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ARTICLE INFO ABSTRACT

Handling editor: M Meyers The objective of this study is to evaluate how various fillers, specifically stainless steel flakes and magnetite
powder, affect the visual attributes, durability and versatility of a water-based wood paint. To examine the in-
fluence of these two specific pigments on the overall look of the coatings, colorimetric measurements were
carried out. The impact of these distinct fillers on the durability of the layers was assessed by subjecting the
samples to xenon arc light exposure and cyclic thermal shocks, followed by colorimetric inspections and adhesion
tests. Furthermore, the fillers’ impact on the coating’s ability to act as a barrier was assessed through liquid
resistance and water uptake tests. Additionally, the Buchholz hardness indentation test and the Taber test were
conducted to quantify how these functional additives affect the mechanical properties of the coatings, such as
hardness and resistance to abrasion. Lastly, two specific tests revealed the fillers’ role in introducing unique
electrical conductivity and magnetic attractive properties to the paint. In conclusion, this study underscores the
intriguing influence of stainless steel flakes and magnetite powder, which not only impart vibrant colors and
distinct visual characteristics to the paint but also maintain the coating’s protective barrier properties, enhance
the mechanical properties of the composite layer, and introduce specific multifunctional features to the coating.
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1. Introduction

The coatings sector has always played a pivotal role in the economies
of many countries [1], as the preservation of components and their
durability has a significant economic impact [2]. For this reason, over
the years, coatings have been the subject of various innovative studies
aimed at further enhancing the protective properties of layers to extend
the service life of industrial components [3]. Today, it is taken for
granted to expect a coating to exert a significant protective influence on
the substrate to which it is applied. Moreover, current trends also
involve substantial aesthetic considerations, including color, gloss, and
texture of the protective layer. So, the coating cannot only serve a
protective function but also be aesthetically pleasing [4].

However, a current and rapidly growing trend believes that a single
coating should not only be protective and visually appealing but also
capable of offering additional functionalities [4]. For instance, it should
possess good abrasion resistance [5], be responsive to external stimuli
such as temperature [6] or light [7], express bactericidal activity [8] and
incorporate additives that can introduce thermal and electrical con-
ductivity features [9,10], which can be appreciated in highly
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technological industrial fields. These aspects pertain to metallic [11]
and ceramic coatings [12] but are also predominantly associated with
organic coatings [13].

Paints are one of the most widely used coatings globally, applied on
both metallic and wooden substrates. Specifically, wood has always
been one of the most utilized materials [14] in various industrial sectors,
valued for its ease of workability [15], specific chemical [16] and
physical [17] attributes and natural abundance. Moreover, during a time
in history when significant emphasis is placed on environmental con-
servation, wood is also viewed favorably as a renewable and biode-
gradable material that has no CO» footprint.

However, wood requires proper precautions, such as the application
of protective coatings [18,19], in order to reduce the physical-chemical
degradation of its lignocellulosic components caused by solar radiation
[20], moisture penetration into its structure [21], limit potential me-
chanical damage [22] or damage caused by chemicals [23], or safeguard
the wood from harmful microorganisms such as fungi [24,25]. In this
context, wood coatings have been the subject of various studies aimed at
improving their protective properties, often through the incorporation
of specific functional fillers [26]. For example, metallic and ceramic
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nanopowders have demonstrated an effective shielding effect against UV
radiation [27-29] or played a key role in increasing the hardness and
stiffness of the wood [30-32], as well as significantly reducing water
uptake phenomena in the coating [33]. Finally, metallic nanomaterials
have been used to impart effective antibacterial and fungicidal functions
to the coating [34-36].

Nevertheless, the contemporary wood coatings sector is focusing on
specific visual attributes to achieve vivid layers of color [37] by
exploring and creating novel pigments [38]. In this regard, recent
research [39,40] has delved into the durability of these pigment sources
in wooden coatings. Yet, a significant hurdle when employing these new
pigments is striking a balance between their dual roles of aesthetics and
protection. They must deliver unique visual effects while maintaining
the protective barrier qualities of the organic coating. Considering,
obviously, the multifunctionality aspects mentioned previously.

From this standpoint, stainless steel flakes and magnetite powder
present appealing options for incorporating fresh visual elements and
multifaceted characteristics into wood coatings. Indeed, these two sub-
stances, besides possessing distinct colors, also exhibit intriguing mag-
netic properties that have not been previously associated with wood
paints. For instance, stainless steel flakes have been employed in recent
studies to enhance the mechanical characteristics of organic matrix
composites [41] and to elevate the resistance to abrasion in both organic
[42,43] and inorganic coatings [44,45]. Moreover, the stainless steel
flakes are part of the High-Performance Pigments family [46], metallic
effect pigments [47,48] highly regarded by the current pigment in-
dustry. Likewise, magnetite micropowders were introduced into organic
coatings to assess their influence on the layer’s corrosion resistance
[49], enhance adhesion and flame retardant properties of the film [50],
and introduce self-repairing capabilities [51].

However, even with these considerations, neither stainless steel
flakes nor magnetite powder have ever been used in wood coatings.
Hence, this study seeks to explore the versatile influence of two distinct
additives, namely stainless steel flakes and magnetite powder, on the
performance of a water-based wood paint. The research not only as-
sesses the aesthetic and multifunctional attributes introduced by these
additives but also scrutinizes how the they affect the durability of the
polymer coating when subjected to accelerated degradation tests. Lastly,
the research delves into the multifunctional role of each filler separately,
investigating their impact on the mechanical, electrical, and magnetic
properties of the composite coating.

To enable a direct comparison of their performance, an equal
quantity of fillers was individually incorporated into a commercial
water-based paint. The influence of these fillers on the composite layers’
structure and aesthetic properties was evaluated through a combination
of scanning electron microscope (SEM) imaging, colorimetric assess-
ment, and gloss analysis. This comprehensive approach was employed to
characterize the impact of these additives on both the morphological
characteristics and the appearance of the coatings. The influence of the
fillers on the coatings’ durability was assessed through two distinct
accelerated degradation tests: exposure in a climatic chamber and in a
xenon chamber. The primary objectives were to evaluate the barrier
properties and the stability in terms of protection against color alter-
ation. To monitor potential deterioration of the coatings, colorimetric
analyses were conducted, tracking any associated aesthetic changes.
Additionally, the cross-cut test was utilized to gauge the impact of
thermal shocks on the adhesion of the coatings. Furthermore, the pro-
tective effectiveness of the coatings was examined through a chemical
resistance test and a liquid water uptake test, with an analysis of po-
tential color changes in the samples, to determine whether the fillers had
any influence on the paint’s barrier characteristics. Lastly, the multi-
functional contribution of the two fillers was scrutinized with regards to
abrasion resistance, electrical conductivity, and the magnetic properties
exhibited by the paint.
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2. Materials and methods
2.1. Materials

The Eckart Italia company (Rivazzano, PV, Italy), provided the
lamellar stainless steel flakes labeled as STAY/STEEL LN 25, and these
were used in their original state. The flakes have apparent density
ranging from 0.2 to 0.4 g/cm® and are composed of stainless steel AISI
6126, with a composition of 10.0-20.0 wt% Cr — <0.1 wt% Ni - <1.0 wt
% Co — 2.5-10.0 wt% Mn — 1.0-5.0 wt% Mo — Fe bal. The supplier’s
dimensional analysis specifies that the values for D10, D50, and D90 are
in the ranges of 3.0-10.0, 20.0-27.0, and 35.0-55.0 pm, respectively.
The magnetite powder was supplied by 2Dto3D, (Torino, Italy) and used
as received. The material consists of a minimum of 95 % Fe30,4 and
exhibits manufacturer-specified D50 and D90 values of 35 pm and 80
pm, respectively. The poplar wood panels, measuring 150 x 150 x 2
mm? in dimension, were sourced from Cimadom Legnami (Lavis, TN,
Italy). The waterborne acrylic paint, denoted as TECH20, was procured
from ICA Group (Civitanova Marche, AN, Italy). This paint formulation
is derived from feedstocks originating from sustainable and renewable
sources. Sodium chloride (with a minimum purity of 99.0 %) and
ethanol (with a purity of 99.8 %) were acquired from Sigma-Aldrich (St.
Louis, MO, USA), and were utilized in their original form. For liquid
resistance assessments, the following products were procured: Suma Bac
D10 Cleaner and Sanitiser, a commercial detergent disinfectant product
by Diversey (Fort Mill, SC, USA), which contains benzalkonium chloride
within the range of 3.0-10.0 wt%, and Catafor 502XC cataphoretic red
ink manufactured by Arsonsisi (Milan, Italy).

2.2. Samples production

To attain a smooth texture, the initial step involved sanding the
poplar wood panels with 320 grit paper. Consequently, the commercial
paint formulation was adjusted by introducing stainless steel flakes and
magnetite powder, respectively, to achieve a total filler content of 30 wt
% in both the formulations. The choice of this amount was based on
initial tests that demonstrated satisfactory multifunctional properties in
both solutions. While the paint and coatings industry commonly oper-
ates using pigment volume concentration (PVC) [52,53], the two sets of
fillers were added at identical weight percentages to emphasize the
impact of their varying densities. This emphasis was crucial as it led to
entirely distinct multifunctional performances, as elaborated in para-
graph 3. Subsequently, the two paint blends underwent mechanical
mixing for a duration of 30 min before application. Therefore, the paints
were applied through spraying onto the prepared hardwood surfaces
and allowed to air dry for a duration of 4 h at room temperature. This
deposition and curing cycle was repeated twice. The application of the
paint followed the supplier’s recommendations, utilizing a pressure
level of 3 bar and an application rate of 100 g/m?. Consequently, the
study assessed the impact of the two distinct fillers in the coatings, as
outlined in Table 1, which presents the naming conventions for the three
sample series considered in this research. The performances of the two
samples containing the stainless steel flakes and the magnetite powder
were compared with the behavior of sample REF, produced as a refer-
ence as it has no fillers added to the commercial paint.

Table 1
Sample naming convention.

Samples nomenclature category of additivated filler (30 wt%)

REF /
SSF Stainless steel flakes
MAG Magnetite powder
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2.3. Characterization

The SEM analysis was conducted using the JEOL IT 300 low vacuum
scanning electron microscope (JEOL, Akishima, Tokyo, Japan) to eval-
uate the characteristics of the two fillers and to examine the surface and
cross-sectional morphology of the coatings. The objective was to assess
how both the flakes and magnetite influenced the compactness and
structural morphology of the layers.

The visual attributes of the coatings were assessed using colorimetric
analysis conducted with a Konica Minolta CM-2600d spectrophotometer
(Konica Minolta, Tokyo, Japan) in SCI mode, utilizing a D65/10° illu-
minant/observer configuration. Gloss measurements were performed
using an Erichsen 503 instrument (Erichsen Cofomegra Instruments,
Milan, Italy), following the ASTM D523/14 standard [54].

Two accelerated degradation tests were conducted to simulate
exposure to severe conditions, with the aim of subjecting the coatings to
particular stresses and evaluating potential changes in the durability of
the layers resulting from the introduction of the flakes and the magnetite
in the commercial paint.

In accordance with the ASTM G155-05 standard [55], the samples
were placed in a Xenon Arc Light Apparatus Q-SUN Xe-1 Xenon Test
Chamber (Q-Lab Corporation, Westlake, OH, USA) for a duration of 300
h (60 W/m? - 50 °C) to assess the resistance of the coatings to the
degradation caused by exposure to solar radiation. The physical decay of
the composite layers was evaluated by means of colorimetric analyses
and gloss measurements.

To assess the impact of the two fillers on the paint’s thermal resis-
tance, the samples were subjected to drastic temperature variations
using the ACS DM 340 climatic chamber (Angelantoni Test Technologies,
Perugia, Italy). The exposure test, as per the UNI 9429 standard [56],
consisted of 15 cycles, each comprising.

e 4 h at +50 °C with relative humidity below 30 %;
e 4hat —-20 °C;
e 16 h at ambient temperature.

To prevent undesired moisture absorption by the poplar wood
samples measuring 70 x 70 x 2 mm?>, silicone was employed to seal
their five untreated surfaces. At intervals of every three exposure cycles
in the climatic chamber, colorimetric investigations were performed to
document any alterations in the coatings’ appearance over the course of
the test. Additionally, optical microscope Nikon SMZ25 (Nikon In-
struments Europe, Amstelveen, the Netherlands) examinations were
carried out to detect the possible development of micro-defects at the
conclusion of the test. Likewise, the cross-cut test was executed
following the ASTM D3359-17 standard [57] to assess potential varia-
tions in coating adhesion resulting from the alternating thermal cycles.

The impact of the two unique fillers on the acrylic matrix’s ability to
act as a barrier was investigated using chemical resistance tests in
accordance with the GB/T 1733-93 standard [58]. Filter paper was
immersed in four distinct solutions: 15 % sodium chloride, 70 % ethanol,
detergent, and red ink. Subsequently, each saturated filter paper was
positioned onto the coating surface and covered with a glass sheet. After
a 24-h period, the glass cover and filter paper were removed, and any
remaining liquid on the coating surface was absorbed. Colorimetric
analyses were then employed to assess any imprints and changes in
color. Additionally, the liquid water absorption test was conducted in
accordance with the EN 927-5:2007 standard [59] to assess the water
permeability of the coatings. The five uncoated surfaces of the 40 x 40
x 2 mm® poplar wood panels were hermetically sealed with silicone,
using the same sealing procedure as employed during exposure in the
climatic chamber, to prevent water absorption by the wood substrate.
The samples were pre-conditioned at 65 % relative humidity and 20 °C,
following which they were placed to float in a container filled with
water. The moisture absorption, expressed in grams per square meter
(g/m?), was calculated by monitoring the change in mass before and
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after 6, 24, 48, 72, and 96 h.

The influence of the two fillers on the mechanical properties of the
acrylic matrix was examined through both the Buchholz hardness
indentation test and the Taber test. The Buchholz test, conducted in
compliance with the ISO 2815 standard [60], involved measuring the
length of the indentation created by the standardized instrument. Taber
tests were conducted with a TABER 5135 Rotary Platform Abrasion
Tester (Taber Industries, North Tonawanda, NY, USA) following the
guidelines specified in the ASTM D4060-19 standard [61], employing
two CS17 abrasion wheels. The samples underwent a total of 3000 Taber
cycles, during which the extent of mass loss was monitored. Addition-
ally, after completing the test, the abrasion profile was assessed using a
roughness meter Waveline W600 (OGP HOMMEL, Desio, MB, Italy) to
evaluate how the two fillers contributed to reducing abrasive wear.
Lastly, the SEM was employed to observe the sample morphology,
providing insights into how the two additives responded to the abrasive
phenomenon.

Lastly, the multifunctional characteristics of the two filler types were
evaluated, focusing on electrical conductivity and magnetic properties.
The electrical conductivity of the coatings, influenced by both fillers,
was assessed in accordance with the ASTM D257-07 standard [62], as
previously detailed in earlier research [63,64]. This involved posi-
tioning two parallel silver paste electrodes (measuring 100 mm x 5 mm)
on the sample’s surface, separated by a 10 mm distance. The VersaSTAT
4 potentiostat (AMETEK, Cassatt Road Berwyn, PA, USA) was employed
to apply a 10 V voltage across these electrodes, enabling an examination
of how the fillers contributed to the conductivity behavior of the com-
posite coatings. The 10 V were applied for a time equal to 600 s, useful
for allowing the system to settle around a stable current value measured
between the two electrodes applied to the surface of the coating. The
measurement setup is schematized in Fig. 1a. In contrast, Fig. 1b illus-
trates the procedure employed to assess the magnetic characteristics of
the coatings. This involved placing a magnet with a 1 cm? surface area,
connected to weights of varying magnitudes, onto an analytical balance.
Following this, the sample was gradually approached to the magnet to
measure the attractiveness of the paint. The maximum weight lifted was
then quantified in N/m?, representing the magnetic force exerted by the
sample.

3. Results and discussion
3.1. Additives and coatings morphology

Fig. 2a, acquired with SEM, displays the morphology of stainless
steel flakes, which exhibit a combination of regular and more irregular,
jagged shapes. Concerning the dimensional assessment of the filler, the
flakes are consistently less than 60 pm in width and possess a very small
thickness, measuring less than 1 pm, as emphasized in the magnification
of the figure. In contrast, magnetite powders exhibit markedly distinct
structures and dimensional variations, as depicted in Fig. 2b. These
granules possess a three-dimensional morphology, characterized by
considerable irregularity and a wide range of sizes. Within this spec-
trum, it is possible to observe very fine powders at the micrometer scale,
as well as much larger granules, approximately 50 pm in size. Never-
theless, both types of fillers have dimensions that are suitable for spray
applications in the development of protective wood coatings.

As a result, the two additives were employed as versatile wood pig-
ments through their incorporation into a commercial acrylic paint. Fig. 3
illustrates both the cross-sectional view (on the left) and the top-view
appearance (on the right) of the three series of samples under investi-
gation. Fig. 3a, which pertains to the reference sample REF, demon-
strates that the commercial paint yields uniform coatings with consistent
thickness and minimal defects. The incorporation of a substantial
amount of flakes, on the other hand, results in significant alterations in
the morphology of the coating, as depicted in Fig. 3b. The cross-sectional
view of the layer reveals a pronounced presence of flakes, primarily
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Fig. 1. Measurement setup [cross view] for a) conductivity and b) for magnetic attraction of composite coatings.

oriented in a parallel direction to the wooden substrate. This phenom-
enon could be attributed to the settling of the flakes during the curing
process of the polymer matrix. The release of moisture may induce the
reorientation of the filler and contribute to an increase in the overall
compactness of the layer. A similar occurrence, albeit with lesser extent,
had been previously noted in a prior study focused on the utilization of
stainless steel flakes in wood coatings [65]. The top-view depiction of
the sample, as shown in Fig. 3b, illustrates that the flakes are predom-
inantly oriented parallel in relation to the coating’s surface, thereby
corroborating their arrangement within the polymer matrix observed in
the cross-sectional view. Fig. 3c, on the other hand, exhibits a distinct
behavior of the magnetite powders. Despite their uniform dispersion
throughout the coating, as further affirmed by the top-view image in
Fig. 3c, the granules demonstrate a specific pattern. The larger particles,
indeed, are primarily found at the bottom of the coating in contact with
the substrate but are also present in the middle of the layer itself. This
occurrence can be attributed to the substantial weight of the magnetite,
leading to the settling of the larger particles during the polymer matrix
curing process, which took place by arranging the samples in a flat po-
sition. Consequently, the two "lines" formed by the larger granules, one
at the bottom and the other in the middle of the coating, highlight the
two layers formed as a result of the dual depositions of the composite
paint. Moreover, the incorporation of magnetite results in the formation
of a coating with a thickness that expands from approximately 180-190
pm in samples REF and SSF to around 250 pm in sample MAG. This is
due to the substantial increase in the volume of deposited material
caused by the presence of the larger granules. Hence, the filler not only
changes the morphological characteristics of the coating but also mod-
ifies its dimensions, indicating a noteworthy influence on the protective
attributes of the acrylic matrix. Nonetheless, it is quite encouraging to
note the substantial presence of both flakes and magnetite granules
within the coating section. To examine the internal structure of the
coatings, the samples underwent a brittle fracture process in liquid ni-
trogen. Despite the destructive nature of this procedure, both types of
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fillers remained firmly adhered to the coating, indicating excellent
compatibility with the acrylic matrix.

To assess the visual impact of the fillers, colorimetric measurements
were conducted on the samples, determining the color change AE in
comparison to the REF coating, which consists solely of the acrylic
matrix. AE was computed in accordance with the ASTM E308-18 stan-
dard [66]:

AE=[(AL*) + (Aa’)* + (Ab*)2] 2

where, L*, a*, and b* represent the colorimetric parameters for bright-
ness (ranging from O for black to 100 for white objects), the red-green
axis (positive values indicate red, while negative values indicate
green), and the yellow-blue axis (positive values correspond to yellow,
while negative values correspond to blue), respectively. Table 2 displays
the measurements of the three coordinates L*, a*, and b* obtained for
each individual series of samples, along with the calculated AE in
comparison to the reference sample REF. To gain insight into how the
samples look, it is possible to consult the image provided in Fig. 7.
Incorporating flakes into the paint, and even more prominently, adding
magnetite granules, results in a noticeable darkening of the coating, as
indicated by the decline in L* values. This effect is linked to the
reduction of b* towards neutral values, causing the disappearance of the
underlying wood’s yellowish tone. Essentially, both fillers contribute to
the opacity of the acrylic matrix, introducing distinct colors to the layer.
In particular, the flakes introduce a metallic sheen and a grayish hue to
the coating, while the MAG sample exhibits a deep black appearance.
These effects result in a highly pronounced alteration in color AE when
compared to the REF sample, amounting to roughly 30 points for the SSF
sample and 66 points for the MAG sample. These two values hold sig-
nificant relevance, particularly when taking into account that the human
eye can discern color variations AE of approximately 1 unit [67,68].
Similarly, the addition of the two fillers to the acrylic matrix leads to a
reduction in gloss (Table 2), which drops to values of approximately 11
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-,

Fig. 2. SEM micrographs of a) the stainless steel flakes and b) the magnetite powder.

and 21 for samples SSF and MAG, respectively.

As aresult, it is feasible to ascribe a vivid color transformations to the
two fillers, which can associate them to standard commercial pigments.
Additionally, the two additives affect the paint’s reflective properties, as
indicated by the decrease in gloss. Alongside their significant influence
on the visual characteristics of the coatings, the two fillers introduce
notable alterations in the composite layer’s structure, yet without
causing substantial defectiveness.

3.2. Durability of the coatings in aggressive environments

Both the stainless steel flakes and magnetite powder play distinct
roles in altering the visual characteristics of wood paint. However, to
ascertain whether these fillers influence the paint’s long-term durability,
all three sample series underwent accelerated degradation assessments,
including Xenon arc light exposure and climatic chamber exposure tests.

In recent research, the impact of functional fillers and bio-based
pigments on the protective properties of wood paints has been
explored [65,69-72]. These investigations involved the assessment of
paint degradation through accelerated degradation tests, which
included exposure to UV-B and UV-A radiations. These tests were
accompanied by infrared spectroscopy FTIR analysis. However, it’s
worth noting that this analysis method proved ineffective in revealing
specific phenomena induced by the degradation tests, mainly due to the
robust UV resistance of acrylic paint. Moreover, the detection of inor-
ganic fillers like stainless steel flakes and magnetite powders proves
challenging through infrared analysis. Hence, the potential degradation
of the samples in this research was assessed using straightforward
colorimetric and gloss analyses. In addition, to produce a more realistic
simulation of solar radiation exposure, the samples underwent
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accelerated testing utilizing xenon lamps, instead of the more aggressive
yet less representative UV-A and UV-B radiation.

Fig. 4a illustrates the change in color AE observed throughout the
accelerated degradation test of the three samples. It is compared to the
behavior of the wooden panel, which serves as an additional reference to
underscore the protective function of the paint. The poplar wood ex-
hibits a significant and immediate alteration in color, primarily attrib-
uted to the rapid degradation of its primary constituents, namely
cellulose, hemicellulose, and lignin, associated to a noticeable yellowing
of the sample. Although the degradation process is equally swift, sample
REF experiences less pronounced changes in color, amounting to
approximately 5 points. The acrylic paint, in fact, acts to decelerate the
deterioration of the wooden substrate and remains resilient to the
impact of aggressive radiation due to its inherent durability [73,74].
Indeed, the AE of 5 points observed in Sample REF, indicating a mild
yellowing, primarily results from the degradation of the underlying
wood rather than any chemical deterioration of the coating. This
conclusion finds support in a recent investigation [36], which has
empirically demonstrated that transparent acrylic wood paints do not
manifest aesthetic changes when applied to surfaces that do not undergo
color alterations upon exposure to UV radiation. Consequently, the paint
can only offer partial mitigation of wood deterioration phenomena.
Furthermore, owing to the paint’s transparency, any color shift induced
by the xenon lamp radiation in the wood substrate remains visible.
Conversely, the incorporation of steel flakes appears to mask these
degradation effects. Importantly, the durability of this material remains
unaltered even when exposed to UV radiation, as noted in prior research
[75]. Additionally, the flakes contribute to shielding by partially
reflecting the ultraviolet radiation [76]. Likewise, sample MAG dem-
onstrates hardly any noticeable alteration in color due to its strong
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Fig. 3. SEM micrographs of the cross-section (on the left) and top-view optical microscope micrographs (on the right) of a) sample REF, b) sample SSF, and c)

sample MAG.

Table 2
Results of the colorimetric and gloss measurements.

resistance to UV

radiation, a quality previously utilized in scientific

literature to safeguard vulnerable substrates from photochemical dete-

rioration [77]. Ultimately, both the flakes and the magnetite offer the
benefit of concealing any undesirable aesthetic problems arising from
wood degradation due to their high covering ability, which resembles
that of other fillers that impart a dark color to the paint [69].
Regardless, the gloss measurements (depicted in Fig. 4b) do not

tential degradation phenomenon, primarily linked to
as they reveal minimal fluctuations throughout the
In conclusion, the acrylic paint demonstrates

Sample L* a* b* AE (respect to sample REF) Gloss (60°)
REF 88.63 0.28 18.01 0.00 30.8
SSF 63.84 0.25 1.73 29.66 11.1
MAG 25.1 0.54 0.02 66.03 21.0
emphasize any po
the wooden base,
accelerated test.
a) b)
20 T T T T T
+*— Wood
REF :
SSF ? 3
154 —*r—MAG
»
i 5
; o
- ¥ »
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Fig. 4. Evolution of a) color and b) gloss of the samples during Xenon exposure test. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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commendable chemical resistance to Xenon light, effectively retarding
the photo-oxidation degradation of the wooden substrate to some
extent. However, the paint’s transparency does expose the yellowing of
the wood. On the other hand, both the steel flakes and magnetite
powders exhibit resilience to the accelerated degradation test, partially
mitigating UV radiation, and thus preserving the visual appeal of the
sample. Consequently, the durability and color-preserving attributes of
the functional pigment remain intact for outdoor applications, even
when the painted component is directly exposed to solar radiation.

As per the evaluation criteria presented in Table 3, the assessment of
sample performance during the climatic chamber exposure test is based
on the extent of crack formation and the potential occurrence of whit-
ening phenomena, as stipulated by the UNI 9429 standard [56].

Due to their vulnerability to low temperatures and their suscepti-
bility to moisture penetration through their inherent bulk porosity,
organic coatings are often prone to sudden temperature fluctuations.
Such occurrences can lead to the formation of fissures in the coating [36,
69], potentially compromising the polymer layer’s ability to effectively
safeguard the underlying substrate. Consequently, the assessment of
crack development is a critical aspect when evaluating coating perfor-
mance under thermal stress. In this regard, the three sample series
yielded positive results, as the respective coatings did not exhibit
noticeable cracks. As per the standard guidelines, all three layers fall
within category 0, signifying that no imperfections were detected
through 4x optical microscope inspections. Therefore, irrespective of the
type of filler integrated into the coating, it can be confidently stated that
both the stainless steel flakes and the magnetite powder do not induce
any structural distortions in the polymeric matrix due to thermal stress.
Furthermore, the three categories of samples also display a favorable
behavior with respect to the constancy of their appearance, akin to the
classification of "cracks”. Fig. 5 depicts the progression of the overall
color variability, AE, as the outcome of five colorimetric assessments
conducted for each sample, with three samples in each set (resulting in a
total of 15 measurements per set). All three samples show a color change
so low that it can be considered negligible for testing purposes.
Furthermore, this chromatic stability seems to be enhanced by the
addition of flakes, but especially by magnetite. This phenomenon is
closely related to the dark shades imparted by the two fillers, which
mask potential whitening phenomena (already very limited in the
polymer matrix of the reference sample REF). Indeed, the rise in the L*
value is insignificant (less than 1 unit), indicating imperceptible whit-
ening effects.

Lastly, the cross-cut test was executed on the samples before and
after their exposure in the climatic chamber to investigate whether the
accelerated degradation test had induced any issues regarding the
adhesion between the coatings and the wooden substrate. Fig. 6 shows
the test results, which highlight excellent performance of all three types
of coatings, whose adhesion does not appear to be negatively affected by
the thermal shocks they have been subjected to. In accordance with the
ASTM D3359-17 standard [57], all the specimens unmistakably
demonstrate a grade 5B, the most superior, regarding adhesion, with no
observable coating detachment. Consequently, both the flakes and the
magnetite powder illustrate that they do not induce noticeable flaws in
the polymer matrix of the coating, nor do they promote moisture ab-
sorption in the composite film. This preserves the strong adhesion of the

Table 3
Classification of crack formation and whitening as a result of exposure in the
climatic chamber.

Category  Cracks Whitening
0 No alterations No whitening
1 Defectiveness discernible exclusively with 4x optical ~ Light
system whitening
2 Evident cracks or breaks High
whitening
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Fig. 5. Alteration in color of the samples under climatic chamber conditions.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

layer, even following repeated thermal stresses.

In summary, all the test samples demonstrate remarkable resilience
to extended temperature fluctuations, with the coatings showing only
minimal whitening and fracture development. These results can be
attributed to the excellent adhesion stability of the coatings, which re-
mains unaltered during the accelerated degradation test. The introduc-
tion of both filler types, known for their durability under thermal stress,
has no impact on the protective qualities of the acrylic paint. Clearly,
both the stainless steel flakes and the magnetite powder could be utilized
in outdoor coatings for areas subject to substantial temperature
fluctuations.

3.3. Coatings liquid resistance

The liquid resistance test is a common procedure aimed at acquiring
pertinent data regarding the protective attributes of wood coatings and
the potential consequences of pigments [38,78] and additives [70,79]
integrated into the paint formulation. The appearance of the coatings
after testing is depicted in Fig. 7. Upon closer inspection of the image, it
becomes evident that the three sets of samples display varying behav-
iors. In general, the solutions containing NaCl, ethanol, and detergent
have a minimal impact on the visual aspect of the coatings, while the
presence of red ink significantly alters the overall appearance of the
samples.

Hence, colorimetric analyses were carried out to more precisely
determine the extent of sample discoloration upon exposure to the
designated test solutions. Fig. 8 illustrates the measurement outcomes,
emphasizing the pattern previously noted in Fig. 7. The solutions con-
taining NaCl, ethanol, and detergent induce only minor alterations in the
samples’ appearance, registering within the range of 0-1. The acrylic
paint (sample REF) demonstrates exceptional chemical resistance,
seemingly impervious to the filler’s influence. In fact, the overall AE
values are remarkably limited, underscoring the composite coatings’
capacity to provide effective insulation, even when incorporating sub-
stantial quantities of stainless steel flakes and magnetite powders.
However, it’s worth mentioning that the aesthetics of the coatings are
noticeably affected by red ink, leading to uniform color modifications
ranging from grade 3 to 5 in all three coatings. This outcome was ex-
pected, given red ink’s potent coloring properties and its easy absorption
into the polymeric matrix of paints, as previously indicated in other
literature studies [70-72]. Indeed, the acrylic matrix readily assimilates
the red ink, leading to pronounced coloration in sample REF. However,
the presence of stainless steel flakes substantially curtails this effect,
reducing the degree of discoloration from 5 to 3. This outcome can also
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Fig. 6. Cross cut test results before and after exposure into the climatic chamber of a) sample REF, b) sample SSF and c)sample MAG, observed with opti-

cal microscope.

be attributed to the initially darker base color, which effectively masks
the color alteration brought about by the ink. On the other hand, despite
the robust black base color of sample MAG, its interaction with red ink
results in a noticeable yellowing of the coating, leading to a color shift of
grade 5. Therefore, the initial shade of the sample does have some in-
fluence on its resistance to liquids. However, it is essential for the filler to
play a role in terms of creating a barrier against solution absorption. In
this scenario, the compactly distributed flakes oriented parallel to the
coating’s surface work to reduce ink absorption, while the magnetite
granules introduce discontinuities within the acrylic matrix, allowing
for the percolation of the test solution.

Nonetheless, the liquid resistance test provides solely qualitative
insights, primarily related to the color alterations in the coatings.
Consequently, to assess the actual quantitative impact of incorporating
stainless steel flakes and magnetite powder on the coatings’ barrier
properties, the samples were additionally exposed to the liquid water
uptake test, monitoring the water absorption of the coatings. Fig. 9 il-
lustrates the evolution of water absorption observed in the experiment.
All three sample groups demonstrate a comparable pattern, initially
showing substantial liquid intake. As the experiment progresses, the rate
of water absorption by the coatings gradually diminishes. This repre-
sents a typical trend of wood coatings, already observed in previous
literature works [70,72,81]. Despite a very similar trend, the graph
highlights slight differences among the outcomes of the three samples,
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consistent with the results of the liquid resistance test expressed in
Fig. 8: the flakes, rather than the magnetite, exert a slight barrier effect
on the solution absorption within the coating, as indicated by the lower
water uptake values of sample SSF. The reduction in water uptake
compared to the reference sample REF, approximately 11.5 %, high-
lights the protective contribution of the flakes, as already indicated by
the reduced color change upon contact with the red ink. Once again, the
specific 2D structure of the flakes and their partial orientation within the
coating play a crucial role in influencing the performance of the acrylic
matrix.

In summary, the stainless steel flakes exhibit a notable reinforcing
influence on the acrylic matrix’s barrier properties within the coating,
surpassing the impact of magnetite powder. More precisely, they express
the ability to partially mitigate the color changes induced by aggressive
solutions when they come into contact with the composite layer, thereby
decreasing their absorption. As a result, the findings endorse the
incorporation of such additives as functional pigments for outdoor ap-
plications, where coatings may be exposed to external agents, such as
aggressive liquids.

3.4. Coatings multifunctional features

In the modern paint market, there is a shift away from the mere need
for protective and visually appealing coatings. Instead, there is a
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Fig. 7. Change of the appearance of the samples after the liquid resistance test.
Indeed, the assessment of test results relies on gauging the extent of color
change resulting from the interaction between the coating and the test solu-
tions, as indicated by the sources cited in Table 4 [80]. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 8. Color variation of the samples after the liquid resistance test. The
numbers displayed above the columns reflects the discoloration levels detailed
in Table 4. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

growing demand for multifunctional coatings that can encompass
additional properties suitable for various technological applications.
Keeping this objective in view, the samples underwent several charac-
terization tests to explore the multifaceted role of the chosen additives.

3.4.1. Coatings hardness and abrasion resistance

Fig. 10 provides a visual illustration of the marks created by the
indenter on the surface of the three coatings. While these three images
might seem quite alike, the behavior of sample SSF (Fig. 10b) actually

1018

Journal of Materials Research and Technology 29 (2024) 1010-1024

Table 4
Values indicating color alteration in correspondence with the degree of fading.

Level Degree of Discoloration Color Difference
0 no color change <15
1 very slight fading 1.6-3.0
2 subtle alteration in color 3.1-6.0
3 visible discoloration 6.1-9.0
4 drastic fading 9.1-12.0
5 total loss of color >12.0
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Fig. 9. Monitoring of the water uptake by the coatings.

diverges from the other two samples under investigation. Specifically,
the length of the indentation is notably reduced, indicating an enhanced
hardness in the acrylic matrix due to the presence of stainless steel
flakes.

Fig. 11 better evidence this behavior, depicting the outcome of
measurements of the Buchholz hardness test, with the average length of
the impressions made by the instrument’s indenter device correspond-
ing to the Buchholz hardness value. The acrylic matrix exhibits notable
less hardness, making it susceptible to indenter penetration. As a result,
the recorded hardness values are quite low, averaging less than 50 on the
Buchholz scale. Conversely, the incorporation of flakes leads to a sig-
nificant 14.7 % reduction in the average notch length, resulting in an
increase in hardness to a value of 50. In the end, stainless steel flakes are
acknowledged for their favorable mechanical characteristics. A recent
study concluded that this filler enhances the hardness of even an
aluminum matrix, functioning as a rigid supporting component [82].
Additionally, prior research has successfully shown that even minor
additions of flakes can bring about a substantial enhancement in the
hardness of acrylic paints [65]. Otherwise, the impact of magnetite is
less pronounced, with sample MAG revealing a modest 5.0 % increment
in the hardness of the acrylic matrix. Despite the greater hardness of
magnetite relative to the acrylic matrix, the tiny granules located near
the surface are incapable of exerting a substantial influence on the
coating’s hardness attributes.

Nonetheless, the mechanical properties of magnetite and its favor-
able compatibility with the acrylic matrix influence the coating’s resis-
tance to abrasion. The pattern of mass reduction in the three coatings
throughout the Taber test is illustrated in Fig. 12. The trend of mass loss
displays an almost linear progression over the course of the test, with
variations occurring in the steepness of the curves for the three samples.
The introduction of stainless steel flakes, and particularly magnetite
powder, leads to a decrease in mass loss during the abrasion procedure.
After 3000 Taber cycles, samples SSF and MAG exhibit a reduction in
mass loss by 9.6 % and 26.1 %, respectively, in comparison to the pure
acrylic matrix (REF sample).
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Fig. 10. Optical microscope images of Buchholz test notches on a) sample REF, b) sample SSF and c) sample MAG.
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Fig. 11. Average length of indentation marks in Buchholz hardness testing,
alongside their respective Buchholz hardness results.

Nonetheless, when evaluating the performance of the three samples,
it’s important to consider the varying densities of their respective
coatings. The acrylic matrix possesses a specific weight that ranges from
1.01 to 1.18 g/cm?, whereas stainless steel flakes and magnetite pow-
ders have different bulk densities of about 0.2-0.4 g/cm® and approxi-
mately 5.10-5.20 g/cm?, respectively. As a result, due to the distinct
volumes associated with the same mass loss, the samples were subjected
to a profile analysis of the imprint created after 3000 Taber cycles to
more effectively emphasize the extent of the abrasion process. An
illustration of these measurements, demonstrating the behavior of all
three samples, is presented in Fig. 13. The graph illustrates a decrease in
the imprint depth in the SSF and MAG samples, amounting to roughly
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Fig. 12. Coatings mass loss, as a function of the Taber cycles.

4-5 pm, corresponding to an enhancement of around 20 %. As a result,
the analyses emphasize the efficient enhancement brought about by the
two fillers, significantly diminishing the effects of the coating’s abrasion
process.

Because the abrasion profiles of the SSF and MAG samples are
similar, yet they display distinct mass loss behaviours in the Taber test, it
can be concluded that the inclusion of these two fillers does not
considerably change the ultimate density of the coating. Thus, the varied
mass removal during the abrasive process is not attributed to differing
filler densities, but rather to their distinct protective performances.
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Fig. 13. Profile analysis of the footprint generated following 3000 Taber cycles.
The values in the legend correspond to the mean maximum depth calculated
from 50 measurements for each series (comprising 10 measurements for
5 samples).

Thus, for a more in-depth examination of the reinforcement mechanism
enacted by these fillers, SEM analysis was performed on the samples
after the Taber test. Fig. 14 displays the impression created by the Taber
grinding wheels observed with the optical microscope (left) and a closer
examination of the damage morphology scrutinized using SEM (right).
The impression is readily visible when examined through the optical
microscope, a result of the notably intense abrasive action induced by
the Taber test. Nevertheless, the most valuable insights are obtained

Journal of Materials Research and Technology 29 (2024) 1010-1024

from SEM examinations. In sample REF (Fig. 14a), the acrylic matrix
displays the characteristic abrasion marks left by the Taber grinding
wheels, showcasing a consistent erosive pattern along the entire path.
Even the surfaces of the stainless steel flakes (Fig. 14b) exhibit evidence
of the abrasive wheel’s movement. Despite the rigorous abrasion and the
shear forces they endure, numerous flakes remain undamaged, show-
casing their impressive resilience. The horizontally oriented flakes serve
as a sliding surface for the grinding wheel, thereby mitigating its abra-
sive impact. Conversely, flakes that deviate from perfect parallel align-
ment with the coating plane undergo plastic deformation, consequently
dissipating the abrasive energy of the grinding wheel. Indeed, a recent
investigation [44] delved into the influence of these flakes on porcelain
enamel coatings, unveiling the remarkable protective benefits brought
about by the filler. The flakes experienced instances of plastic defor-
mation resulting from the abrasive process, as outlined in the study. The
prior research, which explored the impact of varying concentrations of
stainless steel flakes, underscored the valuable protective role played by
this filler [65]. This flakes not only exhibit strong compatibility with the
acrylic matrix but also effectively disperse energy through plastic
deformation, contributing to their excellent protective properties.
Lastly, also the magnetite granules exhibit a capability to reduce the
abrasive effects of the Taber grinding wheels (Fig. 14c¢). In this instance,
their protective role is attributed to the inherently brittle nature of the
granules. The larger granules tend to fracture under the abrasive action,
producing micro-dust particles that provide increased resistance to the
grinding wheel’s movement. Additionally, a significant number of these
resultant by-products tend to fill the defects generated within the
polymer matrix, as depicted in the figure, enhancing the stability and
shear stress resistance of the coating.

In summary, the stainless steel flakes and magnetite powder both

Fig. 14. Optical microscope (on the left) and SEM micrographs (on the right) of a) sample REF, b) sample SSF, and c) sample MAG, after 3000 Taber cycles.
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offer a practical protective effect, diminishing the mass loss resulting
from abrasion occurrences. These additives go beyond serving a purely
aesthetic role as alternative pigment sources; they also have the capacity
to bolster the mechanical characteristics of the acrylic matrix while
preserving the coating’s long-term durability.

3.4.2. Coatings electrical conductivity and magnetic properties

Due to the substantially higher electrical conductivity of both the
stainless steel flakes and magnetite powders compared to the polymeric
matrix, the primary focus of the study was to explore how these two
fillers assist in decreasing the coating’s electrical resistivity. Several
studies have indeed shown a tangible conductive impact of these ma-
terials when integrated into polymeric matrices [83,84]. Fig. 15 shows
the output of the potentiostatic measurements, carried out by applying
the setup described in Fig. 1a. The picture underscores a notable contrast
in the performance of sample SSF when compared to the other two
samples being studied. In sample REF, the acrylic matrix displays rela-
tively low measured current values, which are characteristic of poly-
meric materials that can be considered as electrical insulators. In
contrast, the incorporation of stainless steel flakes leads to a substantial
increase in the current by over three orders of magnitude. However,
despite its good conductivity at room temperature [85], magnetite does
not yield a significant impact, as the outcome in sample MAG is similar
to that of sample REF. These outcomes can be readily explained by
examining the structural morphology of the coatings, as depicted in
Fig. 3. The closely packed flakes provide a straightforward path for the
current to traverse within the acrylic matrix of the coating. In contrast,
although magnetite powders are uniformly dispersed throughout the
layers, they often lack direct contact with one another, thus failing to
reach the percolation threshold required to significantly alter the poly-
mer’s conductivity characteristics. This factor becomes even more sig-
nificant when taking into account that the larger powder particles do not
reside on the coating’s surface. Instead, as observed in SEM cross-section
examinations, they tend to accumulate at the lowermost part of each
individual layer.

Table 5 provides an overview of the resistivity values recorded in the
conductivity tests. The surface resistance R; was determined by using the
applied voltage V and the measured current I, following Ohm’s law.
Subsequently, the surface resistivity ps was calculated in accordance
with the formula prescribed in the standard [62]:

P

ps=—R;s
8

where P represents the effective perimeter of the guarded electrodes,
while g is the distance between the two electrodes. Through the process
of standardizing the surface resistivity results in relation to the
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Fig. 15. Evolution of the current measured during the conductivity test.
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Table 5
Surface resistivity measurements.
Sample  Voltage Current Surface Surface Surface
applied measured I Resistance Resistivity Resistivity
VIV] [A] R [Q] ps [Q] normalized/
REF 10 6.73E-9 1.49E9 3.72E10 1.00
SSF 10 1.40E-5 7.16E5 1.79E7 4.82E-4
MAG 10 4.42E-9 2.26E9 5.65E10 1.52

measurement for the REF reference sample, it becomes feasible to un-
derscore the substantial impact of the two fillers on altering the elec-
trical conductivity characteristics of the acrylic matrix. The inclusion of
stainless steel flakes leads to a reduction in the surface resistivity of the
coating by more than three orders of magnitude, whereas the contri-
bution of magnetite, as mentioned earlier, remains insignificant.
Magnetite is well-known for its distinctive magnetic properties.
Indeed, various recent studies in the literature have emphasized the
potential to achieve favorable magnetic properties in polymer matrix
composites through the incorporation of magnetite powders [86,87].
Similarly, stainless steel flakes also exhibit intriguing magnetic attrac-
tion characteristics, exploitable in polymeric matrices [88,89]. Hence,
the evaluation of how these two fillers contribute to rendering the paint
magnetic was conducted using the configuration outlined in Fig. 1b,
analyzing the magnetic attractive force of the two composite coatings.
The graph in Fig. 16 underscores a distinct contrast in the behavior
exhibited by the two composite coatings. Notably, sample SSF demon-
strates a magnetic attractive force approximately five times greater than
that of sample MAG, even though both coatings contain the same wt.%
of magnetic filler. Similar to the conductivity characteristics, the ratio-
nale behind this outcome is rooted in the coating’s morphology, rather
than the inherent attributes of the two fillers. The flakes, in fact, are
predominantly oriented and tightly packed within the coating matrix,
with concentrated clusters near the outer surface of the composite layer.
In contrast, the larger magnetite granules tend to settle as the coating
cures, positioning themselves at the bottom of the respective de-
positions. Consequently, the surface of coating SSF benefits from the
strong magnetic properties due to the high concentration of flakes, while
sample MAG fails to express its full potential, as the most substantial
magnetite particles are not situated in proximity to the coating’s surface.
Therefore, this outcome underscores a crucial consideration that is
frequently overlooked: besides selecting the appropriate filler, equal
importance should be placed on the ultimate structure of the coating,
which plays a vital role in defining its functionality. In cases like this,
with the same concentration, one additive may perform better or worse
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Fig. 16. Average magnetic force exploited by the two composite coatings.
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than another, depending on how it is dispersed within the polymer
matrix of the coating.

In summary, stainless steel flakes have shown a higher level of
multifunctionality compared to magnetite powder, as evidenced by their
superior electrical conductivity and strong magnetic attraction within
the coating. These aspects are not solely attributed to the nature of the
filler but also to the specific distribution of the additive within the
polymer matrix. Both fillers have also made a significant contribution to
enhancing the coating’s resistance to abrasion, leveraging their distinct
behavior associated with their morphology and physical-mechanical
characteristics. Considering all these factors, both stainless steel flakes
and magnetite powder, with a particular emphasis on stainless steel
flakes, can be regarded as potential benchmarks in the development of
organic composite coatings for multifunctional applications in the
electronics sector, where durability and good conductivity are essential
requirements.

4. Conclusions

This study delves into the effects of two distinct additives - stainless
steel flakes and magnetite powder - on an acrylic bio-based wood paint,
exploring their impact on visual aesthetics and multifunctionality. The
analysis reveals significant coloration changes induced by these addi-
tives, leading to the paint assuming either a distinctive metallic gray or
deep black hue. While these functional pigments alter the coating’s
structural morphology, they don’t introduce notable flaws in the acrylic
matrix. Consequently, incorporating both fillers can profoundly alter the
coating’s appearance, transforming its color and reflective attributes,
introducing novel decorative elements to wood paints.

Regarding accelerated degradation experiments, both steel flakes
and magnetite powders demonstrate effective UV radiation protection,
preserving the sample’s visual appeal to some extent. Notably, the
acrylic paint’s protective attributes remain unaffected by these addi-
tives, showcasing their stability against thermal stresses. Hence, these
additives hold promise for outdoor coatings in environments with sig-
nificant temperature fluctuations.

Liquid resistance tests highlight the stainless steel flakes’ intriguing
barrier properties, reducing aggressive solution absorption in the
coating, thus enhancing its durability and aesthetic retention. These
results endorse the use of such fillers, particularly flakes over magnetite,
as functional and protective pigments for outdoor wood coatings.

Both stainless steel flakes and magnetite powder provide protective
benefits, minimizing weight loss due to abrasion incidents. Additionally,
flakes significantly improve the coating’s overall hardness, extending its
longevity. These additives serve beyond aesthetics, enhancing the
acrylic matrix’s mechanical properties while ensuring long-term dura-
bility. Moreover, stainless steel flakes exhibit superior versatility
compared to magnetite powder, evident in their enhanced electrical
conductivity and considerable magnetic force within the coating.

Summing up these findings, both stainless steel flakes and magnetite
powder, with a specific emphasis on stainless steel flakes, emerge as
promising standards in advancing composite coatings. These additives
offer versatility in industries requiring exceptional durability, mechan-
ical strength, electrical conductivity, and magnetic properties.
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