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Abstract: The maintenance and repairing of vehicles 
coating is a very important aspect of the automotive sector, 
and in Italy, this field is still strictly handicraft. This is due 
to the fact that commonly these paint repair services are 
separated from the major automotive companies that 
produce the motor vehicles. Moreover, the increase in the 
complexity of vehicles body, the attention raising on 
environmental effects and impact, and the cost constraints, 
are aspects that have made the automotive coating repair 
business increasingly difficult. In the light of these 
constraints, this work studies the effects of the transition 
from solvent-based coatings to more environment-friendly 
coatings and the differences between several ways of 
drying them in the particular field of automotive coatings 
repair. At first, a gloss measurement and a morphological 
analysis of the surfaces is carried out on the repainted 
coatings to evaluate the aesthetic surface appearance. 
Afterwards, a series of scratch resistance tests is performed 
both a week and two months after the coatings drying such 
to quantify the adhesion properties and the aging effect. 
The results show that the investigation methods introduced 
in this study are very useful to evaluate the repaired 
coating. 
Key words: basecoat/clearcoat system, automotive paints, 
drying process, surface analysis, scratch resistance. 
 
1. INTRODUCTION 
 
A time line for automotive coatings includes 
varnishes, nitrocellulose, alkyd resins, lacquers, 
acrylic resins, electrocoats (e-coats), primers, 
topcoats (basecoats plus topcoats), smart and 
nanocoatings, and green technologies. Coatings are 
critical to automobile aesthetics, durability, resistance 
to chemical or physical impact and cost (Raskin, 
2010). Automotive coatings include an electrocoat, a 
basecoat and a clearcoat. Basecoat/clearcoat systems 
create an outstandingly high glossy appearance in 
comparison to other automotive paint systems. 
However, such a high gloss makes mechanical 
damages more visible when they appear. Scratch and 
mar are the most important of these failures. They are 
micrometer deep surface damages that may ruin the 
initial appearance of automotive finishes (Mohseni et 
al., 2011). Automotive coatings are usually multi-
layered systems in which each layer has its 

predefined function (Papasavva et al., 2001). These 
make the whole system resist to various 
environmental factors. Figure 1 shows a typical 
automotive coating system repaired. As Figure 1 
describes, the substrate is initially coated by a 
conversion layer such as phosphate or chromate to 
enhance the adhesion and corrosion protection of the 
metallic substrate. Then, an electro deposition (ED) 
coating, usually based on epoxy-amine containing 
anticorrosive pigments and zinc powders, is applied 
to protect the coating from corrosion.  
The primer surface which is a polyester melamine 
coating is then applied. The main function of this 
layer is to make the coating system resistant against 
mechanical deformations such as stone chipping. 
The filler layer, which is the reparatory layer, has 
elastic behavior to follow the deformations caused by 
minor impacts. It has to leveling small surface 
irregularities and hide scratches and different material 
junctions.  
The color and special effects, such as metallic luster 
are obtained using a basecoat layer which is typically 
an acrylic melamine resin pigmented with metallic 
and pearlescent pigments. To protect the basecoat, a 
non-pigmented acrylic melamine clearcoat is applied 
over this layer. This latter layer is responsible for the 
gloss and smoothness of the coating system. On the 
other hand, the clear coat, apart from creating a 
highly glossy surface, is intended to protect the 
underneath layers, even the substrate, against various 
aggressive weathering (i.e. humidity and sunlight) 
and mechanical (i.e. mar and scratch) factors during 
service life. 
 

Fig. 1. Main construction and function of a repaired car 
panel 
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Surface characteristics of a polymer coating, such as 
gloss, and their changes depend strongly on surface 
topography and morphology (Nguyen et al., 2003). 
In order to fulfill the required properties, automotive 
coating systems are required to remain intact during 
their service life, because they are extremely 
vulnerable to deteriorate (Nguyen et al., 2002a; 
Nguyen et al., 2002b; Nguyen, et al., 2003; Yari et 
al., 2009). There are various factors which can 
potentially be fatal for these coatings and may cause 
loss of appearance and protective aspects of the 
system. The consequences for the basecoat/ clearcoat 
systems are usually a complete failing eventually by 
catastrophic clearcoat cracking, delaminating or 
peeling. These failures are non repairable except by 
repainting, (Tahmassebi et al., 2004). On the other 
hand, crack initiation and propagation within a 
coating layer across the other layers can cause 
cohesive failure, (Lonyuk et al., 2008). From the car 
manufacturer’s point of view, the performance of the 
actual clearcoats has not come to a final stage. The 
environmental impact resistance, as well as scratch 
and mar resistance, is not sufficient, especially for the 
luxury cars where the customer’s sensitivity is 
greatest, (Jurgetz, 1995). 
Most of the clearcoats widely used today employ 
organic solvents, whereas the water based clearcoats 
still have not reached comparable results to the 
solvent ones, both for the application phase as well as 
for the final result. However, today’s most utilized 
solvent clearcoats are classified according to the 
amount of solid phase present. It is possible to 
distinguish three different categories with progressive 
reduction of solvent (more environmental-friendly): 
• MS (medium solid): wherein the resin particles are 
larger compared to other types HS and UHS. The 
amount of diluent necessary to obtain the right 
viscosity must be about 20 % greater than the other 
types,  
• HS (high solid): wherein the resin particles are 
smaller compared to the MS, the amount of solvent is 
around 15 %. 
• UHS (ultra high solid): the size of resin particles is 
even smaller and consequently it is possible to further 
reduce the percentage of diluents present to 10 %. 
 
2. EXPERIMENTAL  
 
2.1 Investigated paint system 
In the effort to study the repair work of automotive 
coatings, the specimens have been manually prepared 
by an automobile repair firm, which usually offers 
paintwork repairs to scratches, through its usual 
painting systems. The experiments were performed 
on painted steel panel cut from a scratched car part. 
At first, the panel was sanded to remove the scratch 
damages from the original paint layer. The second 
step was the degreasing to support the subsequent re-

painting phase and finally a zinc phosphate layer was 
electrodeposited on the surface of the treated panel.  
Once the panel was cleaned and degreased it was 
painted with the primer: a polyvinyl-butyral based, 
zinc chromate free, single component product for car 
refinishing. After the primer, a grey one component 
filler layer was deposited on the panel and dried. 
Subsequently the filler layer was sanded and 
degreased before the basecoat deposition.  
The waterborne basecoat has been identified by 
means of a spectrophotometer with reference to the 
original car painting sample. A series of nine 
different samples has been cut from the panel and 
coated with the three different type of clearcoats (MS, 
HS, UHS), above mentioned, which have been 
selected by the different rates of dilution and mixed 
with 50 % of catalyst.  
The exsiccation was performed in three different 
ways for each type of clearcoat: oven at 60°C for 120 
min, medium wave infrared lamp (OM) at 90 °C for 
60 min with the source at distance of 600 mm and 
short wave infrared lamp (OC) at 110 °C for 60 min 
with the source at a distance of 900 mm.  
Table 1 summarizes the nomenclature used for each 
scenario. The thickness of the clearcoat layer was 
about 45 microns, regardless of the type (MS, HS, 
UHS).  
A reference sample was cut from the original car 
body to compare the surface apperarance and the 
adhesion properties of the original coating with the 
re-coated ones.  
 

Table 1. The nomenclature used for each scenario. 
Clearcoat Drying system 

 short wave IR 
lamp 

medium wave 
IR lamp 

oven 

Medium 
solid 

MS_oc MS_om MS_oven 

High solid HS_oc HS_om HS_oven 
Ultra high 

solid 
UHS_oc UHS_om UHS_oven 

 
The thickness of each coating layer was measured 
with a standard gauge (MEGA-CHECK 5FN-ST) 
under the regulations ISO 2178 and ISO 2370. The 
zinc phosphate layer was checked out to be about 25 
microns, the primer was about 10-15 microns, the 
body filler layer of about 20-30 microns, the basecoat 
in the range of 20-25 microns and the clearcoat in the 
range of 70 to 100 microns. This variability is strictly 
connected to the manual deposition of the clearcoat. 
The total thickness of the repainted coatings is 
reported in Table 2. The thickness of the original 
multilayer coating was 133 microns. 
 

Table 2. Repainted multilayer thickness. 
 oc om oven 

MS 168 µm 173 µm  146 µm 
HS 155 µm 147 µm 150 µm  

UHS 146 µm 153 µm 151 µm 
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2.2 Appearance measurements 
The 3D topography of the multilayer coatings was 
obtained with a Taylor Hobson Surface Topography 
System (model TalySurf CLI 2000) using the 
inductive gauge with a resolution range of 511µm – 
9.1nm.  
The coated substrates were located under the gauge 
and the measurement area was placed at the centre of 
the sample, where, afterwards the others 
investigations were executed.  
A number of patterns (1000), each 4 mm long 
(sampling interval in perpendicular directions was 2 
μm), was recorded to cover a representative area (16 
mm2) of the entire surface structure. The surface 
morphology was then examined by using the 
TalyMap software Release 3.1.  
As a characteristic of the coatings morphology, 
standard amplitude parameters for roughness profiles, 
with a cut-off filter of 0,08  were calculated. In order 
to complete the surface characterization, polymeric 
film specular gloss was measured for each sample by 
using a BYK-Gardner microgloss 60 Erichsen 
picogloss 560MC (with single angle of 60 degree 
geometry and in acc. to ASTM D 523, DIN 67530, 
EN ISO 2813 and ISO 7668) and expressed in a gloss 
unit scale from 0 to 150. 
 
2.3 Measurement of the morphological and 
mechanical properties 
In the effort to investigate the scratch resistance of 
the whole coating system, scratch tests were 
performed on the clearcoats both one week and two 
months after the clearcoat drying. Scratching 
procedures (C.S.M. Instruments Micro-Combi tester) 
were performed with a Rockwell C-type conical 
indenter with a rounded tip (100 µm tip radius), 
operating in progressive mode (track 3 mm, scratch 
speed 1 mm/min, load 100 mN to 30 N) at about 20 
°C and 40 % RH. Scratches were replicated to ensure 
data repeatability and the minimum distance between 
scratches has been measured to be at least 4 mm in 
order to ensure that the data was representative of the 
average response over greater surfaces.  
Normal and friction forces were monitored on-line 
and stored together with: the starting profile, the 
penetration depth during the application of the scratch 
load, and the profile of the residual scratch pattern 
immediately after the release of the scratch load (the 
residual depth).  
Microscopic optical images of the clearcoat’s surface 
after the abrasion test were recorded by a Leica 
optical microscope. The surface imaging tools used to 
study magnitude and shape of residual deformation 
after scratch, were an electronic stereoscope and the 
non-contact 3 mm CLA gauge (TalySurf CLI 2000). 
TalyMap software Release 5.0 was used to calculate 
the key geometrical features of the residual scratch 
pattern. 
 

3. RESULT AND DISCUSSION 
 
In the light of automotive painting applications it is 
important to evaluate the visual appearance in terms 
of average roughness Ra, gloss and aesthetic aspect of 
the repaired multilayer coatings and compare the 
results with those obtained by the original painting 
process. For this reason, a series of specular gloss 
measurements has been taken after the application of 
the clearcoat and related to the clearcoat type-drying 
system programs used during the preparation of the 
samples (Fig. 2).  
The specular gloss values of the clearcoats highlight 
the influence of both the drying system and the 
clearcoat type on the variation of the gloss 
appearance. In particular, the high solid clearcoat 
(HS) underlines a relevant difference of 
approximately 30 g.u between the short wave IR, the 
medium wave IR and the oven drying systems.  
The scatter of specular gloss, in Figure 2, measured 
onto the multilayer coating whatever the drying 
system can be ascribed to the very peculiar behavior 
of the metal flakes in the basecoat. The presence of 
metal flakes inside the resin can determine a very 
strange an unpredictable way in which the light is 
reflected during the gloss measurement. 
 

 
Fig. 2. Gloss measurements 

 
On the other hand, the average roughness 
measurement (Fig. 3) shows a visible trend related to 
the clearcoat type and it varies from the highest 
values for the MS type to the lowest values for the 
UHS type. Moreover, it is deductible that this trend is 
independent from the drying process system of the 
clearcoat itself.  
Comparing the gloss and Ra values of the original 
paint with the repainted ones, it is possible to 
underline as the majority of the clearcoat – drying 
systems are suitable for the refinishing of the car 
panels from an aesthetic point of view. 
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Fig. 3. Average roughness measurements 

 
In the light of these considerations, the friction 
coefficient during the scratch test has also been 
evaluated both a week after the clearcoat drying and 
two months later (Fig. 4). The difference in the 
scratch test execution time is a parameter involved in 
this experimentation to study the importance of the 
aging time on the adhesion strength for a repaired 
coating, which must be put back into use after a few 
days. 
The measured friction coefficient was in the range of 
0.43-0.56 for all the different repainting scenarios 
both after a week and two months later. Whatever the 
setting of the clearcoat – drying system, the trends of 
friction coefficient are nearly the same and they were 
found to grow according to a power-law with the 
increasing force and distance. Accordingly, the 
friction during the scratch test is not particularly 
affected by the initial surface conditions or the aging 
time. 
A completely different result could be observed 
studying the penetration depth trends. Figure 5 
reports the trends of the penetration depth measured 
by progressive mode scratch tests on the coatings a 
week after the clearcoat drying, using a 100 µm 
radius tip Rockwell 90° conical indenter and applying 
a time based linearly increasing load from 100 mN to 
30 N.  
The maximum penetration depth that the indenter tip 
approaches is in the range 170-200 µm on both 
MS_oc and HS_oc samples. This means that the 
indenter, at its applied load peak of 30 N, reaches the 
metal substrate, being the coating about 160 µm 
thick. Therefore, the indenter can even overcome the 
interface between metal and coating, thus providing a 
measure of the coating adhesion.  
The presence of jumbling events was observed at 
moderate and, mostly, at high loads, in particular on 
the NT sample. These jumbling events can be 
ascribed to the damage induced to the polymeric 
coating during the scratch tests. During the severest 
phase of the scratching procedure, that is, at very high 
load, the increased friction between the indenter and 

the coating establishes a large stress field which can 
be supposed to be tensile at the back of the advancing 
indenter and compressive in front of it (Jardret et al., 
2003). 
 

 
Fig. 4. Tangential force vs. normal force during scratch 

test: a) a week after and b) two months after the clearcoat 
drying 

 
Such stress field is therefore responsible for the 
recurrent jumbling events and, accordingly, for the 
coatings damage in the majority of the cases. These 
results agree with data reported in the literature, 
where jumbling events were often found to 
characterize sudden failure events in epoxy-based and 
acrylic coatings (Krupicka et al., 2003). 

 
Fig. 5. Penetration depth trend a week after the clearcoat 

drying 
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Fig. 6. Stereoscopic images of the residual scratch patterns a week after the clearcoat drying 

 
Figure 6 reports the residual scratch patterns of the 
multilayer coatings. Considerable grove formation 
can be observed in all samples. Indeed, when the 
indenter slides along the coating surface, the load is 
essentially applied to the half front of the indenter, 
thus generating a corresponding compressive stress 
field and, hence, the subsequent gathering of material 
nearby the front and the sides of the indenter; these 
results are clearly visible in Figure 6. In addition, 
delaminating effects are clearly visible in the samples 
HS_oc and UHS_oven between the different layers. 
Tensile cracking on all samples leads to large 
delamination phenomena, particularly at high load, 
that is, at the end of the progressive mode scratch 
pattern. The damage involves both the bottom and the 
edge of the scratch pattern and large zones of the 
filler layer are visible below the delaminated coating. 
For the tests executed a week after the clearcoat 
drying, the stereoscopic images reveal the lack of 
adhesion of the outermost layers on the filler layer as 
to emphasize an incomplete drying of the clearcoat 
and below it. These characteristics of the coating 
systems made impossible to store the residual depth 
path after the removal of the load. Conversely, the 
scratch tests executed after two months have very 
different trends and allow monitoring the residual 
depth pattern. Figures 7a and 7b show the penetration 
and residual depth trends measured by progressive 
mode scratch tests with the same testing conditions of 
the previous series of test on the coatings two months 
after the clearcoat drying. The penetration depth 
continues to increase according to a power-law vs. 
the applied load, but the coating deforms less than in 
the previous case (~140 µm, penetration depth at 30 

N load) and the indenter is away from the interface 
between coating and substrate. This is evident from 
the micrograph of the MS_oven scratches a week 
after the clearcoat drying, in which it is visible the 
metal substrate (Fig. 8a grey line), and also two 
months later (Fig. 8b). 
 

 
Fig. 7. a) Penetration and b) residual depth trends two 

months after the clearcoat drying 
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Fig. 8. Microscopic images of MS_oven a) a week after and b) two months after the clearcoat drying 

 

 
Fig. 9. Stereoscopic images of the residual scratch patterns two months after the clearcoat drying 

 
During the loading phase, fewer deformations are 
visible for the UHS_om and the HS_oven samples 
(Fig. 7).  
After the release of the load, the residual scratch 
trend is almost the same whatever the combination 
clearcoat – drying system.  
At the end of the residual scratch patterns, a small 
decreasing branch can be detected on all the samples. 
It can be ascribed to the pile-up formation in front of 
the advancing contact geometry and due to 
compression zone which arise there, resisting to the 
motion of the indenter (Jardret et al., 2003). 
From the analysis of deformation and residual depth 
patterns of the coatings after scratch test (Fig. 7), all 
the samples get to comparable residual scratch 
patterns, that is, to a similar residual deformation 
response.  
Figure 9 shows stereoscopic images of the residual 
scratch patterns of the samples two months after the 
clearcoat drying. The residual deformation is still 
characterized by a significant accumulation of 
coating material (pile-up) at the end and at the side of 
the scratch pattern.  
The coating damage appears to be more 
circumscribed at the bottom of the scratch pattern, 
and involving a lesser extent zone at the edge of the 
scratch pattern. The delamination phenomenon is not 
clearly visible, but it could be noticed that the oven 
dried clearcoats are more compromised than the other 
ones. 

Figures 10a and 10b report an axonometric 3D image 
of the residual scratch pattern a week after the 
clearcoat drying (Figure 10a) and two months later 
(Figure 10b). The topography of the scratch pattern 
allowed to compare the effect of the aging on the 
morphological aspects of the scratch pattern and to 
evaluate the volume of the residual scratch ditch and 
the maximum residual depth of the scratch pattern. 

 
Fig. 10. 3D maps of MS_oven a) a week after and b) two 

months after clearcoat drying 
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Figures 11 and 12 report the analysis of the 
residual volume contribution and of the maximum 
residual depth a week after the clearcoat drying and 
two months later. Considerable differences due to 
the aging are visible in the residual scratch volume. 
As expected, the aging time reduces the entity of 
residual scratch volume for all the tested samples.  
 

 
Fig. 11. a) residual scratch pattern volume and b) 

maximum depth of the scratch pattern a week after 
clearcoat drying 

 
 
Moreover, from the Figures 11 and 12 it can be 
noticed that the HS sample has a better scratch 
response in all the drying conditions: both a week 
and two months after the clearcoat drying.  
The oven dried samples show the worst scratch 
behavior such to suggest that, independently from 
the clearcoat type, the oven drying assures only a 
superficial exsiccation of the topcoat which it is not 
completely recovered by the aging effect. 

 
Fig. 12. a) residual scratch pattern volume and b) 

maximum depth of the scratch pattern two months after 
clearcoat drying 

 
 
4. CONCLUSIONS 
 
The topic of the present investigation is the 
analysis of the relationship between visual 
appearance and scratch resistance of the multilayer 
repainted coatings with different clearcoat 
type/drying system processes. 
The main experimental evidences lead to the 
following conclusions: 
 The clearcoat/drying system influences the 

surface appearance and the specular gloss 
measurement. In particular the gloss seems to 
be particularly influenced by the drying 
method, while the average roughness seems to 
be linked to the type of clearcoat;  

 Whatever the setting of the repainting 
parameters, the trends of friction coefficient 
during the scratch tests evolve according to a 
power-law with the increasing load and 
distance; 

 The aging is essential for the adhesion 
properties, as demonstrated by the scratch tests 



 28
carried out both few days and months after the 
clearcoat drying. One of the most important 
problems in the body car repair sector is to 
reduce the time to meet the customer 
satisfaction, but often a correct drying is not 
guaranteed; 

 Samples with high solid clearcoat (HS) 
regardless of the drying system seem to 
exhibit better recovery to scratch after the 
removal of the load; 

 The oven dried samples revealed a worse 
behaviour to scratch test as the temperature 
over-bakes the outermost layers of the 
clearcoat, without a completely drying of the 
inner part of the layer itself and determining 
its ineffective cementation with the underlying 
layers, which is not even recovered with the 
effect of the aging time; 

 The main result of this study is the 
introduction of a methodology for rhe 
investigation and the control of the repainted 
car panels for the body car repair sector. The 
used methods are low-invasive and automated. 
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