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Abstract 
The ability to predict the weathering performance of the clearcoat system over 
a short period of time is essential for the design and development of coating 
production. Thus, the primary objective of the present study is to investigate 
whether it is possible to predict the weathering performance of an automotive 
paint system through determination of surface roughness, Ra, and micro- 
hardness before and after various weathering exposure times (0, 24, 168, 336, 
504, 672 hours) and when employing two different detergent materials 
(house-use detergent and car wash detergent). The data were analysed using a 
pair-sample t-Test, with 0.05 level of significance. It was found that the total 
net of degradation in the clearcoat level during the first 24 hours was Ra ≈ 30.3 
nm (for surface roughness) and 1.358 HV (for the µ-hardness) when using the 
house-use detergent. In contrast, it was found to be Ra ≈ 4.6 nm (for surface 
roughness) and 1.133 HV (for µ-hardness) when using the car wash detergent. 
Also, increased time of weathering (up to 672 hours) increases the Ra and 
µ-hardness values. It can therefore be concluded that the effect of house-use 
detergent was more severe than that of car wash detergent on the clearcoat 
system. 
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1. Introduction 

In general, surfaces are not perfect [1]. Coatings, like all other engineering mate-
rials, will begin to degrade with time when placed in outdoor situations. Their 
degradation behaviour is due to the effect of various environmental conditions 
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placed upon the coating system [2]. So, since the large scale introduction of cle-
arcoat/basecoat (CC/BC) systems in the 1980’s to the luxury vehicle production 
lines, their use has increased dramatically to the point where they are used on all 
vehicles today [3]. The appearance of a painted car body is undoubtedly highly 
significant for clients. This does not only seem to be a detrimental property but 
also its retention during the serving life is of great importance [4]. Automotive 
paint systems are typically comprised of up to five different layers of paint, as 
shown in Figure 1. The total film thickness of the automotive paint system is 
between 90 to 140 µm where each layer serves a specific purpose [5]. Typically, a 
crystalline layer of metal phosphate is applied to galvanized steel to provide cor-
rosion protection. Next, an organic coating containing corrosion inhibitors is 
electro-deposited (E-coat or ED-coat, ~17 - 22 µm) over the phosphate crystal 
surface and cured to provide additional corrosion protection. The E-coat layer is 
then coated with a pigmented primer (~30 - 50 µm) to improve basecoat adhe-
sion and also to shield the underlying E-coat from light. After the primer is 
cured, a pigmented basecoat (~10 - 20 µm) to provide color and a clearcoat (~30 - 
50 µm) to provide gloss are applied over the primer and are themselves cured 
[6]. The final layer is expected to be responsible for outdoor weathering resis-
tance [7]. So, the protection strategies against outdoor weathering conditions are 
usually implemented in the final layer. This therefore indicates that, the outdoor 
weathering conditions are considered as the most significant criterion for rank-
ing the repeatability performances of clearcoat automotive paint systems.  

Outdoor weathering conditions can severely affect the long-term aesthetic 
appeal of a car [8] whereas indoor conditions can less seriously affect it [9]. Over 
the last few years, the influence of different environmental factors such as 
sunlight, relative humidity and acid rain on the surface roughness, Ra, of the 
automotive body has been comprehensively investigated [10] [11] [12]. Each of  
 

 
Figure 1. Typical automotive paint system. 
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these factors plays a greater or lesser role depending on both the coating and the 
particular geographic location in which a layer is exposed. In these studies, the 
degradation effects of biological materials such as bird droppings and raw eggs 
have also been paid attention to recently [13] [14] [15]. Weathering, which causes 
an alteration in the chemical structure of a clearcoat [16] [17] [18] [19] [20], af-
fects various aspects of it such as its physical [21], mechanical [11] [22] [23] [24] 
[25] and electromechanical properties [26]. In other words, the weathering per-
formance anddurability of a clearcoat system indirectly reflects its mechanical 
and chemical stability and may cause that clearcoat to become vulnerable and 
fail as a result of hydrolysis, light, heat, moisture and photochemical degrada-
tions [27]. Due to the significant role of the clearcoat on the outdoor weathering 
and mechanical properties of the automotive coatings, the present study is a 
further attempt to investigate the effects of different detergents (house-use de-
tergent and car wash detergent) on the appearance of automotive clearcoat sys-
tems in an outdoor weathering test. It seems clear that assessment of the weath-
ering performance of the clearcoat is very significant. For the purposes of this 
assessment, the clearcoat layers were exposed to weathering condition. After 
that, the changes in morphology and chemistry of clearcoat layer were studied 
by assessing surface roughness, micro-hardness and scanning electronic mi-
croscopy (SEM).  

2. Experimental Method 
2.1. Materials Selection and Preparations 

The substrate used throughout the experiments was a white-coloured painted 
automotive, from the Toyota Company, KSA, model 2016. Around 74 samples 
with identical dimensions’ length of 30 × 30 × 0.85 mm were studied in this in-
vestigation. Abrasive waterjet cutting technology (from TecnoCut waterjet cut-
ting systems) was used to excise sections of similar shape from the front of the 
painted automotive body surface, as shown in Figure 2. Details of the abrasive 
waterjet method have been reported elsewhere [28] [29]. Ideally, all samples 
were cleaned ultrasonically before starting the experiments. This was carried out 
to remove any contaminants, such as dust, grease, or any other soluble organic 
particles so that there would be no adverse effect on the results due to their 
presence. 

In order to perform the experiment, the surface roughness and micro-hard- 
ness were measured in an air-conditioned room with an ambient temperature of 
20˚C ± 1˚C and a relative humidity of 40% ± 5% RH. The different detergents 
(car wash detergent or house-use detergent) were then applied using a stylus-typ 
Taly-Surf® (Taylor Hobson Precision, Inc., UK) and Vickers indentation micro- 
hardness (Micro-hardness, Zwick Roell Indentec ZHV1-AFC, Germany). 

After that, the sample was washed with either car wash detergent or house-use 
detergent as shown in Figure 3. Each sample was individually immersed in the 
detergent for 5 minutes’ exposure time. After each cycle, all samples were rinsed 
with tap water and stored in outdoor environmental conditions. The coating  
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Figure 2. Samples with identical dimensions after AWJ cutting method. 

 

 
Figure 3. Car wash and house-use detergents. 

 
samples were subjected to differing weathering exposure times (0, 24, 168, 336, 
504, 672 hours) along with the two different detergent materials (house-use de-
tergent and car wash detergent). The outdoor weathering tests were carried out 
in Makkah, a dry place with high temperature. The temperature (˚C) and rela-
tive humidity (%RH) were monitored and recorded each time the samples were 
collected 

Finally, after various exposure times, all samples were measured in an air- 
conditioned room, with an ambient temperature of 20˚C ± 1˚C and a relative 
humidity of 40% ± 5% RH using a contact-type surface roughness and micro- 
hardness test.  

2.2. Testing Procedures 

The effects of the two different detergents (car wash detergent and house-use 
detergent) on the appearance of automotive paint systems were studied in an 
outdoor weathering test. The initial phase investigated the degradation during 
the first 24 hours and the later phase investigated subsequent degradation (0, 24, 
168, 336, 504, 672 hours). All the tests took place in weathering environments 
which imposed different kinds of degradations (e.g., temperature, humidity and 
so on) on a clearcoat automotive body surface during the investigation, see Fig-
ure 4. Temperature and relative humidity were measured (Mastercool®, 52232 
Temperature-Humidity Meter) during each experiment as shown in Figure 5.  
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Figure 4. Surface profile behaviour under different conditions. 
 

 
Figure 5. Temperature vs. relative humidity during the 24 hours of the experiment. 
 
These can be particularly important factors when comparing the weathering be-
havior of a series of different time exposures vs. the temperature. Objects 
painted darker colours will typically be hotter than lighter objects. This tem-
perature difference can lead a coating’s degradation rate to be significantly color- 
dependent. As a guide, the temperature of a series of steel panels painted with 
different colours of automotive topcoats (CC/BC) is shown in Figure 6. Thus, 
based on the data available in [2], it can be said that the white-painted colour is  
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Figure 6. The maximum temperature of steel paint panels, adapted from [2]. 
 
colour-independent and that the action of temperature during the serving time 
may have less effect. It can still however be considered as an accelerated process 
as regards degradation of the clearcoat systems. Therefore, paint systems that are 
hotter will tend to be subjected to greater mechanical stresses than those that are 
exposed to lower temperature extremes, again favouring light colours over dark 
colours.  

The surface roughness profile, indentation micro-hardness and scanning elec-
tronic microscopy (SEM) were used to assess the effect of the detergents on the 
appearance of the automotive clearcoat systems. Details of the surface roughness 
procedure have been reported elsewhere [9] [30] [31] [32] [33] [34], the micro- 
hardness procedure has likewise been reported elsewhere [28] [35], and similarly 
the SEM procedure has also been reported elsewhere [36] [37]. 

3. Results and Discussion 
3.1. Surface Roughness Evaluations 

In general, since the weather is incapable of repeating itself exactly, any outdoor 
exposure test is unique. The data were analysed using pair-sample t-Test, with 
0.05 level of significance. For the house-use detergent, as shown in Figure 7, the 
surface roughness measurements obtained before the exposure (mean = 0.078 
µm, ±SD = 0.011 µm) were lower than those which were achieved after exposure 
(mean = 0.108 µm, ±SD = 0.018 µm) (t(−6.6) = 23, p = 0.0001. On the other 
hand, for the car wash detergent, the surface roughness measurements obtained 
before the exposure (mean = 0.083 µm, ±SD = 0.009 µm) were very close to  
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Figure 7. Repeatability performance of the surface roughness before and after exposure. 
 
those which were obtained after exposure (mean = 0.088 µm, ±SD = 0.008 µm) 
(t(−2.2) = 23, p = 0.0001. The total net of degradation in the clearcoat level dur-
ing the first 24 hours was 30.3 nm when using the house-use detergent, whereas 
it was 4.6 nm when using the car wash detergent. This may be attributed to the 
chemical influences of the house-use detergent being in contrast to the car wash 
detergent and causing the clearcoat surface to dissolve. Another reason for the 
greater value of the surface roughness in the clearcoat level can be the ascribed to 
the size of different peak-to-valley created by the process of painting on the 
production line. It can be seen clearly in the micro-hardness test that the 
weather is variable and thus materials exposed to it are in fact being exposed to a 
constantly changing environment (e.g., temperature, humidity, etc.). 

3.2. Micro-Hardness Evaluations 

In this section, Vicker’s diamond under the load, P, was fixed at 300 g (2.942 N) 
and the application time was kept at 15 seconds. Apparently, the weathering 
performance of the clearcoat indirectly reflected the mechanical performance of 
the micro-hardness. The data were analysed using a pair-sample t-Test, with 
0.05 level of significance. For the house-use detergent, the micro-hardness 
measurements obtained before the exposure (mean = 16.629 HV, ±SD = 0.396 
HV) were significantly lower than those which were achieved after exposure 
(mean = 17.988 HV, ±SD = 0.313 HV) (t(−14.8) = 23, p = 0.0001. For the car 
wash detergent, the micro-hardness measurements obtained before the exposure 
(mean = 16.842 HV, ±SD = 0.588 HV) were significantly lower than those which 
were obtained after exposure (mean = 17.975 HV, ±SD = 0.450 HV) (t(−9.8) = 
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23, p = 0.0001. The total net of degradation in the clearcoat level during the first 
24 hours was 1.358 HV when using the house-use detergent whereas it was 1.133 
HV when using the car wash detergent.  

According to the micro-hardness tests, it can be concluded that the major 
degradation mechanism of the clearcoat system exposed to house-use detergent 
and car wash detergent is chemical rather than physical. Besides, weathering 
gives rise to non-uniform degradation of clearcoats which themselves contain 
composite structures with low and high crosslink density domains. Therefore, 
weathering may cause the development of local stresses in the clearcoat level, 
enlarge the pathway passages of water and result in a reduction in the barrier 
properties and an increase in water uptake, i.e., losses in corrosion resistance. 
Study of other properties of the clearcoat surface such as micro-hardness as 
measured by the Vickers micro-hardness test was sufficiently sensitive to aging 
by weathering as presented in Figure 8, as the micro-hardness value of the cle-
arcoat increased during the weathering cycle. 

Figure 9 shows the variation of the Vickers indentation micro-hardness test 
for clearcoat automotive body with different detergents and loads (10, 25, 50, 
100, 200, 300, 500 and 1000 g) including a linear regression relationship of R2 > 
0.9. The holding time under various peak loads after completion of the indenta-
tion was 15 seconds. At small loads, the volume involved in the indentation (re-
lated to maximum indentation depth) corresponds to the individual grain size or 
splats which are composed of hard metal. In small volumes, the measurements 
are not influenced by pores or grain boundaries and the material properties well 
describe homogeneous material of single splats or grains. As the load increased, 
the micro-hardness value likewise increased. It seems that the load-dependent 
 

 
Figure 8. Repeatability performance of the micro-hardness before and after exposure. 
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Figure 9. Load variation test of the clearcoat with different detergents. 
 
with no crack or delamination occurring in the region dominated by the clear-
coat level still exists. This is a natural behaviour, and is called reverse indentation 
size effect (RISE), in which plastic deformation is predominant. It can be con-
cluded that the weathering test has various effects on the visco-elastic behaviour 
of the clearcoat system depending on the low or high exposure times.  

The data were analysed using a pair-sample t-Test, with 0.05 level of signifi-
cance. For the house-use detergent, the micro-hardness measurements obtained 
before the exposure (mean = 13.86 HV, ±SD = 0.553 HV at 10 g) until reach 
(mean = 21.56 HV, ±SD = 0.08 HV at 1000 g) were significantly lower than 
those which were obtained after exposure (mean = 15.04 HV, ±SD = 0.048 HV at 
10 g) until reach (mean = 22.22 HV, ±SD = 0.193 HV at 1000 g) (t(-12.5) = 7, p = 
0.0001. For the car wash detergent, the micro-hardness measurements obtained 
before the exposure (mean = 14.08 HV, ±SD = 0.132 HV at 10 g) until reach 
(mean = 21.38 HV, ±SD = 0.146 HV at 1000 g) were significantly lower than 
those which were obtained after exposure (mean = 15.4 HV, ±SD = 0.0632 HV at 
10 g) until reach (mean = 22.1 HV, ±SD = 0.379 HV at 1000 g) (t(−2.9) = 7, p = 
0.0001.  

Table 1 shows Young’s modulus values of clearcoat (CC) before and after ex-
posure time with two different types of detergents. It is clearly noticeable that 
the E-values in the clearcoat system for the house-use detergent increased by 
6.6% while those for the car wash detergent increased by 3.2%. This indicated 
that for the same period, Young’s modulus value increased double under the 
same conditions. The deviation for both detergents was almost the same, around 
±200 MPa. 
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Table 1. Young’s modulus values of clearcoat before and after exposure time with various 
detergent. 

Young’s  
Modulus,  
E, (MPa) 

House-use detergent Car wash detergent 

before exposure  
time (mean ± SD) 

after exposure  
time (mean ± SD) 

before exposure  
time (mean ± SD) 

after exposure  
time (mean ± SD) 

1613.9 ± 257.7 1728.6 ± 241.2 1668.7 ± 215.2 1724.6 ± 219.4 

 
The results of the 4-week outdoor exposure are presented in Figure 10 and 

Figure 11. It is clearly shown that increases in the weathering exposure time up 
to 672 hours cause significant increases in the maximum durable loads for both 
(house-use detergent and car wash detergent) on the clearcoat systems. Cyclic 
variation of temperature induces alternate volume expansion and contraction, 
which causes non-uniform stress such as water absorption that can also lead to 
fatigue and loss of physical properties. The combination of relative humidity and 
temperature cycles can also cause severe deterioration in the form of surface 
cracks in the clearcoat structure.  

Sunlight reaching the earth’s surface contains a broad range of wavelengths 
from 280 to 1400 nm. The worst aspect is the ultraviolet (UV) which is in the 
range of <380 nm. Most polymer materials are very sensitive to this aspect of the 
sunlight. For instance, polyesters and alkyds have absorption peaks of around 
315 and 280 - 310 nm, respectively [38]. The absorbed energy can cause photo- 
degradation the mechanism of which is well known and has been widely dis-
cussed in the literature review [38] [39]. Car washing, dew formation, and rain 
are conditions by which the water is in direct contact with automotive coating 
layers during a car’s service life. Although most polymer materials are hydro-
phobic and thus not affected by water and relative humidity, some that have 
pH-sensitive chemical linkages in their structure can be hydrolysed by relative 
humidity or water. Acrylic/Melamine as the typical structure used in automotive 
clearcoats is vulnerable to water and highly susceptible to degrade hydrolytically 
and yet another is the diverse class of organic coatings [40].  

In Figure 10, for the house-use detergent, the surface roughness measure-
ments obtained before the exposure (mean = 0.075 µm, ±SD = 0.011 µm) were 
lower than those which were obtained after exposure (mean = 0.089 µm, ±SD = 
0.009 µm). On the other hand, for the car wash detergent, the surface roughness 
measurements obtained before the exposure (mean = 0.079 µm, ±SD = 0.007 
µm) were very close to those which were obtained after exposure (mean = 0.086 
µm, ±SD = 0.007 µm). The total net of degradation in the clearcoat level was Ra 
= 0.014 µm when using the house-use detergent whereas it was Ra = 0.007 µm 
when using the car wash detergent.  

In Figure 11, for the house-use detergent, the micro-hardness measurements 
obtained before the exposure (mean = 16.525 HV, ±SD = 0.043 HV) were sig-
nificantly lower than those which were achieved after exposure (mean = 18.350 
HV, ±SD = 0.112 HV). For the car wash detergent, the micro-hardness  
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Figure 10. Time variation of the surface roughness test for clearcoat with different de-
tergents. 
 

 
Figure 11. Time variation of the micro-hardness test for clearcoat with various deter-
gents. 
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measurements obtained before the exposure (mean = 16.425 HV, ±SD = 0.043 
HV) were significantly lower than those which were achieved after exposure 
(mean = 18.650 HV, ±SD = 0.502 HV). The total net of degradation in the cle-
arcoat level was 1.825 HV when using the house-use detergent whereas it was 
2.225 HV when using the car wash detergent. So, the micro-hardness value of 
the clearcoat system increased dramatically during the weathering cycle. 

3.3. Surface Morphology Evaluation 

To investigate the surface morphology of the clearcoat system during the weath-
ering cycle, scanning electronic microscopy (SEM) was used. Figure 12 shows 
the surface morphology of the clearcoat samples after various exposure times 
and different detergents (house-use and car wash) with low and high magnifica-
tion. As can be seen, weathered surfaces of both clearcoats indicated that in-
creased times of weathering exposure up to 672 hours lead to behaviours which 
are not the same for the clearcoat system with a house-use detergent and a car 
wash detergent, especially at initial times of exposure. At the early stage of ex-
posure, the clearcoat is relatively uniform and it loses its uniformity as the 
weathering time elapses. The longer exposure proceeds, the rougher the surface 
becomes and it also becomes enriched with the pigment. In general, both clear-
coats exhibit an almost smooth surface, while after exposure time with the 
house-use detergent, the surface profile becomes rougher. The produced fracture 
scratches on the clearcoat with house-use detergent are deeper, have sharper 
edges and seem much harsher than with the other detergent. It also shows that 
the surface has a non-uniform porous morphology. With car wash detergent, 
this led to a more plastic type damage with smoother surface giving lowered 
light scattering and hence improving the appearance of the body of the car. 

In the meantime, nano-scale voids and micro-cracks designated by the solid 
yellow arrows to guide the eye are found in Figure 12. These nano-scale voids 
and micro-cracks could cause the modification of the stress and strain during 
plastic deformation. The micro-cracks can affect the stress states which are 
around the cracks by releasing elastic stress. Also, the existence of the micro- 
cracks can lead to increasing the number of dislocations at the grain boundaries 
and result in the effect of back stress on the plastic deformation in the ultra fine 
grained phase that is relevant to dynamic strain hardening. 

Therefore, the SEM electronic micrographic analysis confirms the results of 
surface roughness, Ra, and indentation micro-hardness. The clearcoat system 
with house-use detergent shows the highest surface roughness and micro-hard- 
ness values.  

4. Concluding Remarks 

This paper presents studies on the repeatability performance of the clearcoat 
layer of an automotive exposed to the impact of outside experimental factors 
depending on the exposure time along with two different detergents (house-use 
and car wash). The general conclusions obtained are shown below:  
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Figure 12. Time variation of the micro-hardness test for clearcoat with various detergents. 
 

1) For the surface roughness, the total net of degradation in the clearcoat level 
during the first 24 hours was 30.3 nm when using the house-use detergent 
whereas it was 4.6 nm when using the car wash detergent.  

2) For the micro-hardness, the total net of degradation in the clearcoat level 
during the first 24 hours was 1.358 HV when using the house-use detergent 
whereas it was 1.133 HV when using the car wash detergent. 

3) The total net of degradation after 4-week outdoor exposure was 0.014 µm for 
Ra when using the house-use detergent whereas it was 0.007 µm when using 
the car wash detergent.  

4) The total net of degradation after 4-week outdoor exposure was 1.825 HV for 
micro-hardness when using the house-use detergent whereas it was 2.225 HV 
when using the car wash detergent. 
In conclusion, car wash detergent indicated lower values of both Ra and HV 

after the various times of weathering exposure, whereas house-use detergent in-
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dicated otherwise. 
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