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ABSTRACT: Scratch and indentation tests were performed on a polyoxymethylene homo-
polymer that was molded using three different mold temperatures. The different micro-
structures that developed during processing were studied by examining two samples
for each mold temperature at different depths. During the scratch tests, the normal
and the tangential force were recorded. The tests on the ‘‘as-molded’’ surface, in compar-
ison to those that were polished until 1 mm of the material was removed, showed
extrema of the normal force at a scratch depth that correspond to the interface of
different regimes in the microstructure. The first extremum was considered to be caused
by the breaking of the skin layer of the polymer (as a result of the rapid cooling process
in the mold). Further extrema correspond to the permeation of the transition zone of
the indenter into the spherulitic core of the sample. Indentation tests that were made
on the same samples showed that the skin had a slightly lower hardness than the bulk
of the polymer and that the difference in hardness decreases with increasing mold
temperature. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 1985–1996, 1997

Key words: polyoxymethylene; wear rate; microindentation; sclerometer; scratch
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INTRODUCTION different types of samples: DELRINt 100* pro-
cessed at three different mold temperatures (20,
80, and 1207C) and by two kinds of surface prepa-Polyoxymethylene homopolymer (POM; DEL-
ration.RINt of DuPont), a thermoplastic material, is

The advantage of scratch hardness over inden-used in many applications in which friction and
tation tests is the possibility of studying hardnesswear are critical issues. The study presented here
variations along the scratch. The hardness of dif-was part of a project in which the abrasive wear
ferent phases can be determined by making oneresistance of POM as a function of the material’s
single scratch.1 Hence, hardness differences be-microstructure was of particular interest. In order
tween different morphological regions of POM (asto get a basic idea about the active abrasive wear
a result of different thermal histories) should bemechanisms, single scratch tests were carried out
detectable.by the use of a scratch testing device (sclerome-

Furthermore, if the hardness value is used toter). In particular, scratching was realized on six
predict abrasion resistance, then scratch tests, be-
cause they are akin to the abrasion process in

Correspondence to: C. Pistor, University of Illinois at Chi-
cago, 842 W. Taylor Street, Chicago, IL 60607-7022.

* DELRINt 100 is the trade name of Du Pont de NemoursJournal of Applied Polymer Science, Vol. 66, 1985–1996 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/101985-12 for neat POM with high molecular weight.
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Figure 2 (Continued )
Figure 1 Curl of a scratch on DELRINt 500 that was
made under an angle of 3.47, parallel to the mold filling
direction. SAMPLES
many respects, should correlate better than ordi-

Figure 2(a–c) show the different zones in the mi-nary indentation measurements.2 Figure 1 shows
crotome cross sections of three injection moldedan example of a POM curl that has built up during
POM bars. They demonstrate quite clearly howsuch a scratching experiment.

Additional indentation tests were also made
using a normal Vickers indenter mounted on the
scratch testing device (sclerometer).

Figure 2 Optical micrographs of a POM bars pro-
cessed at (a) 207C, (b) 807C, and (c) 1207C mold tempera-
tures. The arrow indicates the surface of each sample. Figure 3 Experimental setup.
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SCRATCH AND INDENTATION TESTS ON POM 1987

The thickness of the skin and the transition zone,
as well as the size of the spherulites, depend on
molding conditions, such as melt and mold tem-
perature, mold pressure, and screw forward time
(SFT). The latter refers to the time over which the
mold pressure is maintained during the injection
molding process.

The cross sections shown in Figure 2 are from
cuts of the different bars, taken at the opposite
side of the injection gate. The background is dark
brown due to the fact that polarized light is used.
The arrow indicates the surface of each sample.
It is seen that the sample molded at 207C [Fig.
2(a)] has a thick (ca. 25 mm) transparent blue
surface layer. In the case of the 807C [Fig. 2(b)]
sample, this region is only 9.1 mm thick, and the
sample that was molded at 1207C [Fig. 2(c)] has
no transparent zone. The following three distinct
zones can be distinguished: the transparent zone,
which will be referred to as the skin; a transition
zone; and the spherulitic zone of the part, which

Figure 4 Shape of the scratch indenter used for all will be referred to as the bulk.
scratch tests. The opening angle of the indenter of 1207 To compare the scratch behavior of the as-
provides a final scratch depth of approximately 15–25 molded surface and on the bulk polymer, two sam-
mm presuming a tilt table adjustment of 0.67. It is obvi- ples (bulk and skin) were cut out of the bars in the
ous that the efficiency of scratch wear is not directly same region where the microtome cuttings were
comparable to abrasive wear since the sharp edges of taken. The bulk samples were machined until 1the diamond indenter are not implicitly comparable to

mm of material was removed. In order to obtainasperities of, for example, a steel counterface.
a comparable surface roughness, both types of
samples were mounted in diallyl phthalate (short-
glass-fiber-filled) and polished with 1-mm dia-
mond paste and ethanol. The skin samples werethe morphology of POM is affected by the mold
only slightly polished to remove less than 1 mm oftemperature. Three separate regions can be iden-

tified: skin, transition zone, and spherulitic zone. material.

Figure 5 Typical slope of pressure versus depth during an indentation test demon-
strating the difference of the measured values Hr , Ht and H *r (see Table I) .
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Table I Results of Indentation Tests and Constant c

Sample
Type/
Mold
Temp Avg Hr DHr Avg H*r DH*r Avg HVi DHVi Avg Ht DHt

(7C) (mm) (mm) (mm) (mm) (kp mm2) (kp mm2) (mm) (mm) c Å Hr/Ht

Skin/20 5.85 0.428 9.99 0.298 38.46 2.49 14.13 0.318 0.414
Bulk/20 4.95 0.238 9.57 0.031 42.07 0.20 13.80 0.137 0.359
Skin/80 5.81 0.311 10.13 0.404 37.49 2.90 14.41 0.369 0.403
Bulk/80 5.21 0.477 9.91 0.131 39.12 1.00 14.14 0.069 0.368
Skin/120 5.62 0.137 10.13 0.06 37.31 1.12 14.40 0.047 0.390
Bulk/120 5.66 0.386 10.23 0.331 36.81 2.38 14.97 0.359 0.378

The values of Hr , Ht , and H*r should be considered as values of the slope shown in Figure 5. The values for DHr , DHt , and
DH*r are the standard deviations of the average values for each sample. HVi is the Vickers microhardness. The constant c that
characterizes the viscoelastic behavior of the material is determined of all average values of Hr and Ht of each sample.

Figure 6 Results of scratch tests on the skin samples molded at (a) 207C, (b) 807C,
and (c) 1207C and on the bulk samples molded at (d) 207C, (e) 807C, and (f) 1207C.
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Figure 6 (Continued from the previous page).

EXPERIMENTAL tecting the first signal from the normal load trans-
ducer beneath the specimen table. A typical load
applied during this process is 0.01 N. The indenterThe equipment used for the tests is shown in Fig-

ure 3. The diamond indenter (an indenter of the moves a small distance away from the surface
after it has detected the first signal, and this dis-shape that is shown in Figure 4 was used for the

scratch tests) is fixed, and the tilted specimen tance is taken into account during the indentation
or scratch experiment. After starting the scratch,moves beneath it. To start the test, the specimen

is positioned as near as possible to the point of the time history of the normal force and the tan-
gential force is measured with a piezoelectricthe indenter without touching the surface. This

position is found by moving the indenter slowly transducer system. Simultaneously, the depth of
the scratch is measured by an inductive displace-(in 0.05-mm steps) toward the specimen and de-
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Figure 6 (Continued from the previous page)

ment transducer, which touches the specimen ta- average indentation time was in the range of 8–
10 s. Since six indentations on the first sampleble. All measured data are amplified and recorded

in ASCII format. After the test, an examination (skin 207C mold temperature) showed a Vickers
microhardness in the range of 36–41 kp mm2,of the scratch is possible by the use of an optical

microscope (Fig. 3). it was considered that only three indentations
on each of the other samples was sufficient toFor the indentation tests, a normal Vickers

indenter was used. The indenter positioning determine their microhardness quite accurately
(see Table I ) .procedure was similar to the one described

above. The indentations were made on the same
samples that were used for the scratch tests. A
typical slope of the pressure versus depth during RESULTS
an indentation test is shown in Figure 5. All
tests were made until the piezoelectric force Figure 6 shows the variation of the normal (Fn) and

the tangential forces (Ft) during the scratches ontransducer recorded a reaction force of 1 N. The
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Figure 6 (Continued from the previous page)

the six different samples. The depth of the scratch ties starting at a scratch depth of 10.7 mm [Fig.
(hs), measured by displacement transducer, over 6(c)] . The slopes of the normal force of the bulk
the scratch length (ls) is also displayed. samples [Fig. 6(d,f )] , in comparison, are very

smooth. The slope of the tangential force versus
the normal force, i.e., the friction coefficient of the

DISCUSSION indenter and the specimen indicates this effect
more obviously. Looking at the microtome cross

Scratch Tests sections [Fig. 2(a,b)] of both samples, one can
The slopes of the normal force of the scratches on assume that the local maxima occur due the
the skin samples of 20 and 807C [Fig. 6(a,b)] breaking of the skin. The difference in thickness
show sudden local maxima and minima at a of the skin and the occurrence of the local maxima
scratch depth between 7.7 and 8.7 mm. The slope and minima in the slopes of the normal force is
of the normal force of the scratch on the skin sam- caused by the surface preparation (polishing with

1-mm diamond paste). Regarding the scratch onple molded at 1207C is characterized by irregulari-
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Figure 6 (Continued from previous page)

the 1207C sample (where no skin is visible on the force slope. Table II gives a survey of the thickness
of skin and transition zone of each sample, alongmicrotome cross sections), the local extrema of

the normal force slope are due to the penetration with the depth where the first irregularity in the
normal force slope occurs. The reproducibility ofof the transition zone. In other words, it is be-

lieved that after penetration of the transition this behavior has been verified by another set of
scratches on the same samples. With regard tolayer, the indenter slides on the spherulitic bulk

of the specimen and causes vibrations in the sys- these results, the sudden appearance of local max-
ima and minima in the normal force slope reflectstem due to the crystalline structure of this region.

For this sample (skin at 1207C), the transition either the penetration of the skin or the penetra-
tion transition zone while scratching the surfacezone has a thickness of 11 mm [see Fig. 2(c)] ,

corresponding to the first maximum of the normal of polyoxymethylene. The results of the indenta-

8ed3 4973/ 8ED3$$4973 10-05-97 16:45:09 polaas W: Poly Applied



SCRATCH AND INDENTATION TESTS ON POM 1993

Figure 6 (Continued from previous page)

tion tests give no adequate explanation for this parameters that are used to determine the wear
rate, as follows:behavior. Therefore, it seems likely that the slope

of the normal force is not affected by differences
in hardness but by the orientation and shape of

wh s Å
crvs

Fnrls
Fmm3

N mG (1)the crystals. The crystal orientation of DELRINt
is described in Böhme.3 Figure 7 shows the differ-
ent values of tangential force of skin and bulk
samples for a fixed value of normal force. To char- where c Å Hr

Ht
(see Table I) and Hr is measured

acterize the abrasive wear resistance, it is possi-
ble to calculate a specific scratch–wear rate [eq. residual penetration (value determined by inden-

tation tests), Ht is penetration depth (value deter-(1)] . Figure 8 shows the scratch system and the
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Table II Comparison of Morphology and Indentation Tests
Occurrence of Local Maxima and Minima

The indentation test results show that the Vickers
At Mold Temperature of microhardness decreases slightly with increasing

mold temperature (see Table I, Fig. 9). The skin
207C 807C 1207C samples molded at 20 and 807C mold temperature

show lower hardness than the bulk samples. The
Skin thickness (mm) 25 9.1 — difference in hardness of the 1207C samples is
Transition zone very small. Compared to the microtome cuttings

thickness (mm) 254 196 11
(Fig. 2), this demonstrates that the influence ofDepth of scratch (on skin
the skin on the microhardness is detectable whensample) where first
the transparent zone has a certain thickness, i.e.,local extrema in
the mold temperature is below 807C. Figure 10normal force slope
shows this dependence as a straight line relation-occurs (mm) 7.7 8.7 10.7
ship. A comparison of both testing methods
(scratch and indentation) shows that the dy-
namic, continuous, and oriented movement of the
scratch indenter permits more detailed observa-
tion of the viscoelastic behavior of the material

mined by indentation tests), vs is lsrtan 307rhs and its resistance against abrasive wear mecha-
Å volume loss during scratch, Fn is normal force, nisms than standard indentation or microhard-
ls is length of scratch, and hs is depth of scratch. ness tests. Moreover, scratch testing seems to be

The slopes of the wear rates are related to the a good tool to study effects of crystallinity on the
depth of the scratch hs [ see Fig. 6(a–f ) ] since scratch resistance of certain materials. The re-
the scratch was made at a certain angle; thus, sults of the scratch tests herein show that the
the value of hs varies. The ratio of the wear rate resistance of the material to the sliding movement
and hs is nearly constant during the tests. The of the indenter varies at different depths of the
very high values in the beginning of the scratch sample. The assumption that the crystallinity is
are due to the fact that the displacement trans- responsible for the recorded peaks in the normal
ducer that slides on the tilt table already records force slopes could be based, therefore, on the
a depth of the scratch before the point of the model of different intercrystalline bonding forces
indenter has deformed the first layer of the spec- in the different zones. Adhesion forces between
imen. This represents, therefore, the sliding of the indenter and crystals can play a role too. How-
the specimen over the surface without any in- ever, this phenomenon has to be further explored,
dentation. The difference in wear resistance be- and an analysis of the intercrystalline bonding
tween the bulk and the skin samples (disre-
garding the local maxima and minima of the
skin samples that were described above) of the
three mold temperatures is negligible.The abso-
lute values of the ratio of wear rate and scratch
depth (w

g
srh01

s ) range between 4 and 6 1 1006

mm3 Nm 1 mm. However, it must be emphasized
that in actual abrasion, abrasives and protuber-
ances do not have edges as sharp as a diamond
cone, and contacts occur at many points simulta-
neously. Thus, each abrasive does not scratch
as effectively as shown in the single scratch sys-
tem.4 In fact, scratch hardness and wear rate
values have to be considered as individual sys-
tem properties; but, nevertheless, the determi-
nation of the scratch wear rate, especially for
filled resins, can give the basis for a preliminary Figure 7 Effect of mold temperature on tangential

force during scratch test of POM materials.material choice.
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Figure 8 Geometry of scratch system.

forces in the different zones should give more in- this case, the bulk shows higher micro-
hardness values than the skin.formation about the actual conditions.

3. An increase in mold temperature that nor-
mally leads to an increase of elongation at
break values5 does not visibly effect the

CONCLUSIONS microhardness of polyoxymethylene.
4. The different scratch behavior of the skin

1. The effect of the skin of polyoxymethylene and bulk samples is not necessarily due to
is detectable when scratch tests on bulk the microhardness but possibly due to the
and on skin samples are compared. In this molecular orientation of the crystals in the
case, the piercing of the skin leads to local different zones of the samples. An analysis
maxima and minima of the normal force of this phenomenon should take into ac-
slope (during scratching). count the intercrystalline bonding forces in

2. The mold temperature does not affect the the different zones of molecular orienta-
microhardness of the skin. A difference in tion.
microhardness of the bulk and the skin is 5. Scratch testing seems to be a good tool to

characterize the abrasive wear resistancedetectable at low mold temperatures. In

Figure 9 Microhardness of DELRINt 100 of different mold temperatures. The results
of the indentation tests show that an effect of mold temperature on the microhardness
is not well pronounced. There is however a small difference in microhardness detectable
betwee the two different crystallization zones (skin and bulk) especially for the low
mold temperature samples.

8ed3 4973/ 8ED3$$4973 10-05-97 16:45:09 polaas W: Poly Applied



1996 PISTOR AND FRIEDRICH

abrader) after some testing time influences
the further wear progress.
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Figure 10 Straight line relation between difference REFERENCES
in hardness of skin and bulk samples of DELRINt 100
and their mold temperature. 1. H. D. Beurs, G. Minholts, and J. T. M. D. Hosson,

Wear, 32, 59 (1989).
2. P. J. Blau, Microstr. Sci., 12, 293 (1985).of materials. Linking the values gained in
3. E. Böhme, Firmenschrift Du Pont de Nemours Inter-these experiments to abrasion tests on the

national S.A., Abteilung Polymerprodukte, Geneva,same material can be a future task.
1987.Scratch testing is much more efficient, but

4. Y. Yamaguchi, Tribology Series 16, Elsevier, Ox-the difference of the tribological system ford, 1990.
must always to be kept in mind. The time 5. D. Ayglon, Main Mechanical Properties of D 500
that is needed to make a single scratch is and D 100 as a Function of the Main Molding Pa-
less than the time that an abrasion test rameters Using DIN Test Bars; Internal Report,
takes. Also, the damage of the surface re- PPD Centre Du Pont International S.A., Geneva,

1992.gion during abrasion tests (e.g., on a taber
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