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INTRODUCTION

utomotive paint finishes are highly engineered,
-‘ s multi-layered polymer coatings. Customer ex-
pectations for paint finishes range from main-
taining cosmetic appeal to functional performance, De-
terioration of paint system performance can be linked to
“chemical” stability or to “mechanical” integrity. Effects
of acid rain, car wash chemicals, and UV radiation im-
pact chemical durability, while a host of tribological
scenarios encountered by painted exteriors canbe linked
to mechanical durability.

Tribological events of concern for painted exteriors
include stone impact damage,! erosion by small hard
particles,? micro-abrasion, also referred to in the indus-
try as “mar,”* adhesive wear of painted plastics, erosion
durability of painted plastics subject to high pressure
water jets,® and scratching of paint. These concerns
{chemical and mechanical) for paint durability represent
diverse and complex phenomenon, which are functions
of a number of variables including paint processing con-
ditions, such as bake time and temperature,

Scratch durability of OEM automotive paint finishes
is an area of significant concern to the automobile manu-
facturer and the paint supplier. This concern stems from
direct response of customers who are known to be sensi-
tive to these defects during the first two years of owner-
ship. Customer concern for scratches are usually moni-
tored by durability tracking survey (DTS) database or
via clinics specially designed to understand owner com-
plaints and perceptions which are typically supported
with quantitative measurements.

An optical characterization of field scratches indi-
cates a locus of failure within the top 50 pm. Hence,
current research and development efforts are geared
towards improving scratch durability of clear coatings.
Scratching of clear coatings has been attributed to in-
plant finessing, contact with keys, finger nails, shrub-
bery, routine hand washing, and commercial car washes,
Published accounts include a quantitative optical method
to determine scratch in’cer‘lsi’cy,6 simulation of European
car wash environments,”® real world evaluation of U.5.
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Scmtch and mar durability of clear coatings are
issues of concern to the automobile manufacturer
and paint supplier. Scratching of clearcoats is a
consequence of tribological events encountered
by painted exteriors during normal service life.
Several subjective methods to assess scratch du-
rability have been proposed. These methods offer
little insight into scratch mechanisms. More re-
cently, single scratch methods have been pro-
posed to probe clearcoat scratch mechanisms. This
paper outlines a reliable and robust scratch meth-
odology for evaluating scratch durability of auto-
motive clear coatings. It is shown that, with ap-
propriate characterization of tip geometry, quan-
titative and reproducible critical load values can
be obtained. A suggested test method for scratch
durability is described.

and BEuropean car wash environments,® and the use of
single point scratch methods. 118

With the exception of single point scratch methods,
most of the work in scratch durability attempts to estab-
lish general trends by which automotive manufacturers
rank different paint systems. These general trends seem
unable to efficiently predict the performance of the paints;
they bring little understanding to the actual scratch pro-
cess, and also fail to identify parameters that control
scratch mechanisms. In summary, knowledge in this
area is preliminary and at the present time there exists
no reliable and quantitative test for scratch durability of
OEM automotive clear coatings.

This paper focuses on understanding the scratch be-
havior of OEM automotive clearcoats. Several OEM clear
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—  Figure 1—Typical multHayered painf systems.  —

coatings have been examined for deformation under
light loading and fracture behavior at higher loads. Is-
sues associated with reliable and robust scratch mea-
surements are discussed along with a preliminary pro-
posal for a scratch durability metric.

PAINT SYSTEMS INVOLVED

Figure 1 shows a diagram for typical multi-layered,
painted, metallic, and plastic substrates. Painted speci-
mens consisted of all the layers, but were formulated
with a black basecoat for improved visibility. Clear coat-
ings investigated in this work were current commercial
systems used at various assembly plants. Both one-com-
ponent (1K) and two-component systems (?K) were in-
cluded in this work. Specimens studied were tested be-
tween two and four months after their actual applica-
tion. Unless specified, all the specimens were baked
under normal bake time and temperature conditions.

In preparation for testing, each sample was rinsed
under water to remove most dust particles, cleaned with
soap to remove surface grease, and rinsed again with
running water. The remaining water was then blown off
with a clean air spray.

Thesamples designated by letters (i.e., A, B, C) distin-
guish the paint suppliers, while numbers denote several
paints from the same supplier. In this paper, results for
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— Figure 2—Cross-section view of fwo kinds of —
scrafches. Impact of morphology on visibility.
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fracture behavior are comprised of six paints (optimized
for sheet steels) from three suppliers, including five 1K
and one 2K systems. Results for ductile and viscoplastic
relaxation include eight paints: five 1K and three 2K
systems.

OPTICAL ASPECT OF SCRATCH VISIBILITY
CHARACTERIZATION

Using car wash simulations and classical abrasion tests,
previous studies relied on a measurement of the gloss
retention as a criterion for paintscratch-resistance 7 < The
assumption is that the number of scratches present on
the painted surface and their intensity are related to the
amount of light diffracted outside the direct reflective
angle where the gloss measurement is made. One major
drawback to this kind of measurement is the large num-
ber of scratches required to significantly change the
amount of diffracted light. Therefore, when using the
car wash simulation technique, one increases the sever-
ity (use of abrasive slurries) and length of the test to
create enough number of scratches. By doing so, simu-
lated conditions can deviate significantly from the real
world car wash conditions, thus providing misleading
results ®

More recent studies analyze the visibility of individual
scratches made under differentload conditions. The idea
is to estimate a load below which a scratch is no longer
visible to the human eye. These studies show that a
subjectivity factor must be taken into account, since this
critical load value is dependent on observation time ** In
order to ascertain the influence of scratch mechanism on
visibility, tests were performed wherein scratches were
created under varying load conditions. As mentioned by
other authors,* some scratches were very visible within
short observation times. For other scratches, one required
several seconds to actually locate them. With some prac-
tice, it became easier to spot smaller scratches. This indi-
cates that measurements of scratch visibility is a com-
plex phenomenon with a number of undetermined pa-
rameters.

While studying scratches created under differentcon-
ditions, trends were found between scratch morphology
and visibility. Some of these scratches were fractured,
irregular, and involved particle loss; others were smooth,
regular, and involved only elastic and plastic deforma-
tion. A major consistent and noticeable difference be-
tween fractured and plastic scratches is that fractured
scratches are visible independent of the incident light
and observation direction. Conversely, the ductile and
regular scratches are visible only under certain lighting
conditions. If the scratch direction coincides with the
observation and lighting directions, the scratch is not
visible. When the sample is turned 90%, the scratch reap-
pears. This is the first observation relating the scratch
mechanism to visibility (Figure 2).

Scratch morphology seems to play an important role
with visibility. This study focuses on mechanical aspects

of characterization and is intended to provide insights
into various scratch mechanisms.
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Figure 3—Schematic of the indenfation and
scrafch instrument,

SINGLE-POINT SCRATCH TESTING:
INSTRUMENTATION AND EXPERIMENTAL
PROCEDURE

Originally developed for depth-sensing indentation test-
ing purposes,’® the Nano Indenter XP® was used to
perform the scratch experiments described and analyzed
in this work. The indentation head of this instrument is
load controlled. The load is applied normal to the sample
surface by a magnet/coil system, allowing for precise
and fast control (Figure 3). The indenter column is held
by two leaf springs, which offer very low stiffness to the
indenter’s perpendicular motion. The maximum distance
allowed for the indenter travel, normal to the sample
surface, is about 1.5 mm. Over this entire range, dis-
placement resolution is less than 0.1 nm. Maximum load
capacity for the standard system is 500 mN with a preci-
sion of less than a micro-Newton. This loading precision
includes the accuracy of a contact-detection algorithm,
which determines the point of first contact between the
surface and the indenter and also determines the corre-
sponding zero-load reference. A high-load optioncan be
added to the standard indentation head configuration,
allowing the system to achieve loads up to 10 N.

The lateral force measurement (LFM) option avail-
able on this instrument measures the forces in the per-
pendicular direction to the indenter column. During a
scratch test, these forces correspond to tangential fric-
tional force and to the lateral scratch force (see Figure 4).
This in turn allows an estimation of the friction coeffi-
cient for scratches made in any direction. The precision
for frictional force measurement is better than 10 pN
over a range of 200 mN. High-precision screw driven
tables were used to ensure smoothness in scratch and
profile motion.

During a scratch test, the normal force on the indenter
is controlled and can be held constant or increased/
decreased at a linear rate. The design of the instrument
used makes the force generated at the tip a very small
function of the vertical displacement of the indenter.
Only small corrections are needed and made to the load
due to this vertical moton. The small mass of the in-
denter holder reduces the effects of dynamic motion on
the load applied on the sample. This feature allows the

Scratch direction
-
~_ Indenter / F.: Lateral Force
Sample surface F.: Tangential Force
Fu: Normal Force

Figure 4—Definition of the scrafch forces ap-
plled by the indenter to fested surface. The
normal load is applied. the fangential and
lateral forces are measured and resulf from the
muaterial’s behavior and indenter geometry.

application of a precisely controlled load during a lengthy
scratch experiment even for rough or curved surfaces.
Scratch velocity and scratch path followed by the in-
denter on the specimen surface are defined by the opera-
tor. Scratch velocity is typically held constant through-
out the scratch experiment and can be set between 0.05
pum/s to 2.5 mm/s. For these tests, a velocity of 25 um/s
was used. Any arbitrary path can be defined by joining a
series of points via straight line segments.

The design of the indenter tip mount allows the op-
erator to replace tips easily and remount them in the
same position each time. This is a very useful feature for
studying clearcoat scratching where the indenter geom-
etry has a great influence on the scratch behavior, as
shown in the following.

A typical scratch experiment is performed in three
stages: a pre-profile, a scratch segment, and a post-pro-
file. Indenter’s actual penetration depth under the sample
surface is estimated by comparing the indenter’s dis-
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lacement normal to the surface during the scratching,
with the altitude of the original surface at each position
along the scratch length. The original surface morphol-
ogy is obtained by pre-profiling the surface under a very
small load at a location where the scratch is intended to
be placed. Roughness and slope of the surface are taken
into account in the calculation of the indenter penetra-
tion. In a similar manner, a post-profile helps establish
residual scratch depth (see Figure 5).
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Figure 6—Cross profile over a scrafch; defink-
fions: a—scrafch width. he—pile-up height. p—
scrafch depth.

Sample surface

Figure 7—Definftfon of the attack angle. Angle
between the indenter face and the sample
surface, Comparison of the Berkovich with the
cube comer indenter.
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Original scratch

Figure 8—Cross profiles are peirformed affer a
scrafch experiment. Five profiles are usually
used for eqch scrafch.
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Additional morphological information can be deter-
mined by profiling across the scratch (see Figure 6).
Knowledge of load and penetration depth are vital in
any scraftch testing, but when ductile mechanisms are
involved in the abrasion process, a measurement of re-
sidual scratch depth, width, and pile-up height allows
us to estimate scratch contact-pressure and the actual
friction coefficient.”* Both scratch and profile procedures
can be integrated into a single-scratch experiment, al-
lowing for automated data reduction.

Review of Scratch Mechanisms

Identfication of scratch mechanisms is accomplished
using an optical microscope mounted in the instrument.
Using the system’s positioning tables, observed mor-
phology can be related to the evolution of penetration
and tangential force curves. Three main scratch mecha-
nisms were identified using different indenter geom-
etries. Elastic-plastic deformation can be observed un-
der mild abrasive conditions (e.g., where the attack angles
are small or when experiments are carried out with a
Berkovich indenter) (see Figure 7). Irregular fracture pro-
cesses occur when the attack angle is larger (e.g., with a
cube corner indenter with its face in the direction of the
scratch). When a cube corner indenter is used with its
edge in the direction of the scratch, a regular longitudi-
nal fracture propagates in front of the indenter. The
indenter seems to open this crack in front like a knife.

In order to quantify these three behaviors, experi-
ments were conducted where the normal load, normal
indenter displacement, tangential force, and indenter
position on the sample are measured during the experi-
ments. These measurements aid in delineating scratch
mechanisms.

Plastically Deformed Scratches

Under mild abrasive (loading) conditions, scratches
onclearcoats undergo elastic-plastic deformation, which
leads to a groove accompanied by two lateral pile-up
pads. These scratches are very regular along the scratch
length. This scratch behavior has been extensively stud-
ied by Jardret et al.*

Plastically deformed scratches can be described using
the following relevant parameters: pile-up height over
scratch width; residual depth over total penetration
depth; scratch width; and scratch contact pressure.

These parameters can be measured immediately after
the scratch is made by performing a cross-profile mea-
surement. Several profiles performed on the same scratch
increases the statistical significance of the results (Figure
8).

Indenter geometry has a strong effect on elastic-plas-
tic deformation morphology. Figure 9 illustrates the ef-
fect of the orientation of a Berkovich indenter on the
residual scratch morphology. The pile-up formation is
much less evident when the edge of the Berkovich in-
denter is oriented in the scratch direction. It is interest-
ing to note here that indenter’s penetration depth does
not strongly depend on its orientation. This result is
confirmed by comparing scratch morphologies using
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Figure 9—Influence of the contact geometry
L on the residual scratch shape for scrafches |
performedunderthe same normalload and at
the same velocity.

Berkovich and cube corner indenters. Cube corner in-
denters create a much larger pile-up than Berkovich for
equivalent scratch width or normal applied loads.

Time-dependent properties of polymer materials have
been studied extensively, vet only a few studies are
reported for time dependence in mechanical character-
ization of surfaces. ™! During a scratch test, two time-
dependent processes, visco-plastic deformation and
visco-elastic relaxation, occur. These processes have a
strong influence on scratch morphology and canbe char-
acterized quantitatively. Visco-plastic processes are re-
lated to a polymer’s sensitivity to deformation rate be-
ing applied to the surface. For a given indenter geom-
etry and penetration depth, this rate is related to scratch
velocity. Maintaining the same normal load, variationin
scratch velocity results in a corresponding variation in
the resulting scratch width. Faster motion results in a
thinner residual scratch.?? Relaxation processes (heal-
ing) are important when a scratch is left at room tem-
perature for some period of time. This phenomenon
affects only dimensions normal to the surface and the
scratch width remains unchanged, as shown in Figure
10. These samples were stored at room temperature in a
cabinet for 15 days after the scratches were made. The
observed relaxation was significant and showed a re-
duction of up to 50% in pile-up height for some of the
samples (see Figure 11).

Time-dependent properties are also usually associ-
ated with temperature-dependent properties, hence, the
effect of an elevated temperature on the residual shape
of a scratch was investigated. We submitted the same
samples {used in Figure 10} to eight hours at 40°C, to
obsarve the effect of elevated temperatures on the de-
gree of relaxation. This experiment showed that most of
the scratches relaxed, resulting in a further reduction in
pile-up height. Scratch width, however, remained con-
stant (Figures 10 and 11).

Scratch visibility in the real world is significantly in-
fluenced by clearcoat relaxation phenomenon. A ductile
scratch on a car may be visible initially but after the day
under the hot sun, this scratch may no longer be visible,
due to the relaxation of the clearcoat surface. It is worth
noting that the temperature of a car body during a hot
summer day can easily reach 50° to 60°C. In our quest

Scratch Durability of Automotive Clear Coatings

Figure 10—\Visco-plastic recovery of a ductile
—1 scrafch with fime and femperature. —

for identifying parameters that would correlate to scratch
visibility, it is important to state that, even though the
scratch width remained unchanged, visibility decreased
with a decrease in pile-up height and residual scratch
depth.

Fractured Scratches

Clearcoat fracture is observed using cube corner in-
denters. Using the edge of a cube corner indenter in the
scratch direction, clearcoat surfaces are cut in the
centerline of the groove, as shown in Figure 12. Along
this longitudinal crack, propagating in front of the in-
denter motion, elastic-plastic deformation takes place in
a fashion similar to that described in the previous sec-
tion. Plastic deformation around the middle crack is
subject to relaxation, and the residual pattern of the
scratch after relaxation is a thin regular line, correspond-
ing to median fracture. With an indenter whose radius
of curvature is between 0.5 to 2 um, this middle crack
initiates only under high loads, from 2 to 10 mN. This
transition from not-cracked to cracked behavior does
not appear clearly on the scratch curves (penetration
and tangential force curves).

Using a sharp cube corner indenter with its face ori-
ented in the scratch direction, an irregular fracture pro-

Figure 11—Effect of visco-plastic relaxation on
the residual scrafch pile-up height.
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Figure 12—0Opfical image of a scrafch made
with the edge of a cube comer. A longifudinal
fracture getfs opened in front of the indenter.

cess occurs. Particles are chipped outof the surface. This
behavior creates irregularities in scratch penetration, tan-
gential force curves, and residual scratch morphology.
This irregular fracture behavior generates material loss
from the surface, hence, relaxation does not restore the
original surface morphology. Visibility of these scratches
does not change with time, even at elevated tempera-
tures.

The Berkovich indenter, with an angle of 25% only
results in plastic and elastic deformation, while the cube
corner, with an angle of 45 induces fracture damage.
Clearly, at some angle, cracks start to be generated in the
scratch. To observe this phenomenon, the sample was
tilted and a cube corner indenter was used to create a
scratch under a constant load of 40 mN. Starting from an
attack angle of 25°, the angle was increased with steps of
5° by tilting the sample surface. Most clearcoats started
to crack between 30° and 40°. First, chevron-shape frac-
tures propagate from the center of the groove toward
the edge of the scratch (Figure 13). Then, chips and par-
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3

Figure 13—0pftical image of a scrafch made
by the face of a cube comer. The sample
surface is fitfted 107,
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Under 7 mN
with CC#2
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Figure 14—Fracture behavior on sample 2B

(710.

ticles start to be formed and detach from the surface.
These experiments confirmed the results presented pre-
viously by Briscoe.™

Transition between smooth ductile to irregularly frac-
tured scratch behavior can also take place when an in-
creasing load is applied to a cube corner indenter. Under
small loads, scratches are smooth and ductile and above
a certain critical load, L., scratches are fractured (see
Figures 14 and 15). The indenter penetration depth un-
der the critical load, D, can also be an important param-
eter to characterize the contact geometry. All real in-
denters have some tip rounding, therefore, as the pen-
etration of the indenter increases, the actual angle of
attack increases as well. This result tends to indicate that
critical load is related to the change of the equivalent
attack-angle induced by the indenter’s penetration un-
der the surface. The effect of indenter’s sharpness on the
critical load value for a given material is additional evi-
dence for the relationship between the critical load and
attack angle. However, this feature is not fully under-
stood at this point, and other parameters may have a
significant influence on this relation.

[ AT L.=2.5mN

D.= 1500 nm

Figure 15—Evolutfion of the penefration depth
during a ramp load scrafch showing the duc-
file fo fracture fransition in the paint behavior,




If higher critical-load values correspond to better paint
performance, then relation between single-scratch be-
havior and real world scratch resistance of clearcoats
can be correlated.

RESULTS AND DISCUSSION

A careful study of real world scratch morphologies re-
veals that most scratches created by car washing are
fractured scratches ® These data indicate that ductile be-
havior of clearcoats should not be responsible for a large
part of the scratch problem, as our results on the relax-
ation of ductile scratches also pointed out, given the
high temperatures the body of a car easily reaches under
the radiation of the sun.

Figqure 16 shows «ritical load (for fracture) data ob-
tained using a cube corner indenter for several OEM
clear coatings. Ranking obtained by this method is in
excellent correlation with field data obtained for several
vehicle lines over a period of five years. Figure 16 closel
tracks the durability tracking survey (DTS} data wit
least customer complaints received for clear coatings
with high critical loads. Higher critical load values relate
with fewer customer complaints. This observation sup-
ports the proposition thatcustomer satisfaction isstrongly
related to a clearcoat's ability to resist initiation and
propagation of fracture phenomena under abrasive con-
ditions.

Among the parameters related to plastic deformation
{e.g.. pile-up height, scratch width, residual scratch depth,
ability to relax with time and temperature), we have
found no strong correlation with customer satisfaction
data. One reason for this may be that relaxation phe-
nomenon described earlier reduces the probability of
noticing a ductile scratch. However, at lower tempera-
tures, plastically deformed scratches may not relax as
much or as quickly and hence may be important in
certain real world conditions.

Robustness and Reproducibility: Critical Role
Played by Indenter Geometry in Critical
Load Measurements

The effect of the curvature at the indenter tip on
critical load measurements for paint is presented in Fig-
ure 17. Reliable and reproducible scratch measurements
require the availability of indenters with reproducible
tip geometry, such that results from a scratch test are not
akin to this specific indenter. Position and control of the
indenter geometry is a major challenge for any scratch
technique, and this section addresses this issue and pro-
poses a few solutions which may be used in an indus-
trial environment.

Critical load measurements require indenters with a
certain curvature of their extremity, as shown previ-
ously. Conical indenters have been widely used to date.
Their advantage is the axi-symmetric characteristic of
their geometry. For those made of diamond, several
major problems still exist. First, the crystallographic struc-
ture of a diamond is notcompatible with a conical shape,
and it is very difficult to reproduce exactly the same
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Critica

— Fgure 16—Resulfs with acube comerindenter.  [—

conical shape in each indenter. Also, the texture of a
conical-shaped indenter remains rough, independent of
the polishing process. This rough texture will strongly
affect the indenter’s intimate friction behavior when used
in a scratch test. The rounding of diamond conical in-
denters is usually not reproducible. Also, conicalindent-
ers can dramatically change in geometry after wear or
polishing process and transform to a four-faced pyra-
mid at the tip.

Pyramidal indenters, like Berkovich, have been widely
used in indentation studies. Their reproducibility al-
lowed a standardization of their shape; therefore, critical
load values did not show a dramatic change from one
indenter to another. The advantage of pyramidalindent-
ers is that their geometry and texture can be controlled
easily, angles for the faces measured accurately, and the
faces themselves optically polished. Three-faced pyra-
mids, like Berkovich and cube corner indenters, allow a
very sharp geometry with a radius of curvature of less
than 50 nm. The development of nano-indentation tech-
nology has allowed accurate measurement of such fea-
tures. This measurement follows the analysis presented
by Oliver and Pharr.** Relation between the contact stiff-

Inclenter width /
4 y
EI"Fi Radius of Curvature

(A /' of the tip extremity

l-..:_-|':-_-}"-Pic:g?ul 1

Figure 17—Definition of the fop curvature: ra-
dius of curvature, relafion between indenter
height and indenter width.
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ness and the contact depth during a nano-indentation
experiment describes the geometry of the indenter. This
relation is obtained from an indentation test using fused
silica whose modulus is 72 GPa. The contact stiffness (S)
is related to the contact area (A) and the material’s elas-
tic modulus (E) by

_2/A

The contact area is usually calculated from the contact
depth (h.) with

A= 24.56h° + an;’f’ o
=0
. P
with h =h-0.75 5 3)

where P is the normal load and h the indenter penetra-
tion depth. The coefficient 24.56 describes the angle of
the indenter faces. The following terms, C,hs/2, are used
to take the rounding of the tip into account at small
depths. Also, the contact area can be described using a
circular model by an equivalent contact radius (a).

SE
a= 7 (4)

As the elastic modulus of silica is constant as a func-
tion of depth, the contact radius is directly proportional
to the contact stiffness. A plot of equivalent contact ra-
dius versus contact depth derived from an indentation
experiment on fused silica illustrating the geometry of
the indenter is shown in Figure 18 for four different cube
corner indenters.
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Figure 18— Characterizationoffiogescmeifry by
indentation. The graph shows two fdentical
indenters CCMT and CCMS5. CCM4 is sharper
and CCMé is blunter, Thelr geometries corre-
spond fo different values of crifical load as
shown on figure 19,
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Cube corner indenters with specific radii of curvature
manufactured with a good degree of reproducibility were
used in this work. Using cube corner indenters, it is
possible to extend the range of radius of curvature from
50 nm to several micrometers. Reproducibility and con-
trol of this manufacturing process can be assessed using
indentation testing on standard materials, as described
previously (Figures 18 and 19). Critical load measure-
ments on automotive clear coatings show that the differ-
ences between several indenter tips remain within the
scatter range reported earlier (Figure 20) using one in-
denter tip.

Scatter Associated with Critical
Load Measurements

Experimental scatter in critical load values was esti-
mated using classical statistical procedures. In our scratch
experiments, a cumulative average for critical loads
reaches a steady value after about 20 scratches. The
deviation in critical-load values is dependent upon paint
type. Scatter has been found to be as low as three percent
for some paints, but reach 10% in others. As illustrated
in Figure 16, critical load variations between current com-
mercial automotive clearcoats are not very large. Hence,
it is necessary to perform a minimum number of experi-
ments to objectively distinguish clearcoats from one other.
Several cube corner indenters with differentsharpnesses
were used on all tested samples. These experiments show
that the indenter geometry does not change the ranking
of clearcoats when the same indenter geometry is used;
howewver, the critical load values do change when the
indenter geometry is changed (Figure 19). The difference
between critical-load measurements with several tips of
identical radii of curvature is smaller than seven per-
cent, while for a given tip, the deviation in the critical
load is between three percent and 10%. For some paints,
the difference between tipsis smaller than three percent.
Since small differences in the indenter’s geometry can
affect critical load by 20% or more, it is mandatory to
characterizeindenter geometry in any reporting of scratch

durability.

Cuce Cormer indarmars

Figure 19—Crifical lead values obfained for
one paint with various cube comer indentfers
which gecmefries are shown on Figure 18.




Preposed Test Method for Determination of
Automotive Clear Codalings’ Scratch Durability

Our discussion clearly establishes the need for a reli-
able, robust, and quantitative test method for evaluating
OEM clearcoat scratch durability. The proposed scratch
method involves measuring critical load for fracture us-
ing cube corner indenters with a well-characterized tip
geometry and with the face oriented in the scratch direc-
tion. Twenty individual scratches provide a statistically
significant steady state value for the critical load. The
displacement normal to the clearcoat’s surface is mea-
sured during the test.

Each scratch test consists of

¢ A profile of 500 pm, under a normal load of 20 uN
at a velocity of 25 um/s,

¢ A ramping-load scratch sesgment in which the load
isincreased from 20 uN ata rate of 300 uN/s, up to
a normal load of 16 mN, at a velocity of 25 pm/s.

A critical load value for each scratch test is calculated
based on the indenter’s penetration curve. The critical
load value corresponds to an increase in noise during
penetration of the clear coating. Average and standard
deviations for critical load value are estimated over these
20 scratches.

We have been able to characterize a clearcoat speci-
men within 30 min, including sample loading, testing,
and data-reduction. Several samples can be studied in
one run; automated operation allows as many as 10
samples to be studied overnight.

For reasons outlined in the previous section, indenter
geometry must regularly be checked using an indenta-
tion experiment on fused silica. Normal load (P) and the
elastic contact stiffness (5) should be measured along
with the displacement normal to the silica surface (#).
Relation between contact stiffness (5) and contact depth
() should be evaluated using equation (3) and corre-
lated to the critical load results.

CONCLUSIONS

A quantitative, reliable, and robust method for measur-
ing critical load for clearcoat fracture has been described.
Critical loads measured show very good correlation with
durability tracking survey {DTS) data.

Critical load measurements are strongly influenced
by tip geometry. Hence, it is mandatory to characterize
tip geometry in order to ensure the robustness of this
measurement. For well-characterized indenters, it is nec-
essary to determine an optimum number of scratch ex-
periments to obtain statistically significant critical load
values. The knowledge of the indenter shape associated
with the critical load measurement results render critical
load values quantitative and allow others to reproduce
the measurement in the exact same conditions. Reliabil-
137 of this test is ensured by the availability of both
identical indenters and an accurate, well-established
method to control their geometry.

Although critical load measurements have been shown
to be reproducible and robust, it is still difficult to relate
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Figure 20—Deviation of results obfained with
four indenters compared with the scatffer of 20
scrafches made with one indenter.

the critical load values to intrinsic mechanical properties
of the polvmer surface. Also, for applications where
thinner films are involved, the interaction between the
radius of curvature of the indenter tip and the thickness
of the film will add to the complexity of this test.
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