots of several regions
of the SI using the variable pressure SEM technique.
For comparison the element composition of the pure
UHMWPE matrix (M ) is reflected in Fig. 5a. The peaks
at approximately 0.3 and 0.5 keV can be determined as
carbon and oxygen. The occurrence of oxygen indicates
surface oxidation, and because of the high intensity the
top of the carbon peak is cut for visualization reasons
in all plots of Fig. 5.

The penetration depth of the primary beam results
in a large interaction volume due to the high accel-
eration voltage of 20 kV used. Therefore carbon and
oxygen peaks appear in every of the following plots.
Fig. 5b shows a point analysis of the bright area, la-
belled with A in Fig. 4b. In addition to carbon and
oxygen, peaks at energy levels of approximately 1.1,
2.6, 2.8, 3.3 and 3.6 keV are visible and are determined
to sodium (Na-K), chlorine (Cl-Kα and Cl-Kβ) and
potassium (K-Kα and K-Kβ), with high intensities of
chlorine and potassium. As shown in Fig. 5c, the rel-
ative quantity of these three elements changes when
darker region of the impurity are analyzed (see labelB
in Fig. 4b). While the sodium intensity remains con-
stant (using the oxygen peak as an internal standard),
the intensities of chlorine and potassium are reduced.
The investigation of the circular shaped impurity ma-
trix (label CM , Fig. 4b) resulted in the same sodium
intensity but in a less intense signal of chlorine and
potassium (Fig. 5d). Further X-ray analyses of the SI in
cross-sectioned samples resulted in the same element
composition and element distribution as for the surface
impurities.

4. Conclusion
Low voltage SEM proofed to be a powerful technique
for the investigation of untreated polyethylene sam-
ples. In particular, an up to now unknown type of

impurity has been identified and determined to consist
of sodium, potassium and chlorine. While the elemental
composition was identical for all detected impurities—
independent of test sheet and investigated area—, the
elemental distribution varied on location inside each
impurity. Based on the elemental findings it is suggested
that the cube-like, dendritic particles reflect salt min-
erals which are harder than the polyethylene matrix.
The presence of these hard particles raises concerns
about the wear properties of directly molded UHMWPE
components. Again it should be highlighted that the
findings were independent of powder type and manu-
facturer which raises questions about the time of con-
tamination. Further studies are necessary to understand
the particular role of salt particles within the wear pro-
cess of UHMWPE.
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