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In this paper we present the results of investigation of micro- and nanoscale degradation of a sheet moulded composite
exposed to simulated solar radiation. Utilization of high resolution methods such as atomic force microscopy, optical profilom-
etry and microcomputer tomography allowed us to provide the evidence of significant deterioration of the surface as well as
the material few microns in depth. Additionally, the typically used macroscopic investigations, such as wettability and flexural
strength, were performed to observe the impact of weathering process. It was also shown that high resolution techniques pro-
vide superior sensitivity of the material degradation detection. The particular effectiveness of the applied approach was related
to the structure of investigated material, as due to its degradation, a number of voids appeared, causing a significant roughness
increase. In addition, the impact of light radiation could be compared to other environmental conditions maintained in the
climatic chamber. It should be underlined, that according to our knowledge, such a study has not been performed so far.
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1. Introduction
Recent progress in material science is possible

due to access to advanced and complex diagnos-
tic tools and methods. Enabling a new measure-
ment methodologies may allow to improve the in-
vestigation procedures in terms of accuracy, speed
and costs. One of the most common tests of ma-
terials, is verification of the influence of environ-
mental conditions. One can list a number of pro-
cedures defined in the standards in order to ob-
serve the deterioration caused by the simulated so-
lar light (i.e. PN-EN 60068-2-5:2011) as well as
changing temperature and humidity (i.e. PN-EN
60068-2-38:2010). After the sample is exposed to
certain conditions, the verification of the mechan-
ical properties changes, such as tensile properties
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(PN-EN ISO 527-2:2012), Charpy impact strength
(PN-EN ISO 179-1:2010) or others may be per-
formed. It should be underlined that the number
of samples required for such tests, and the energy
necessary to run the environmental chamber (even
for few hundreds of hours) may generate a signif-
icant cost. Therefore, a development of a new test
solutions is desired in order to reduce the process
expenses as well as to reduce the time of a new
product tests and release. In particular, high sensi-
tivity and high resolution measurement techniques,
such as atomic force microscopy [1], optical pro-
filometry [2, 3] and X-ray microcomputer tomogra-
phy (CT) [4, 5] can be successfully used for deter-
mination of the material deterioration. Such meth-
ods can provide the information about the decom-
position of the material after applying of smaller
doses of certain medium than in case of standard
tests. Also, in case of nanomaterials, such tools are
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useful in terms of observation of specific submi-
cron components behavior after specific exposition
is applied.

It should be emphasized that the diversity of
atomic force microscopy techniques (AFM) allows
one to perform imaging of mechanical, magnetic,
electrical, thermal and optical properties of the sur-
face [1]. A number of observations of the morphol-
ogy change due to the light/temperature or electri-
cal field [6–10] have been performed. One has to
be aware that significant variations of certain prop-
erties due to the local inhomogeneities of mate-
rial can become an obstacle during the measure-
ments while the abovementioned methods are uti-
lized. However, the issue of precise positioning was
efficiently solved, as so called nanomarkers allow
us to perform various measurements in the same
area of interest, providing highly reliable experi-
mental outcome [10–13].

The sheet moulded composite is one of very
popular materials due to its remarkable mechan-
ical properties and easy processing method. It is
often utilized in electrical devices such as hous-
ing boxes for cable connectors, switches, fuses and
many others. In outdoor applications, the sun ra-
diation impact test is essential in terms of user
safety. Therefore, in this paper, we present the re-
sults of advanced measurement techniques allow-
ing to observe deterioration of the samples. The
applied tests revealed the early stages of material
degradation, which resulted in further dynamic de-
terioration of the components.

2. The sample and the test proce-
dure

A SMC (sheet moulded composite) sample
was prepared using standard process, then it was
cut into pieces so as to meet the PN-EN ISO
179-1:2010 standard requirements. The samples
(SMC C) were exposed to simulated solar radiation
according to PN-EN ISO 4892-2:2009 standard.
The test conditions i.e.: spraying period: 5 min-
utes every 30 minutes; spectral radiation inten-
sity: 0.51 W/m2·nm (340 nm); total radiation en-
ergy: 918 kJ/m2 (340 nm); radiation spectrum:

290 nm 6 λ 6 800 nm; black panel temperature:
63.8 °C, were applied for 500 hours. Addition-
ally, another sample (SMC B) was placed in the
test chamber without access of the light. For this
sample, only the impact of temperature and hu-
midity was investigated to enable a comparison of
the effect of both sets of conditions. The reference
sample (SMC A) allowed us to compare investi-
gated properties of the material in order to obtain
quantitative information about the influence of the
applied conditions. The deterioration of the mate-
rial was verified using following diagnostic meth-
ods and instruments: optical profilometry: Con-
tourGT from Bruker, X-ray microcomputer tomog-
raphy: Nanome|x 180 from General Electric, and
atomic force microscopy: Innova from Bruker (for-
mer Veeco).

As the optical profilometry does not require
any particular preparation procedure, the sam-
ples were scanned as removed from the chamber.
AFM measurements were performed in following
modes: intermittent contact (Tapping Mode) [14],
NanoSwing [15, 16] and force spectroscopy [17,
18]. The quantitative 3D reconstruction of the sur-
face was provided by the AFM (Fig. 1 to Fig. 3)
and optical profilometry (Fig. 4), which enabled
the roughness determination according to specific
standards [19]. The data was processed using SPIP
software from Image Metrology [20]. In addition,
the surface topography data acquired using AFM
technique was processed using the Sobel transform,
which is an edge detection filter [21]. This partic-
ular feature allows one to observe the presence of
fine morphological features while the typical color
scale in standard topography image does not pro-
vide sufficient dynamics to make them clearly vis-
ible. It was successfully used in a number of pa-
pers [22–24]. It should be stressed, that both the
abovementioned methods may give various val-
ues, as different physical phenomena and principles
of surface reconstruction are utilized and various
kinds of artefacts may have an impact on the mea-
surements. Therefore, one must compare the data
acquired with the specific techniques. The mea-
surements allowed us to obtain the information
about morphological and mechanical properties
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Fig. 1. Optical microscope images (left hand side), AFM topography images (middle) and the Sobel transform of
AFM topography (right hand side), of the SMC A sample (top), SMC B (middle) and SMC C (bottom).

of the material at various stages of its decompo-
sition. In order to avoid the influence of the inho-
mogeneity of the surface and to provide represen-
tative data, the measurements were performed in
few spots on each sample. Average values along
with standard deviation were calculated. CT in-
vestigations required preparation relatively small
samples (approximately 3 mm × 3 mm × 3 mm),

as maximum spatial resolution was assumed
(300 nm per voxel). Moreover, in order to com-
pare the obtained data to the standard defined ap-
proach, the flexural strength and contact angle were
also determined. For the determination of the flex-
ural strength, the tests were performed according
to the standard PN-EN ISO 14125:2001. The sam-
ples were prepared by cutting into desired size.
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Before the test, the samples were conditioned for
24 hours in the temperature of 24 °C and the rel-
ative humidity of 50 % conditions. The commer-
cial setup 55R6025 from Instron was used with
a standard speed of 2 mm/min. The wettability
was investigated using a home-made setup with
a microcontroller-based dosing system and digital
microscope. Acquired images were processed us-
ing a specialized software. For both techniques a
series of measurements have been performed in or-
der to provide statistically verified outcome.

Fig. 2. Roughness parameters of investigated samples
determined using AFM topography data.

3. Measurements results
Although optical microscopy allowed us to ob-

serve the major differences between samples SMC
A, SMC B and SMC C during decomposition of the
material causing surface degradation (Fig. 1), the
quantitative data were needed for objective sam-
ples evaluation. The following surface roughness
parameters [25]: average roughness (Sa), root mean
square roughness (Sq), peak-peak value (Sz), max-
imum peak height (Sp) and surface area ratio (Sdr)
revealed a significant deterioration caused by the
presence of both high temperature and humidity
as well as the simulated solar radiation (Fig. 2
and Fig. 4). The pores parameters: length, perime-
ter and Z maximum were also calculated, provid-
ing clear indication of the morphology degradation.
The differences of certain factors values reached
even an order of magnitude. Also the data acquired
with optical profilometer (Fig. 4) showed a signif-
icant increase of the abovementioned parameters,

even up to almost two orders of magnitude. An-
other source of information about the morpholo-
gical changes of the material was the microcom-
puter tomography. The example images showing
the voids density difference between SMC A and
SMC C at a depth of 1.5 µm from the surface are
shown in Fig. 5. Quantitative analysis allowed us to
compare the voids volume and breadth of the voids
as well as the surface (calculated using 2D images)
of the material within the range of depth from 0 µm
to 15 µm. The increase of the void area (lateral) and
decrease of the material volume along with the in-
crease of the breadth of the void spaces can be no-
ticed (Fig. 5). Basing on the obtained results, one
can conclude about the degradation of the mate-
rial also at certain depth, below the observed sur-
face. It should be underlined that the sheet moulded
composite may contain void spaces inside its vol-
ume, as the ones created during the fabrication pro-
cess. These voids are, however, protected against
water penetration by the outer layer of the mate-
rial. When this barrier is damaged by environmen-
tal conditions, rapid degradation starts, as the mate-
rial can be easily penetrated by the media increas-
ing the intensity of this process. The increase of
the roughness has a significant impact on the wet-
tability (Fig. 6), which may induce more signifi-
cant contribution of water in the degradation of the
material.

Fig. 3. Pores parameters of investigated samples deter-
mined using AFM topography data.

As a consequence of the deterioration of the
surface, the decrease of mechanical properties is
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Fig. 4. 3D image of the SMC C surface acquired with optical profilometer (left hand side) and roughness parame-
ters of investigated samples determined using optical profilometry data (right hand side).

Fig. 5. Microcomputer tomography data acquired at the depth of 1.5 µm from the surface of the sample (left hand
side) and quantitative comparison of the voids planar area, and the void breadth as well as the material
volume (right hand side).

Fig. 6. The Young modulus measured using force spectroscopy (left hand side) and wettability of the surface of
investigated samples (right hand side).
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Fig. 7. Energy dissipation for the surface deformation maps. The data was acquired using NanoSwing technique.
From left to right: SMC A, SMC B, SMC C. Scan area: 50 µm × 50 µm.

expected. The Young modulus was determined us-
ing the force spectroscopy technique. A signifi-
cant decrease of this parameter can be easily noted
(Fig. 6). In addition, the surface was mapped us-
ing NanoSwing technique as a method enabling the
observation of inhomogeneities of stiffness, energy
dissipation and adhesion. In order to calculate the
above mentioned parameters, DMT model [26] was
utilized in the NanoSwing software [16]. As the
comparison of the properties was the main goal, the
arbitral units were sufficient in presented analysis.
Fig. 7 shows the increase in the energy dissipation
related to the material density decrease due to the
presence of voids under the thin layer of the mate-
rial. As the material loses its density, it can absorb
more energy from the tapping probe. The graph
showing the distribution of the energy dissipation
is presented in Fig. 8. The peak values for SMC A,
SMC B and SMC C are: 0.104, 2.293 and 3.845,
respectively.

In addition, the nanoindentation measurements
were performed using the AFM system [27]. The
diamond-coated probes were utilized in order to
avoid the tip wear [28]. The acquired data was pro-
cessed using SPIP software. The obtained results
show an increase of the indentation depth (hf). The
projected area values also indicate the deterioration
of the material, however, significant changes can be
noticed for the sample SMC C (Fig. 9).

Obtained results are coherent with the
mechanical tests (PN-EN ISO 14125:2001)
which revealed 3 % flexural strength decrease.

Fig. 8. The distribution of energy dissipation for sur-
face deformation. The data was acquired with
NanoSwing technique.

Therefore, the better insight into the deteriora-
tion process could be obtained using the novel
techniques. The high resolution methods revealed
significantly better sensitivity (even by almost two
orders of magnitude) than the classical approach.
Table 1 summarizes the ratios of certain factors
obtained for each measurement technique in
order to emphasize the advantages of the new
measurement methods. Such an advantage is
related to detection of surface parameters, where
the solar radiation has the most severe impact
(Fig. 10). Therefore, the presented methods can
be used for performing faster and cheaper test
procedures of materials as smaller samples are
required than for standard tests. Also the time of
exposition to certain media can be reduced. Such
an approach may be particularly effective during
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Table 1. The ratios of selected factors obtained for presented measurement techniques showing the sensitivity of
detection of SMC surface deterioration.

Parameter B/A ratio C/A ratio

Atomic force microscopy

Sa 2.11 5.50
Sq 2.24 4.53
Sz 2.08 2.35
Sp 1.41 2.31
Sdr 1.64 8.19

Length 2.55 2.83
Perimeter 2.81 3.39

Z max 2.89 5.98
Young module 0.84 0.56

Energy dissipation 22.05 36.97

Optical profilometry

Sa 5.23 23.20
Sq 5.52 20.37
Sz 2.07 4.03
Sp 1.49 4.50
Sdr 13.80 90.63

Microcomputer Tomography
Area – 1.16

Breadth – 1.07
Material Volume – 0.63

Wettability 0.91 0.73
Impact strength – 0.97

the preliminary tests, where the number of the
samples is large; the “small dimension-large
quantity” approach may be cost-effective [29]. It
should be noted that the obtained data allowed us
to recognize the difference between the impact of
high temperature and humidity only, and combined
high temperature, humidity and light radiation.
The increase of the material deterioration caused
by the radiation is, in general, easy to observe in a
form of numerous submicron fractures, leading to
rapid progress of submilimeter decomposition of
the surface.

4. Summary and outlook

In this paper we presented the possibility of us-
ing high resolution based techniques in the investi-
gation of deterioration of a sheet moulded compos-
ite caused by the simulated solar radiation. Using of
the optical profilometry, atomic force microscopy
and microcomputer tomography was demonstrated

to prove their superior sensitivity for quantifying
and comparing the morphological and mechani-
cal properties of the surface in terms of the im-
pact of environmental conditions. The changes in
these factors reached even few orders of magni-
tude, while in case of standard techniques, such
as the flexural strength, only few percent decrease
was revealed. Therefore, basing on the results ob-
tained by high resolution methods, one can eas-
ily distinguish the degradation level of the sam-
ples, and use it for further analysis. It should be
underlined that recent development of the meth-
ods presented in this paper, allows us to perform
the calibration procedure in terms of providing the
traceability, which is essential for each test method.
Additionally, a unique NanoSwing mapping tech-
nique was also presented in terms of providing use-
ful information concerning the mechanical condi-
tion of a material. Further research will enable the
development of certain models allowing us to cor-
relate the standard-defined approaches with more
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Fig. 9. An example of the nanoindentation trace and a
graph showing the changes of indentation depth
and projected area of the investigated samples.

Fig. 10. The advantage of the measurement of the
degradation of the surface instead of whole vol-
ume of the material.

advanced and complex ones. Such an effort may
provide standardized investigation methods allow-
ing us to perform cheaper and faster tests, as
smaller samples may be exposed to certain medium
for shorter time periods.
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