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INTRODUCTION

W
e previously described1,2 a modified scanning
probe microscope (SPM) that can be used to
mar polymer surfaces under controlled condi-

tions and the use of conventional scanning probe mi-
croscopy to measure the dimensions of the mar. Here we
report on the use of an SPM to quantitatively character-
ize the responses of coating surfaces to marring stress. A
method of measuring microhardness using the SPM as a
microindenter is also discussed.

Terminology recommended by Courter3 is used in
this study; ASTM4 terminology is similar. The terms
“mar” and “marring” are used to describe surface de-
fects that are large enough to degrade the appearance of
a polymer surface but are small with respect to the
coating thickness. For example, mars 0.2 to 0.5 µm deep
and 1 to 2 µm wide degrade the appearance of automo-
bile clearcoats that are 30-60 µm thick.1,2 Mar resistance
is a measure of a material’s ability to resist appearance
degradation caused by small-scale mechanical stresses
under a specific set of conditions. Other authors use the
terms scratch resistance, abrasion resistance, wear resis-
tance, and erosion resistance to mean more or less the
same thing. Of the possible terms, mar resistance seems
the least ambiguous and is, therefore, preferred.

In this study we adopted a “three response, two
mechanism” model for marring. It is derived from stud-
ies of the physics of microhardness and of marring of
polymers described by Briscoe et al.5-8, by Balta Callega
et al.9-11, and by other authors.12-15 In our model a surface
may undergo three types of response under physical
stress: elastic, plastic deformation (or “plastic flow”),
and fracture. Briscoe et al. used the terms “elastic re-
sponse,” “elastic-viscoplastic response (yield),” and “frac-
ture deformations” to describe “the three main responses
during scratch deformation.”8 While their terminology
is different, the meaning appears similar. Of these three
responses, only two, plastic deformation and fracture,
cause marring. No marring results from the elastic re-
sponse because the surface recovers its original dimen-
sions almost instantaneously when the stress is removed.
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The three response, two mechanism model is simplis-
tic. Complete analysis of the response of polymeric ma-
terials to mechanical stress involves a multitude of vari-
ables.14 Among the complexities not accounted for in
our model are the viscoelastic creep,11 which may cause
slow (partial) recovery of the original dimensions after
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plastic deformation. Also, some authors differentiate two
types of fracture: tearing and cracking.7 Briscoe5 pro-
posed a more elaborate model for friction and wear.
Physical models characterizing the width9,10,16 and
depth8,13,16 of mars resulting from plastic deformation
have been proposed. Such models accommodate the
likely situation in which the material undergoes a mix-
ture of plastic and elastic responses. Physical models for

brittle14 and ductile15 fracture have been described. By
disregarding these additional complexities, it becomes
possible to differentiate two main mechanisms of mar-
ring and to measure them quantitatively.

Mar resistance is an important property of the coat-
ings used on automobile bodies, appliances, eyeglass
lenses, polycarbonate glazing, and vinyl flooring. Often
it proves difficult to relate the mar resistance of a given
material to readily measurable basic properties. Investi-
gators frequently resort to empirical laboratory tests
which, it is hoped (often very optimistically), will corre-
late with service experience. For example, one empirical
test17,18 employs an “AATCC Crockmeter” to rub a sur-
face with a felt pad filled with a dry abrasive household
cleaning compound; the mar resistance is taken as the
percent reduction in the 20° gloss of the rubbed area.
This test is recognized to have limitations, but it contin-
ues in wide use because it is simple to perform and it
correlates to some extent with the ability of a coating to
withstand marring in a car wash. Morse19 described
many other empirical mar resistance tests that have been
adopted as standards for various types of coatings. Gen-
erally, these empirical tests share significant limitations—
the marring stresses are poorly characterized and the
data analysis does not discriminate between the com-
mon marring mechanisms, plastic deformation, and frac-
ture.

As reviewed in 1996 by Courter,3 some coatings re-
searchers have tried to relate mar resistance to basic
polymer properties. For example, Gregorovich and
McGonigal20 and Betz and Bartelt21 correlated tensile
properties and polymer structures with mar resistance.

These authors recognized two distinct
mechanisms of marring: plastic de-
formation and brittle fracture (called
“non-abrasive” and “abrasive”
scratches, respectively, by Betz and
Bartelt). They distinguished these
mechanisms qualitatively by scanning
electron microscopy. Betz and Bartelt
emphasized an additional complica-
tion: mars may partly or even com-
pletely heal (“reflow”) with time, es-
pecially if the coating is heated. Pre-
sumably healing results from vis-
coelastic creep of materials that have
undergone partly elastic and partly
plastic deformation. Various authors
have correlated mar resistance with
crosslink density,22-24 network homo-
geneity,21 Tg,22,23,25 modulus,26,27 tough-
ness,3,26,27 hardness,23,24,27 coefficient of
friction,27 and the presence of addi-
tives that harden the surface,23,24 lu-
bricate it,5,27,30 or promote healing.21

While some of the studies provide use-
ful insights, they are limited by the

Figure 1—3-D picture of the diamond tip used
in the test.

Figure 2—The cross-section pro-
file of the tip along the direction
perpendicular to the direction
of the marring in the test.
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fact that they usually correlate one or several basic poly-
mer properties with empirical mar resistance tests that
have the limitations described previously. It is no won-
der that the overall picture that emerges is unclear and
sometimes seems to lead to contradictory conclusions.

Many researchers have sought better methods for
characterizing marring. For example, Kody and Martin31

used advanced light scattering techniques coupled with
digital image analysis to characterize mars in polypro-
pylene composites. The mars were made under con-
trolled conditions with a stylus, and the analysis pro-
vides information about the mechanisms of deforma-
tion.

Here we describe a new mar resistance test in which
the marring stress is applied with controlled force and
rate and in which the data analysis provides a quantita-
tive measure of the fraction of elastic response, plastic
deformation, and fracture under the conditions of the
test. The test employs a modified scanning probe micro-
scope (SPM) to mar the material and conventional scan-
ning probe microscopy to measure and characterize the
results. The modification consists of installing on the
SPM a specially fabricated probe consisting of a dia-
mond tip mounted on a high-modulus tungsten canti-
lever; this probe is stiff enough to indent most polymer
surfaces under the normal forces that can be applied
with an SPM and to mar surfaces when normal force is
combined with lateral movement. Thus, it can be used
both as a microhardness tester and as a device for mar-
ring polymer surfaces with known force and velocity.

EXPERIMENTAL DETAILS

Specimens Tested

The study focused on three specimens prepared in our
laboratory by casting films of unpigmented coatings on
aluminum panels using a #26 wire-wound bar and
crosslinking them for 30 min at the recommended tem-
peratures, 120 to 150°C. The coatings’ thickness mea-
sured 15-20 µm. These specimens were selected to exem-
plify a variety of responses. Coating PE comprised a
polyester resin, made in our laboratories, crosslinked

with a monomeric methylolated melamine formalde-
hyde resin under acid catalysis; this coating is highly
elastic. Coating PU was an experimental coating, de-
scribed as a polyurethane, obtained from DuPont in two
components, coded RKR94550 and RK7018 which were
mixed in our laboratory just before films were cast. Un-
der various marring stresses it may undergo elastic,
plastic, and fracture responses. Coating AC was a com-
mercial, one-component automotive clearcoat obtained
from DuPont and coded “Gen-3.” It is presumed to be
based on special acrylic polymers crosslinked, at least
partly, with alcoholated melamine-formaldehyde res-
ins. It exemplifies a relatively mar resistant commercial
automotive clearcoat.

Other coatings, some made in our laboratories and
others provided by PPG Industries, Inc. were also exam-
ined to illustrate marring that occurs in the field.

Preparation of High-Modulus Probe

A cantilever was cut from a piece of tungsten foil of
12.7 µm thickness. It was rectangular with dimensions of
572 × 435 µm. To make the tip, a thin piece of diamond
was shattered and a roughly pyramidal shard was se-
lected. It was affixed to the cantilever with epoxy ce-
ment. The assembled probe was inverted and imaged
with a conventional SPM tip; Figure 1 shows a projection
of a three-dimensional image of the diamond tip of the
probe, and Figure 2 shows the cross-section profile of the
tip along the direction perpendicular to the direction of
travel in the mar test.

Force Calibration

The high-modulus probe was mounted on a Digital
Instruments “Nanoscope III” SPM. A thin, flat piece of
diamond was mounted on the sample holder. The dia-
mond sheet was pushed upward against the diamond
tip with 10 different levels of normal force. In the force
calibration mode of the SPM, instrument readout is in
terms of voltage, V, and a change in voltage is propor-
tional to the force exerted on the probe. Suppose Vo is
the signal before the diamond sheet touches the tip of
the probe and Vstpt is the signal after the sheet touches
the tip and deflects the cantilever to a certain extent. The

Figure 3—A force curve obtained at the sur-
face of diamond sheet with ∆V = 2.5V and
corresponding ∆Zdmnd = 455nm.

Figure 4—A force curve obtained at the sur-
face of coating PE with ∆V = 2.5V and corre-
sponding ∆Zctg = 1433nm.
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feedback loop of the instrument was set to maintain a
specific deflection during subsequent marring experi-
ments. V = Vstpt - Vo reflects the normal force applied to
the tip. Forces varying from V = 0.5 V to V = 5.0 V were
exerted in 10 steps and the vertical advancements of the
diamond sheet were recorded and used to construct a
force curve in which the deflection of the cantilever is
plotted versus the vertical advancement of the diamond
sheet. As illustrated in Figure 3, an advancement of 455
nm (Zdmnd = 455 nm) by the sheet against the tip yields a
signal of V = 2.5 V.

The diamond tip and sheet are assumed to be non-
deformable under these conditions; therefore, all verti-
cal sample motion is transferred to cantilever deflection.
The normal force in this instance is given by FN = K *
Zdmnd = 465 N/m * m 455 = 212 µN. The spring constant,
K, of the assembled tip used in this study was calculated
to be 465 N/m using equation (1):

K E
Wt

L
=

3

34

E is Young’s modulus and L, W, and t are the length,
width, and thickness of the cantilever. For comparison,
the spring constants of the SPM cantilevers used for
conventional SPM surface imaging are in the range 0.06
to 0.6 N/m.

Measurement of Depth of Indentation and
Calculation of Microhardness, Hmic

Coating samples were placed on the sample holder of
the SPM and were advanced against the stiff probe at the
same 10 levels of normal force. Figure 4 shows the force
curve for coating PE with V = 2.5V. In this case a vertical
advancement of the coating of 1,433 nm (Zctg = 1,433 nm)
was needed to produce the same cantilever deflection as
was produced by a vertical advancement of 455 nm
(Zdmnd = 455 nm) by the diamond sheet under these
conditions. The difference, in this case 978 nm, is attrib-
uted to penetration of the coating by the diamond tip of
the probe. The depth of penetration of each coating was
measured under normal forces of 49, 92, 126, 169, 212,
254, 298, 338, 385, and 421 µN.

To calculate microhardness the depth of penetration
and the profile of the diamond tip, measured earlier, are
used to calculate the area of the coating surface in con-
tact with the tip after deformation as it presses a given
distance into a polymeric material. Note that the area in
contact with the tip was used in this calculation, not the
planar area of the surface affected by the tip before the
surface was disturbed. In these calculations the tip is
assumed to be conical with the cross-section dimensions
shown in Figure 2. The procedure is described by ex-
ample. In Figure 2 the vertical depth between the left
cursor and the middle cursor and between the right
cursor and the middle cursor are 979 nm. These dis-
tances are about the same as the depth of indentation of
coating PE at Fn = 212 µN. Therefore, the triangle formed
by the three cursors is the cross-section of the part of the
tip stuck into coating PE at Fn = 212 µN. Microhardness is
given by Hmic = Fn/Acont where Acont is the contact area
between the coating and the tip. Assuming that the tip is

Figure 5—Plot of microhardness versus normal
force for coating PE.

Figure 6—Plot of microhardness versus normal
force for coating PU.

Figure 7—Plot of microhardness versus normal
force for coating AC.

(1)
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cone-shaped, Acont = πavglavg. The radius of the cone, r, is
the horizontal distance between the left or right cursor
and the middle cursor in Figure 2, and the length of the
side of the cone, l, is the distance between the left or right
cursor and the middle cursor in Figure 2. By measuring
and averaging r and l at the same depth along different
directions ravg and lavg were obtained. From these quanti-
ties Acont can be calculated and used to calculate Hmic.
Data for coatings PE, PU, and AC are given in Table 1 and
are plotted in Figures 5-7.

Hardness Measurements by Conventional
Dynamic Loading Technique

For comparison, coatings AC and PE were studied
using a Fischerscope H100 Micro-Hardness Tester
equipped with a Vickers indenter using the dynamic
loading technique described by Weiler.32 Note that the
dimensions of the Vickers indenter are much larger than
those of the diamond tip, and comparisons may not be
valid.

Methods of Marring Surface: Qualitative
Characterization of Marring Mechanism

A coating specimen was mounted on the sample
holder of the SPM and advanced against the high-modu-
lus probe to a normal force of 49 µN. The feedback loop
was set to maintain the normal force. The sample was
then moved back and forth at a frequency of 0.5 Hz to
make five bi-directional scrapes 70 µm long in the same
track. The result is one mar. In preliminary experiments
it was determined that more reproducible results were
obtained by using 10 scrapes than by using a single
scrape. Velocity of the motion was 0.07 mm/sec. The
probe was then moved by about 8 µm, normal force was
increased to 92 µN, and the procedure was repeated to
make a second mar parallel to the first. This process was
continued until 10 mars were made in the specimen with
applied normal forces of 49, 92, 126, 169, 212, 254, 298,
338, 385, and 421 µN. The specimen was removed and
cleaned in an unheated ultrasonic bath containing water
and detergent, rinsed in a stream of cool tap water,

gently dried with soft tissue, and blown dry with high
pressure nitrogen. This cleaning procedure removed all
loose debris. It was determined that the dimensions of
mars in these three coatings are unaffected by this clean-
ing procedure; however, mars in certain other coatings
become smaller if they are immersed in water, and in
such cases this cleaning procedure should not be used.

The high-modulus probe was replaced with a con-
ventional SPM probe and the instrument was used in
the conventional contact mode33 to image the mars. The
elapsed time between marring and imaging was about
one hour. Images of mars produced in typical coatings
are shown in Figures 8-9, and a typical cross-section is
shown in Figure 10. Results for coatings PE, PU, and AC
are shown in Figures 11-13. Note that the vertical scale in
these figures is magnified relative to the horizontal scale.
The procedure was repeated three or more times on each
of the three coatings, and the results were reproducible.

A second method of marring the surface was to set
the SPM to raster forward by 0.137 µm after each lateral
marring motion. The result was a 70 × 70 µm square in
the surface of the material which had been subjected to
512 closely adjacent marring stresses. The same cleaning
procedure was used. Typical results are shown in Fig-
ures 14 and 15.

Quantitative Characterization of Responses
to Marring Stress

The dimensions of each mar made by the first proce-
dure described previously were measured in 10 places
using the zoom-in function of the SPM. It was found that
the cross-sections of the ditches and of the shoulders (if
any) of the mars could be closely approximated as tri-
angles. The areas of the cross-sections of each ditch (Adit)
and of the sum of the two shoulders (Ashs) were calcu-
lated at the 10 places in each mar. The results, which
were closely distributed, were averaged for each mar.
Note that Adit excludes the area between the shoulders,
if any. A third cross-section area, Aind, was calculated
from the depth of the indentation measured during
microhardness measurements and the dimensions of the
diamond tip of the high-modulus probe. A fourth cross-

Figure 8—A typical mar at the surface of a
coating in which plastic deformation domi-
nates.

Figure 9—A typical mar at the surface of a
coating in which fracture dominates.
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section area, Atro, was calculated as the area of the mar
including the area between the shoulders. These areas
are illustrated schematically in Figure 16. The use of
these areas to quantify the responses is described in the
Results Section of this paper.

Empirical Mar Resistance Test

A procedure adapted from published procedures17,18

was used. Test panels were prepared by coating 4 × 6 in.
aluminum panels with a glossy commercial black paint,
Rust-Scat™ from Coronado Paint Co. The black paint
films were cast on the panels using a #26 wire-wound
bar followed by baking for 30 min. at 143°C. Coating
films were then cast on the black test panels by the same
method; coatings baked at the same temperatures used
to prepare specimens for SPM testing. The coated panel
was heavily dusted with dry Bon-Ami™ cleaning pow-
der and the excess powder was gently poured off. The
panel was mounted on an “AATCC Crockmeter, Model
CM-1” supplied by Atlas Co. The dowel shaped,
Plexiglass probe with a flat, 15 mm-diameter tip sup-
plied with the device was used. The Crockmeter was
modified by gluing a magnetic strip in front of the test
bed to mechanically hold the panel in place. A fresh
green 50 × 50 mm2 felt pad, also supplied by Atlas, was
fastened to the probe of the Crockmeter with a spring
clip. The test probe was stroked back and forth over a
portion of the panel in 10 double strokes at a frequency
of about one double stroke per second, leaving a marred
area of about 13 × 220 mm. The panel was cleaned in a
stream of cool tap water, gently wiped with a wet wiper,
and gently dried with a soft towel. The 20° gloss was
measured using a micro-TRI-gloss™ pocket gloss meter
(supplied by BYK-Gardner, Inc.) by slowly moving the
meter across the panel, measuring the gloss of the marred
center and the unmarred sides of the panel. Measure-
ment was repeated three times on different parts of each
panel. Results were estimated to be reproducible to within
± 5%. The results were averaged and recorded as percent
gloss retained by the marred area.

RESULTS

Preparation and Calibration of High-Modulus
Probe, Measurement of Depth of Indentation, and

Calculation of Microhardness, Hmic

Preparation and calibration of the high-modulus tip and
measurement of Hmic were described earlier. The Hmic

results for the three coatings are given in Table 1 and are
displayed in Figures 5-7. The success of the method de-
pends upon its ability to measure the deflection of the
cantilever caused by each applied normal force and to
separate deformation caused by penetration of the tip
into the polymer specimen during hardness measure-
ment from the advancement of the sample against the
tip. The technique yields microhardness measurements
in basic physical units, N/mm2, but several assumptions
(non-deformability of the diamond tip and diamond
sheet, conical cross-section of the tip, and no change in
geometry caused by bending of the cantilever as force is

Figure 10—An image of a mar and its cross-
section profile of a coating which fails by
both plastic deformation and fracture.

Figure 11—Image of the mars made under
normal forces of 49µN, 92µN, 126µN, 169µN,
212µN, 254µN, 298µN, 338µN, 385µN, and
421µN, and their cross-section profile at the
surface of coating PE.
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increased) modestly reduce the absolute precision of the
measurements. The method, in its present state of devel-
opment, is judged capable of giving approximate abso-
lute microhardness measurements and relative measure-
ments that are very reliable for comparisons of different
polymer specimens. With refinement, the absolute pre-
cision of the method could be improved.

Microhardness of coatings PU and AC by the SPM
method are similar (compare Figures 6 and 7). In these
cases the microhardness is 385 - 390 N/mm2 at the
lowest force (49 µN), drops precipitously at forces of 92
- 126 µN, levels out at about an order of magnitude
lower than the initial reading at forces of 169 to 240 µN
and decreases by another 50% at higher forces. Appar-
ently, these coatings have a thin crust that is much
harder than the bulk of the material. Coating PE behaves
quite differently (see Figure 5); its microhardness is lower
than that of the other two coatings by a factor of 30 at a
force of 49 µN. However, its microhardness drops only
about 50% as force is increased to 212 µN and then
increases slightly at higher force. At forces of 298 - 421
µN, Hmicind of coating AC is about 1.5 to 2.5 times harder
than coating PE.

For comparison, micro indentation hardness of coat-
ings PE, PU, and AC were measured by a conventional
dynamic loading method32 using a commercial instru-
ment equipped with a Vickers indenter. The results are
summarized in Table 2. There are qualitative similarities
between the results of the two methods. With coatings
PE, PU, and AC, microhardness measured by SPM drops
sharply as the probe penetrates more deeply into the
specimen. The dynamic loading method confirmed the
coating AC is two to four times harder than coating PE at
normal forces in the range 300 to 400 µN.

Methods of Marring Surfaces: Qualitative
Characterization of Marring Mechanisms

Each mar was made by scraping a path 10 times with
the high-modulus probe. In preliminary experiments 10
scrapes proved to give more reproducible results than a
single scrape. (In later studies we found that five scrapes
are sufficient.) Qualitative indications of the mechanisms
of marring can be obtained by inspection of mars ob-
served on typical coatings (Figures 8-10) and of the par-

Figure 12—Image of the mars made under
normal forces of 49µN, 92µN, 126µN, 169µN,
212µN, 254µN, 298µN, 338µN, 385µN, and
421µN, and their cross-section profile at the
surface of coating PU.

Figure 13—Image of the mars made under
normal forces of 49µN, 92µN, 126µN, 169µN,
212µN, 254µN, 298µN, 338µN, 385µN, and
421µN, and their cross-section profile at the
surface of coating AC.

Table 1—Microhardness in the Units N/(mm)2 of Coatings PE, PU,
and AC Under 10 Different Normal Forces in Units µN

Microhardness

Force Coating PE Coating PU Coating AC

(µN) (N/mm*mm) (N/mm*mm) (N/mm*mm)

49 ........................... 12.5 390 385
92 ........................... 11 338 129
126 ......................... 9.24 75.6 53
169 ......................... 8.75 45 49.7
212 ......................... 8 41.4 46.8
254 ......................... 7.6 35 43.9
298 ......................... 9.89 25.6 25.1
338 ......................... 11 20.8 16.7
385 ......................... 10.6 15.8 23.1
421 ......................... 8.2 11.4 28.8
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ticular coatings studied in detail here (Figures 11-13)
made by the first method described. For example, pres-
ence of high shoulders in the cross-section in Figure 8
indicates that plastic deformation was a significant part
of the marring mechanism. Other authors21 reached simi-
lar conclusions based on scanning electron microscope
images of similar mars. On the other hand, the absence
of shoulders in Figure 9 indicates failure by fracture; the
missing material is presumably accounted for by broken
pieces removed by the cleaning procedure. Figure 10
suggests a mixture of failure mechanisms. The mar has
shoulders, but the fact that the cross-section area of the
shoulders appears less than the area of the ditch sug-
gests that some fracture also occurred. Figure 12 shows
the response of coating PU to the procedure described;
here again, failure appears to have involved a mixture of
plastic deformation and fracture. In contrast, the near
absence of shoulders in Figures 11 and 13 indicate that
the primary mechanism of marring of coatings PE and
AC was fracture. The absence of shoulders might be
explained by assuming that shoulders were formed ini-
tially but disappeared by viscoelastic creep during the
hour between marring and characterization; however,
this explanation seems unlikely because of the triangu-
lar shapes of the mars and because no appreciable change
in the dimensions of these mars were noted when they
were imaged again one to two weeks later. (While the

dimensions of mars of the three coatings studied here do
not change between one hour and several weeks, mars
of certain other coatings do partially heal in this time
frame.21 Such coatings are currently under investigation
in our laboratories).

The second marring procedure confirms these quali-
tative conclusions about marring mechanisms. Figure 14
illustrates the response of coating PU to the second mar-
ring procedure. In the cross-section profile, only one
shoulder appears at one side of the tested area while the
ditch and a second shoulder appear at the other side.
The area in between appears almost unchanged. Re-
markably, under these conditions, one shoulder made
by each successive pass of the tip seems to have filled in
the ditch made by each previous pass, smoothing the
marred area. Small-scale viscoelastic creep may have
also contributed to smoothing the surface of the marred
area. The fact that the marred area is level with the
unmarred surface indicates that virtually no fracture
occurred under these conditions. The lines at the top and
bottom of the test area in Figure 14 apparently consist of
material pushed up by the tip when it reversed direc-
tion. In contrast, Figure 15 shows SPM images of the
effect of its affect on coating AC. The rastering probe dug
a square hole in the surface, showing that the primarly
failure mechanism of this coating is fracture. As before,
loose material from the hole was removed by the wash-
ing procedure.

Quantitative Characterization of
Responses to Marring Stress

Measurement of the cross-section areas, Adit and Ashs

for each mar was described previously (see Figure 16).
The cross-section area Aind is not obtained from direct
measurement of the mars. Rather, it is calculated from
the dimensions of the tip of the high-modulus probe and
the depth of its penetration into the coating surface dur-
ing the micro indentation test using the same normal
force used in making a particular mar. Aind must repre-
sent the cross-section of the depression swept by the
probe as it scrapes through the material during the mar-
ring procedure.

Numbers representing the fraction of each of the three
types of response resulting from a specific marring stress
were calculated from these quantities by equations (2-4).

%
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In these equations area of mars made by a dynamic
marring process are compared to an area (Aind) of an
indentation made in a static experiment. The dynamics
of the two experiments may be different, and the areas
may not be exactly comparable. Nonetheless, this method

Figure 14—(a) A plastic deformation domi-
nate area of 70µ x 70µ, in which 512 vertical
mars have been made from the left side to
the right side; (b) its cross-section profile, in
which only the left shoulder of the first mar
and the ditch and the right shoulder of the
last mar are discernible.

(2)

(3)

(4)
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Figure 15—A fracture dominant area of 70 µ x
70 µ after area marring.

Figure 16—Schematic illustration of how to
measure different responses to marring in a
quantitative way, and how to measure micro
mar resistance.

Aind: Area of the cross-section of the indenta-
   tion

Adit: Area of the cross-section of the ditch
Ashs: Area of the two cross-section of the

   shoulders
Atro: Area of the cross-section of the trough

Elastic Response: (Aind - Adit) / Aind * %
Plastic Deformation: Ashs / Aind * %
Fracture: (Adit - Ashs) / Aind * %
Micro Mar Resistance: FN / Atro

Figure 17—Plot of elastic response, plastic de-
formation, and fracture versus the normal
force for coating PE.

Figure 18—Plot of elastic response, plastic de-
formation, and fracture versus the normal
force for coating PU.
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provides a quantitative index with which responses of
different coatings can be compared. Its usefulness will
be established only after a substantial number of coat-
ings have been studied.

Results of calculations using equations 2-4 for the
three coatings studied are given in Table 3 and are plot-
ted in Figures 17-19. Coating PE has the most straightfor-
ward response, the elastic fraction being 100% of the
response at an applied force of 49 µN and decreasing
monotonically to 88% at the highest force tested. The
excellent mar resistance of this material (demonstrated
in the following) is attributable to its highly elastic re-
sponse to marring forces. The balance of its response is
mainly fracture, which rises from 0% to 10% as the mar-
ring force increases. Plastic deformation accounts for
only 2% of the response of coating PE even at the highest
force level examined.

The response of coating PU and AC are more complex.
The response of coating AC (Figure 19) is about 2/3 elas-
tic and 1/3 plastic at the lowest marring force, but it is
dominated by fracture at forces of 254 µN and higher.

In contrast, the hard surface of coating PU (Figure 18)
responds 100% by plastic deformation at the two lowest
marring forces, but the plastic response is almost com-
pletely supplanted by a roughly equal mixture of elastic
response and fracture as marring force increases. This
observation may be related to the differences in compo-
sition of polyurethane coatings between the surface and
the bulk detected by infrared spectroscopy.34

Results of the Empirical Mar Resistance Test

In the Crockmeter test, coating PE had the best empiri-
cal scratch resistance, retaining 99% of its gloss. Coating
AC retained 91% and coating PU retained 70%. Among
contemporary auto finishes 70% would be marginally
acceptable and 95% would be excellent. These results
fall in the same rank order as the depth of the scratches
observed in the SFM mar resistance test, especially if the
height of the shoulders is added to the depth.

Micro Mar Resistance

Because only two (plastic deformation and fracture)
of the three responses to marring stress result in mar-
ring, we sought to define a single quantity that would
reflect the combined magnitude of these two responses,
that is, the dimensions of a mar under a certain normal
force. This quantity is defined in equation (5).

Micro mar resistance (MMR) =  
F

A
N

tro

Calculation of MMR uses Atro (the cross-section area
of the trough, see Figure 16), defined as the cross-section
area of the mar including the shoulders. It is Adit plus the
area, if any, between the shoulders. Atro is defined in this
way because it is theorized that it will correlate better
than Adit with visual impressions of marring and with
the optical measurements often used to assess marring.
MMR is defined so that the highest numbers represent
the best mar resistance under a given set of conditions.

Figure 19—Plot of elastic response, plastic de-
formation and fracture versus the normal force
for coating AC.

Figure 20—Plot of micro mar resistance versus
the normal force for coating PE.

Table 2—Micro Indentation Hardness in the Units N/(mm)2

of Coatings PE, PU, and AC under 10 mN Normal Force at
Indentation Depth of 1µ, 3µ, and 5µ Measured by H100
Micro-Hardness Tester

Indent Depth Coating PE Coating PU Coating AC

(µ) (N/mm*mm) (N/mm*mm) (N/mm*mm)

1 .......................... 11.3 208 200
3 .......................... 9.1 153 125
5 .......................... 10 140 111

(5)



Crosslinked Coatings

133Vol. 69, No. 873, October 1997

MMRs for the three coatings under the 10 normal forces
tested are given in Table 4 and are plotted in Figures 20-
22. Obviously, MMR for each coating depends strongly
on the force applied for the measurement and presum-
ably on all test condition variables such as temperature
and rate of marring.

DISCUSSION

An ideal mar resistant coating would resist marring
under a wide variety of marring stresses in a wide tem-
perature range. Such ideal coatings have been hard to
find, and they will probably continue to be elusive. It is
widely recognized that different materials vary widely
in their ability to resist marring in different empirical
tests and in service. Two important reasons are recog-
nized: (1) In service there is enormous variation in the
force with which marring stresses are applied; and (2)
The response of a single coating may vary widely as the
temperature and/or the rate of the application of stress
are changed. The present study indicates that a third
factor is also of major importance: (3) Many coatings
have a gradient of responses in the few hundred nanom-
eters closest to its surface.

Use of the SPM described here provides a new method
for studying characteristics of polymeric materials in-
cluding response gradients. This method is quite sensi-
tive to differences in micro hardness of polymeric mate-
rials in the thin (100-500 nm) layer near the surface of the
material. This could prove critically important if the
behavior of coatings PU and AC prove to be representa-
tive of other coatings. These coatings apparently have
thin crusts of material that are as much as 30 times
harder than their bulk.

It is probably unrealistic to expect quantitative agree-
ment of the microhardness results obtained by the new
SPM method and conventional dynamic loading meth-
ods. The diamond tip of the high-modulus SPM probe is
much smaller than the indenters used in dynamic load-
ing methods, and the range of forces applied in dynamic
loading methods and the depth of penetration are roughly
an order of magnitude greater than with the SPM method.
The more sensitive SPM method is capable of revealing
differences in microhardness gradient in the 50-500 nm
layer near the surface of materials that may not be de-
tectable with the conventional dynamic loading method.
For the materials studied here, microhardness near the
surface is clearly a very complex phenomenon.

Figure 22—Plot of micro mar resistance versus
the normal force for coating AC.

Figure 21—Plot of micro mar resistance versus
the normal force for coating PU.

Table 3—Percentages of Elastic Response, Plastic Deformation and Fracture of
Coatings PE, PU, and AC Under 10 Different Normal Forces

Coating PE Coating PU Coating AC
Force
(µN) % Elastic % Plastic % Fracture % Elastic % Plastic % Fracture % Elastic % Plastic % Fracture

49 ................ 100 0 0 0 100 0 65.1 34.9 0
92 ................ 99.6 0.17 0.26 0 100 0 34.5 24.2 41.3
126 .............. 97.7 0.26 2.08 56.7 43.3 0 20.8 14.1 65.1
169 .............. 96.5 0.23 3.24 51 26.1 22.9 3.1 10.7 86.2
212 .............. 95.7 0.45 3.87 28.4 16.6 55 0 8.76 91.2
254 .............. 94.3 0.64 5.05 21.3 12.8 65.9 0 4.78 95.2
298 .............. 92.2 0.82 6.97 45.5 8.7 45.8 0 2.95 97.1
338 .............. 90.2 0.97 8.83 63.9 6.9 29.2 0 2.44 97.6
385 .............. 89.4 1.25 9.35 53.1 6.4 40.5 0 21.3 97.9
421 .............. 88.1 1.86 10 43.4 6.2 50.4 0 1.75 98.3
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The complexities of measuring mar resistance can be
no less than the complexities of measuring
microhardness, and they are probably greater. The char-
acteristics of the outer 100 to 300 nm of the surface must
be critical because mars of this depth can be visible.
Results presented here show that the response of the
outer 100 nm of a material to marring stresses may be
quite different from the response of the bulk material.

The behavior of coating PU (Figure 18) illustrates the
point. This material has a thin, hard surface crust which
undergoes a totally plastic response to weak marring
stresses. More forceful stresses apparently penetrate the
crust and reach an elastic region that can partly recover
from the stress, but when it fails, it fails predominately
by fracture. It seems possible that shallow mars in coat-
ing PU could heal on long standing,21 especially if it is
heated, by viscoleastic creep. However, it seems less
likely that deeper scars could heal because they result
predominately from fracture.

Coating AC has better empirical mar resistance than
coating PU. This observation may be explained by its
different responses to different levels of marring stress.
The elasticity of its surface crust should protect it from
visible marring under small stresses (see Figure 18). Un-
der more severe marring stresses, coating AC fails mainly
by fracture, while coating PU fails partly by plastic defor-
mation. As a result, when the ditches of the mars of the
two materials have comparable dimensions, the shoul-
ders resulting from plastic deformation of coating PU
may increase the optical impression of marring.

The excellent empirical mar resistance of coating PE
can be attributed with some assurance to its highly elas-
tic response down to a depths of at least 500 nm. Even
severe marring forces dig deeply into its surface, but the
material recovers most of its original dimensions, prob-
ably almost instantly after the probe has passed and
certainly within one hour.

It remains to be established whether the newly pro-
posed quantity micro mar resistance (MMR) will be use-
ful for comparing mar resistance of coatings with optical
tests and for gaining insight into how different marring
forces affect different coatings. There is good reason to
question whether any single quantity can represent the
mar resistance of materials under a range of conditions.

It is encouraging that coating PE, which performs best in
the empirical Crockmeter test, also has the highest MMR
of the coatings studied at all 10 force levels. However,
MMRs for coating AC and PU correlate with Crockmeter
results only at the lowest and highest normal forces. At
intermediate normal forces coating PU has higher MMRs
than coating AC although it performs less well in the
Crockmeter test.

CONCLUSIONS

The SPM modified with a high-modulus probe provides
a promising new approach to the measurement of
microhardness and of mar resistance of cross-linked
materials. It provides a way to quantitatively measure
three physical responses to marring stress, and to dis-
criminate and measure two, quite different, mechanisms
of marring. Differentiation of the mechanisms is expected
to have practical significance. In any program to im-
prove mar resistance of a coating, it should be useful to
know whether marring results primarily from plastic
deformation or from fracture in planning experimental
strategy.

Our new methods are quite sensitive to differences in
physical response in the thin layer near the surface. This
sensitivity should help reveal nuances of the surface
layer which may be especially important for study of
mar resistance of coatings and other polymeric materi-
als. Usefulness of these new methods will depend on the
adequacy of the three response, two mechanism model
to describe marring. Adequacy of this model and useful-
ness of the method can not be fully established until
many more materials have been studied.

The apparent stratification observed in coatings PU
and AC raises serious doubts about the feasibility of
correlating bulk film mechanical properties with mar
resistance for coatings that may have quite different
mechanical properties near the surface. For example, it
seems unlikely that the bulk elastic properties of coating
PU will relate to the ability of the thin plastic layer on its
surface (Figure 18) to resist marring. Furthermore, its
bulk properties may have little relation to other surface
properties, such as stain resistance.

In view of the great complexity of the physical re-
sponse of polymeric materials to marring stresses, it
seems impossible that a single quantity can express “the
mar resistance” of a material. The best that can be hoped
for is that a single quantity might be useful for compar-
ing mar resistance of different materials under a care-
fully specified set of conditions. In this vein we offer
micro mar resistance, a quantity that might prove use-
ful. It combines the two mechanisms of marring into a
single quantity. Its advantage over most empirical tests
is that it can be measured under controlled conditions.
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