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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Ceramics and glass ceramics are used in many demanding applications due to their exceptional properties
including wear resistance, thermal stability, and corrosion resistance. However, sizable efforts are spent to
improve their low fracture toughness, by, for example, modification of microstructure, and fiber-reinforcement.
The addition of metallic particles also represents a well-known approach to solve this issue. Metal-reinforced
glass-ceramics also emerge as a potential solution providing the desirable ability of crack bridging and ab-
sorption of energy by ductile deformation. This concept was in this study applied to the production of novel
composite enamel coatings with different amount of 316L stainless steel flakes. This study aims to evaluate the
steel-enamel composite coatings’ mechanical properties, using flexural tests and in-situ techniques. Acoustic
Emission is introduced as a valuable method to monitor damage evolution and the quantitative results are
compared to combined SEM in-situ flexural tests carried out on the same samples. The addition of stainless-steel
flakes resulted to effectively counteract the nucleation and propagation of cracks and the AE technique was
demonstrated to be a first-choice method for assessing the mechanical properties of composite enamel coatings.
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1. Introduction

Ceramics and glass ceramics have become the materials of choice in
many demanding applications, including tribological components,
automotive engines, aerospace vehicles, and power generators, as they
display superior wear resistance, thermochemical stability, remarkable
hardness, and excellent resistance to corrosive environments [1-3].
However, these exceptional properties are offset by a significant draw-
back: low toughness. Toughness is an essential characteristic for mate-
rials subjected to mechanical and thermal stresses; for this reason, it is
important to improve the mechanical properties of these materials, and
many different strategies can be adopted. It is for example possible to
modify the internal microstructure, develop transformation-toughening
materials, such as transformation-toughened zirconia (TTZ), create
whisker-reinforced [4] or fiber-reinforced ceramics [5-7], and design
cermets materials (ceramic and metal compounds) [8].

Cermets are renowned for their high toughness and extremely high
strength as they show ductility reinforcement, whereas fiber-reinforced

* Corresponding author. Tel.: 39 0461 282469.
E-mail address: francesca.russo-2@unitn.it (F. Russo).

https://doi.org/10.1016/j.ceramint.2024.07.194

ceramics show impressive fracture energies, as the presence of ceramic
fibers guarantees the development of crack bridging mechanisms [9].

Thus, a possible solution to combine the effect of fibers (ability to
bridge an advancing crack) with ductility (ability to absorb mechanical
energy without failure) is to create metal-reinforced ceramics [10-13],
where several toughening mechanisms may operate together. Multiple
examples of metal-reinforced ceramic matrix composites are reported in
the literature, such as Al;O3 based composites with Ni [14,15], Al [16,
171, Mo [18], ZrOy based materials [19], and hydroxyapatite-based
composites for biomedical applications [20]. Metallic particle tough-
ening has also proven effective with glass-matrix composites, as re-
ported by several literature studies [21-25].

In this context, it is interesting to exploit this toughening approach to
improve the mechanical properties also of vitreous enamel coatings.
Vitreous enamels are silica-based inorganic coatings deposited on steel
and aluminium alloys substrates by high-temperature vitrification [26,
27]. These coatings are mainly appreciated for their ability to withstand
degradation by external weathering agents and corrosive environments,
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and they show excellent resistance to thermal shocks, chemicals, and
mild-abrasive phenomena [28-33]. Though enamels show good hard-
ness, they have limited mechanical properties due to the brittle behav-
iour of the glassy matrix, and the application of mechanical stresses can
lead to the development of through-thickness cracks and thus to a
decreased durability of the enamelled components.

The addition of metallic particles inside the enamel matrix was
proven to have a positive effect on abrasion resistance, thermal shock
resistance, and self-healing properties [34,35]. Many examples
regarding the use of steel additives as a second phase in ceramic and
glass-based composites can be easily found in the literature [36-38], and
recent studies have demonstrated that the addition of 316L stainless
steel flakes inside the enamel matrix is able to improve the abrasion
resistance and the cracking resistance of these coatings, without serious
negative side effects [39].

The present study will focus on the assessment mechanical properties
of composite steel/enamel coatings by flexural tests coupled with in-situ
techniques.

The targeted characterization of enamel’s mechanical properties can
be very challenging due to the small thickness of the coatings, presence
of residual stresses [40], and testing complexity. Short crack techniques,
such as the indentation fracture method, can offer a qualitative under-
standing of the coating’s toughness, but they include strong limitation
on porous coatings. On the other hand, long crack methods are difficult
to implement due to the complexity involved in preparing sharp
pre-cracks especially for thin layers [41]. In this context, it is possible to
combine flexural tests with in-situ SEM observations or Acoustic Emis-
sion (AE) analyses to quantitatively assess the cracking resistance of the
coatings and understand the additive-crack interaction phenomena [42,
43].

Acoustic Emission (AE) is a well-established NDT&E (non-destruc-
tive testing and evaluation) method [44] to monitor damage evolution
in composite polymeric [45-48], ceramic-matrix [49-52], and metallic
materials [53-55], as it is able to detect the occurrence of damage at
low-stress condition that does not provide a visible effects on the tensile
stress strain curve. The activity (i.e., number of acoustic events) and
parametric (i.e., amplitude and energy of acoustic events) analysis of the
AE pattern can provide valuable information about a wide range of
structural failures [56]. The interpretation of the signals, and hence
establishing of a relationship between a specific failure mode and its
acoustic signature is however still a challenge and a concurrent in-situ
SEM analysis could provide deeper insights. In this context, there is a
lack of literature that thoroughly examines the behaviour of composite
enamel coatings using in-situ techniques. Specifically, the benefits of the
AE technique for understanding the role of additives in enamel formu-
lations have not been previously evaluated. Therefore, this study aims to
emphasize the value of combining experimental techniques, such as
in-situ SEM and AE, to investigate the mechanical behaviour of vitreous
enamel coatings.

This study aims to assess the mechanical properties of composite
vitreous enamel coatings fabricated with the addition of 316L stainless
steel flakes in 1 wt% and 5 wt% concentration by means of in-situ
techniques. First, an experimental assessment of post-firing residual
stresses will be exploited. Subsequently, in-situ 3-point and 4-point
flexural tests will be carried out with coupling SEM observations. The
results of in-situ AE tests during 4-point flexural tests will be discussed

Table 1
Composition of the enamel formulations under investigation.
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and the main positive and negative features of this tests will be high-
lighted, giving new perspectives on the mechanical analysis of enamel
coatings.

2. Materials and experimental method
2.1. Coatings deposition

AA5005 aluminium alloy panels measuring 120 mm x 20 mm x 1.5
mm were used as substrates. To ensure good adhesion of the enamel on
the substrate, the panels were chemically pretreated according to the
following procedure: immersion in acetone for 2 min using an ultra-
sound bath, water rinsing, immersion in a 10 w/v % NaOH aqueous
solution for 5 min at room temperature, water rinsing, immersion in a 25
v/v % HNOj3 aqueous solution for 20 s at room temperature, water
rinsing, and drying with compressed air. At the end of this procedure,
the average surface roughness parameter (Ra) of the aluminum substrate
was equal to 0.62 + 0.09 pm, with an increase of 2.5 times with respect
to the pristine state.

The samples were deposited using a vanadium-based ready-to-use
(RTU) frit, developed by Emaylum Italia (Chignolo d’Isola, BG, Italy).
The frit’s compositional analysis revealed a significant amount of so-
dium and magnesium oxides, accounting for approximately 29 % of its
content. This high concentration of alkali oxides was necessary to reduce
the softening temperature of the frit below 580 °C [57].

A cobalt aluminate blue spinel (CoAlp04) commercial pigment was
used to obtain opaque blue enamel coatings. The 316L stainless-steel
flakes (SS-F) used in this study are commercial non-leafing pigments
(STAY/STEEL 316L K, Eckart Hartenstein, Germany). Further details on
the technical specifications of the frit and the metallic additive are re-
ported in previous studies [34].

The three different components (frit, pigment, and stainless steel
flakes) were mixed to obtain one reference formulation (without SS-F)
and two composite formulations, according to the ratios reported in
Table 1.

The quantity of the 316 SS-F additive represents the 1 wt% and 5 wt
% of the total powder content of the 1 % SS-F and 5 % SS-F formulations,
respectively. The mixed powders were suspended in a water-borne
screen-printing medium to obtain an applicable screen-printing paste,
that was passed through a three-cylinder refiner to obtain a uniform
dispersion of the SS-F additive into the application medium. The samples
were deposited using an 18-wire screen-printing mask and exploiting a
2A/1F (2 applications/1 firing) cycle, consisting of two applications
followed by drying steps at 200 °C for 15 min and a firing step at 570 °C
for 15 min in a static muffle furnace.

2.2. Samples characterization

The coating thickness was measured using a Phynix Surfix FN
thickness gauge and exploiting 30 measurements on 3 different samples
for each sample series. The surface roughness was assessed using a
MAHR Marsurf PS1 roughness tester. A sampling length (1) of 0.8 mm
and an evaluation length (1) of 5.6 mm were used according to the UNI
EN ISO 4288 (2000) standard. The reported values R, (arithmetic
average of the roughness profile) and R, (average roughness depth) are
the average of 15 measurements carried out on three different samples

COMPONENT REFERENCE FORMULATION 1 % SS-F FORMULATION 5 % SS-F FORMULATION
RTU frit 85¢g 84.15¢g 80.75¢g
CoAl,0, pigment 15¢g 14.85¢g 14.25g
316L SS-F - lg 5g
Total powder 100 g 100 g 100 g
Printing medium 45¢g 45¢g 45g
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(5 measures each). Optical (Nikon SMZ25, Nikon, Tokyo, Japan) and
scanning electron microscope (SEM) (Zeiss Evo MA15, Zeiss, Oberko-
chen, Germany) were used to evaluate the distribution of the filler in the
coating and assess the coating’s internal microstructure. The samples
were saw-cut and the cross-sections were grinded and polished until a 1
pm diamond paste. The evaluation of porosity was addressed using the
ImageJ software, the reported values are the average of three mea-
surements on different samples.

2.3. Experimental residual stress evaluation by thermal analysis

The coupling of enamel and aluminum, which have different thermal
behaviors, results in the onset of residual stresses in the composite sys-
tem. These residual stresses (in enamel coatings these stresses are
compressive type) can influence the mechanical behavior of the coatings
by delaying the occurrence of first crack. By assuming macroscopically
homogeneous and isotropic materials, researchers can determine these
residual stresses using a combination of optical dilatometric and optical
flexure analyses, as previously described in the literature [58,59].

Dilatometric analyses were exploited on prismatic samples (refer-
ence, 1 % SS-F, and 5 % SS-F) having dimensions of 50 mm x 5 mm x 5
mm. Dry formulations (5 g) were mixed with water (0.5 g), compacted in
adie, dried at 90 °C for 30 min, and fired at 570 °C for 15 min, increasing
the furnace temperature at a rate of 80 °C/min. The dilatometric ana-
lyses were carried out using the ELS-MDF horizontal optical dilatometer
(Expert Lab Service, Modena, Italy) with a heating rate of 5 C/min and a
maximum temperature of 570 °C. The aluminum substrate was tested by
exploiting the same thermal cycle. No-load flexural analyses were car-
ried out using the ELS-MDF optical fleximeter (Expert Lab Service,
Modena, Italy) with a heating rate of 5 °C/min and a maximum tem-
perature of 570 °C. The samples for the no-load flexural analyses were
saw-cut to obtain samples with dimensions of 85 mm x 10 mm x 1.6
mm.

2.4. Preliminary evaluation of substrate’s mechanical properties

A preliminary evaluation of the substrate’s mechanical properties is
carried out to identify its Young’s modulus and yield stress. The metallic
samples were heat-treated (heating at 200 °C 15 min, cooling at RT,
heating at 200 °C 15 min, and heating at 570 °C for 15 min) to resemble
the condition existing after enamel firing. Three tensile tests were per-
formed on a UTM Instron 8516 machine (Instron, Glenview, USA) at a
test speed of 0.5 mm/min. The elastic modulus was determined to be
71.7 + 3.7 GPa, and the tensile yield stress (calculated using the 0.2 %
method) was found to be 49.5 + 8.5 MPa. These measurements provided
valuable information for identifying the elastic/plastic limit of stress-
strain curves obtained during 3-point and 4-point bending tests.

2.5. In-situ 3-point and 4-point flexural tests with microtest deben tensile
tester

Samples were saw-cut to obtain enamelled strips with dimensions of
2.5 mm x 30 mm x 1.6 mm, after that the cross-sections were polished
up to 1 pm diamond suspension. The samples were tested with an
instrumented in-situ Microtest 200 N tensile tester (Deben, Suffolk, UK)
mounted on a Zeiss EVO MA15 (Zeiss, Oberkochen, Germany) scanning
electron microscope, that was operated in low-vacuum mode (30 Pa).
The tests were both performed in three-point (3 PB) and four-point (4
PB) bending configuration in position control with a testing speed of 0.2
mm/min up to 1 mm displacement. A preload of 0.5 N was applied prior
to testing and displacement was stopped at regular intervals to acquire
SEM micrographs of the damaged coatings. The supports used in the
tests had a diameter of 3.94 mm, and the outer support span was equal to
23 mm; in the case of four-point bending tests the loading span was
equal to 6 mm. The loading support/supports were in contact with the
substrate so that crack initiation on the coating side of the sample was
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ensured and the coating was tested in tension.

2.6. In-situ AE tests in four-point bending setup (UTM)

Acoustic Emission (AE) measurements were conducted on samples
having dimensions of 20 mm x 60 mm x 1.6 mm. The 4-point bending
tests were performed using a Tinius Olsen H10KT universal testing
machine (Tinius Olsen, Horsham, UK) equipped with a 5 kN load cell
and operated at a cross-head displacement rate of 0.2 mm/min. The
coatings were tested in tension and the tests were stopped when
reaching a displacement of 2 mm and. The support span was equal to 30
mm and the loading span was equal to 10 mm (1/3-1/3-1/3
configuration).

A Mistras 1283 AE USB node AE equipment was utilized to record the
AE signals. The AE signals were detected by a transducer (Model PICO
80, Mistras, Princetown Junction, USA) placed on the coating outside
the support span area. The threshold value for the AE measurements was
set at 40 dB, and the frequency range for acquisition was set between 20
kHz and 1 MHz. Three samples were tested for each coating formulation.
The bare substrate was also tested in order to assess its acoustic pattern.
An activity and a parametric analysis were performed on the acquired
measurements.

3. Results and discussion
3.1. Samples characterization

Table 2 displays the thickness and surface roughness results. The
addition of a small amount of stainless-steel additive has no noticeable
effect on the topography of the sample. However, when a higher
quantity of flakes is introduced, it adversely affects the smoothness of
the coating’s surface, leading to a significant increase in roughness,
approximately by a factor 600 %. Thus, the presence of a high concen-
tration of SS-Fs has a non-negligible effect on the sintering behaviour of
the composite formulation, hindering the creation of a smooth surface
[39]. This effect is probably due to changes in thermal behaviour of the
formulation caused by the presence of the metallic flakes, and it is
highlighted in the finished products as the firing parameters have been
kept the same for all the samples.

Fig. 1 (a-c) shows in plane optical images of the sample’s surfaces.
Fig. 1 (d-f) shows cross-sectional SEM images of the sample’s micro-
structure. The dispersion of stainless-steel flakes within the matrix is
uniform, and there are no noticeable agglomeration phenomena. All the
samples show the presence of a closed-porosity structure, which is a
typical feature of enamel coatings arising from gas evolution during
firing. Table 2 provides an assessment of the porosity level for the
samples under investigation. Considering the experimental error, no
significant differences are observed in the maximum pore diameter, but
a great variation in the total internal porosity is evident. This difference
could be attributed to three factors: incomplete densification of the frit
particles during firing, preferential nucleation of bubbles at heteroge-
neous interfaces, and trapping of bubbles in a viscous formulation. The
increase in porosity corresponds with an increase in surface roughness.
In this context, a high quantity of metallic additive seems to hinder the
complete densification of frit particles, resulting in a rougher and more
porous coating.

As regards the stainless-steel flakes, they do not assume a preferred

Table 2
Topographical and microstructural parameters of the samples under study.
PARAMETER REFERENCE 1 % SS-F 5 % SS-F
Coating thickness (pm) 110 + 4 119 + 10 116 + 8
Ra (pm) 0.17 £ 0.03 0.20 = 0.03 1.06 + 0.15
Porosity (%) 45+21 8.3+£0.7 10.3 £2.0
Maximum pore @ (pm) 33+10 23+5 31+14
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Fig. 1. In-plane optical (a—c) and cross-sectional SEM (d-f) micrographs of the samples under investigation.
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Fig. 2. Experimental assessment of residual stresses by thermal analysis: (a) dilatometric curves, (b) flexural curves, (c) experimental assessment of residual stress

with coupling temperature Tc calculated by optical fleximeter measurements.

orientation, as they are produced as “non-leafing” pigments and for this
reason they show good wetting ability in the medium they are incor-
porated in and a uniform distribution through all coating’s thickness.

3.2. Experimental assessment of residual stresses in produced coatings

Fig. 2 shows the results of the thermal analyses carried out to assess
residual stresses in the produced coatings. Fig. 2a displays the dilato-
metric curves of both the metallic substrate and different enamel for-
mulations. The substrate exhibits a linear thermal expansion within the
examined temperature range. In contrast, the enamel formulations
deviate significantly from this linear trend. The reference and 1 % SS-F
formulations initially show a linear trend up to approximately 360 °C,
after which the curves experience an increase in slope until reaching a

maximum (494 °C and 512 °C, respectively), that corresponds to the
softening temperature (Ts). Above this temperature, the slope of the
curve reverses, as surface tension takes control of the shape and makes
the edges of the sample to round off. The 5 % SS-F formulation follows a
linear trend up to 347 °C, but then the curve undergoes subsequent
contraction and expansion, that can be associated with the detachment
of the enamel layer’s ends from the substrate. In this case, the softening
temperature is clearly shifted at temperatures higher than 569 °C. In
conclusion, it is possible to evaluate the CTE of the different samples in
the 100-300 °C temperature range: a CTE of 27 x 10 °K?,19 x 107 9K
118 x 107°K1, 18 x 107® K\, was assessed for the substrate, reference,
1 % SS-F, and 5 % SS-F samples, respectively.

Fig. 2b shows the results of the optical fleximeter analyses. All the
samples show a downward flexure until reaching a minimum, which
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corresponds to the glass-transition temperature (Tg) and it is due to the
largest difference in the expansion between the enamel and the sub-
strate. Such a downturn is gradually more accentuated by the presence
of stainless steel which causes variations in the elastic modulus of the
enamel. Subsequently, the difference between the dilatometric curves of
the enamel and metal decreases and the sample shows an upwards
flexure, until reaching a plateau value. The coupling temperature (Tc) is
identified as the temperature at which a rapid variation on the curve
slope is presented. Further heating does not change the curve anymore,
as the enamel is in the liquid state and stresses are completely relieved,
although a slight decrease of the curve due to pyroplastic deformation of
aluminum can be observed. The coupling temperature was extrapolated
by the inflection of the fleximeter curves, and it was corrected by the AT
assessed by comparing the differences in Tg of the dilatometric curves
and flexural curves. These differences are connected to the different
shape of the samples used in the two tests and their different positioning
with respect to the thermocouple and are dependent on the thermal
diffusivity of the formulation. The dilatometric curves of the enamel
formulations and the metallic substrates were superimposed at the
extrapolated Tc, and it was possible to assess the level of compression
(AC40) at 40 °C, equal to 0.201 %, 0.253 %, and 0.262 % for the refer-
ence, 1 % SS-F, and 5 % SS-F formulations, respectively. The level of
compression of the enamel with respect to the metal support increases
with the concentration of metallic additive, although this increase is not
linear with the additive’s concentration.

Table 3
Failure strain (%) for the samples tested in three-point and four-point
configurations.

CONFIGURATION SAMPLE FAILURE STRAIN (%)
3-PB Reference 0.33 + 0.00
1 % SS-F 0.37 £ 0.02
5 % SS-F 0.39 + 0.03
4-PB Reference 0.37 + 0.04
5 % SS-F 0.48 + 0.02
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3.3. In-situ three-point and four-point flexural tests with microtest deben
tensile tester

In-situ three-point and four-point mechanical tests coupled with SEM
observations are useful to study the failure mechanisms of the different
samples and to quantitative assess their resistance to cracking. In this
context, it was possible to calculate the stress-strain curves, evaluate the
evolution of the crack density together with the applied strain, and
assess the failure strain (i.e. strain level at which is possible to observe
the onset of damage). Crack density and failure strain were calculated by
counting the transversal cracks visible in the sample’s cross-section at
100x magnification. Four-point bending tests have been exploited on
the reference and 5 % SS-F samples only to obtain additional informa-
tion on the behavior of the samples when they are subjected to a uniform
stress over a wider area.

Table 3 shows the failure strain values for the different samples
taken under consideration.

The tensile yield stress was used to evaluate the elastic-plastic limit
of stress-strain curves. The metallic substrate’s elastic regime ended at a
strain value of 0.18 + 0.5 % and 0.21 + 0.6 % for three-point and four-
point bending setups, respectively, which is significantly less than for
the coated samples (see Fig. 3). This implies that the coating failure
consistently occurs when the substrate is significantly in the plastic
regime. The samples tested in four-point bending configuration showed
higher failure strains compared to the ones obtained from three-point
bending tests. Specifically, the 5 % SS-F sample exhibited a 12 % in-
crease compared to the reference for the three-point configuration, and a
30 % increase for the four-point configuration.

Fig. 3 shows the average stress-strain curves (Fig. 3a and c¢) and the
evolution of the crack density (Fig. 3b and d) for the samples tested in
three-point (Fig. 3a and b) and four-point bending (Fig. 3c and d)
configurations.

The crack density evolution in the three-point bending configuration
exhibits similar trends for all the formulations until a strain level of 0.7
%. Beyond this point, the composite samples undergo a slight inflection
in the curve, but only the 5 % SS-F formulation shows a decreased crack
density even at higher strain levels. To further understand the impact of
stress distribution over a wider sample volume on the mechanical
behavior of the coatings, the same tests were conducted on the extreme
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Fig. 3. Output results from three-point (a-b) and four point (c—d) bending tests with Microtest 200 N Deben tensile tester.
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Reference 3PB

1% SS-F 3PB

5 % SS-F 3PB

Reference 4PB

5 % SS-F 4PB

Fig. 4. Cross-sectional SEM images of the investigated samples tested in 3-point
(a—c) and 4-point (d-e) bending configuration after 1.00 mm extension: a)
reference, b) 1 % SS-F, ¢) 5 % SS-F, d) reference, €) 5 % SS-F.

formulations using the four-point bending configuration. The crack
density evolution in these tests displays different trends for the three
types of samples. In the four-point bending tests, both samples exhibit an
initial abrupt crack onset stage until a strain of 0.6 %, but after this stage
they starts behaving differently. The reference formulation undergoes a
linear crack increase as the strain continues to rise, whereas the 5 SS-F%
sample shows an intermediate plateau area (between 0.8 % and 1.0 %
strain) followed by a new increase in the crack density value. These
observations suggest that stress distribution and formulation composi-
tion significantly influence the evolution of crack density in different
bending configurations, indicating varied mechanical behaviors for the
coatings under different loading conditions: for 4 PB, i.e. setup with
maximum loading between the whole area between central loading
supports, the stainless-steel flakes are able to counteract both the
nucleation (increase failure strain) and propagation of cracks (plateau

EMT=20.00 KV Signal A= NTS BSDDte 119 Jul 202

Mag= 500KX
WD=851mm  PholoNo. = 30697 Time 18.40.00

EHT=2000KV  Signel A = NTS BSDDte 19 Ju 2022
WD=851mm  Photo No, =30862 Time :18.16:45

Ceramics International xxx (XxxXx) XXX

region at intermediate strain levels). In the case of 3 PB, where the
maximum bending occurs only in the central section of the sample, only
a small increase in the failure strain can be detected.

Fig. 4 provides a detailed view of the cross-sections after the 3-point
and 4-point bending tests. The figure illustrates the propagation path of
transversal cracks and their interaction with stainless steel flakes and
internal pores. The cracks tend to preferentially propagate in corre-
spondence with internal pores, sometimes shifting along the x-axis to
reach interfacial pores. This effect becomes less pronounced as the
concentration of the metallic additive (316L flakes) increases, as the
interaction between the flakes and cracks becomes the dominant factor.
Another important effect is the branching of cracks, which is evident in
the reference sample and still present in the 1 % SS-F samples, but
almost absent in the 5 % SS-F sample. The presence of the 316L flakes
consistently leads to significant crack/flakes interaction phenomena,
causing cracks to deviate and increasing the crack propagation path.
Notably, no delamination phenomena are observed at the interface.
Fig. 4 clearly highlights the difference in crack density between the
reference sample and the 5 % SS-F sample, as well as between the 5 %
SS-F samples tested in different configurations.

Fig. 5 shows some detailed SEM images of crack/flakes interaction
phenomena after 1.00 mm displacement (end of test) in three-point
bending configuration for the 1 % SS-F (Fig. 5a, b, 5¢) and 5 % SS-F
(Fig. 5d, e, 5f) samples. These details were acquired on the same sam-
ples that are shown in Fig. 4. Three main interaction mechanisms can be
noticed: crack bridging (Fig. 5a and e), crack deflection (Fig. 5¢), and
additive plastic deformation/rupture (Fig. 5b, d, 5f), that is often com-
bined with crack deflection.

3.4. In-situ AE test in four-point bending setup

Table 4 reports the activity analysis and the parametric analysis for
the samples under study. The results are the average values of three tests
on different samples. The substrate gives rise to a limited number of
acoustic events having amplitudes lower than 50 dB: these events may
arise from the elastic-plastic deformation of the substrate or friction
events between the anvils and the substrate. Enamelled samples show an
increased AE activity with respect to the substrate. The trend for the
number of events is not definite, but it is necessary to consider relatively
high scatter of the 1 % SS-F sample. Despite this fact, it is possible to
state that in presence of 316L stainless steel flakes the number of events

g Mag= sookx EMT=2000KY  Signel A=NTS BSDDate 164 2022 PP

WD=851mm  Photo No. = 30894 Time 182,33

EMT=2000kV  Signal A = NTS BSDDate 119 Jul 202

Mag= 500KX IPP
WD=813mm  PhotoNo. = 30621 Time 10:50:48

Mag= 1000KX

e T T =T=]
WO=813mm  PhoioNo, 30622 Time 105458 *eet

Mag= 485KX

EHT=2000KV  Signal A= NTS BSDDate 18 Jul 2022 PP
WD=813mm  PhotoNo.= 30623 Time :11:00:18

Fig. 5. Detailed cross-sectional SEM images of the investigated samples tested in 3-point bending configuration after 1.00 mm extension: a-c) 1 % SS-F sample, d-f) 5

% SS-F sample.



F. Russo et al.

Table 4

Activity and parametric analysis for in-situ 4-point bending AE tests.
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Sample Hits AE average parameters
Amplitude maximum (dB) Amplitude average (dB) Energy maximum (aJ) Energy average (aJ)
Substrate 36 + 3 49 +1 4240 196 + 76 29 +12
Reference 1157 + 206 92+ 2 48+ 1 7.5 x 10° + 2.0 x 10° 4.7 x 10* + 1.8 x 10*
1 % SS-F 2584 + 856 9241 48+ 0 6.8 x 10° + 1.8 x 10° 3.0 x 10* £ 9.7 x 10*
5 % SS-F 1796 + 378 87 +3 50 + 1 2.6 x 10° + 1.3 x 10° 1.1 x 10* £ 1.3 x 10*

is increased when compared to the reference sample. Regarding
maximum amplitude, all samples display transversal cracking, resulting
in high amplitude and energy events. However, the 5 % SS-F sample
shows a slight decrease in maximum registered amplitude. As for
average amplitude, no noticeable differences are observed among the
samples since the large number of events tends to balance the average
amplitude. Interestingly, the presence of stainless-steel flakes appears to
reduce both maximum and average energy of events during the four-
point bending tests. This reduction may be attributed to the flakes’
ability to absorb some energy through plastic deformation, thereby
decreasing the magnitude of the acoustic events. The reduction of the
average energy of the AE events is not linear with the concentration of
the stainless-steel flakes, as in the case of the 1 % SS-F and 5 % SS-F
samples it is possible to notice a reduction of 22 % and 54 % of the
involved average energy, respectively.

Fig. 6 shows the evolution of AE events during the tests for four
representative samples of the different formulations taken under
consideration. The previous graph display the number of cumulative
events and the amplitude of the registered events together with stress-
time curves. Some differences can be noticed among the samples: the
addition of 1 % stainless-steel flakes leads to an increase of acoustic
events in the 55-70 dB region, whereas the presence of 5 % steel flakes
leads to both a densification of events in the 55-70 dB region and a
reduction of events in the 70-100 dB region. All these differences are
particularly evident in the first 170 s of the test, that correspond to the
area where plastic deformation of the substrate takes place as the first
cracks develop in the coatings. These observations are highlighted by
the histograms in Fig. 7. Fig. 7a reports the number of hit/amplitude
histograms in all the tested interval (600 s) and the histograms of the
events registered in the first 170 s of test (in grey superimposed). Fig. 7b
shows the same graphs but in a more restricted amplitude range. The
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cumulative number of AE represents the number of mechanical events
that are generated during the test, but it does not give information about
the magnitude of these events, that is well represented by the AE energy
involved. Thus, it is possible to monitor the evolution of AE cumulative
energy and identify the onset of mechanical damage as an abrupt in-
crease in the cumulative energy parameter. Table 5 reports the cumu-
lative energy registered in all the tests, the cumulative energy after 170 s
(thus just after the elastic-plastic limit of the substrate), and strain at
which damage starts to occur. The cumulative energy value is notably
reduced for the 5 % SS-F samples, showing a decrease of 69 % and 66 %
after 170s and 600s, respectively. A similar trend can be observed for the
onset strain, with a reduction of about 78 % with respect to the reference
sample.

4. Discussion

The mechanical properties of vitreous enamel coatings are greatly
dependent on their microstructural features. Literature results of strain-
to-failure flexural tests highlighted that the three variables most strongly
affecting enamel coatings durability during mechanical testing are the
residual stresses arising from the different thermal expansion co-
efficients among the metal and the enamel layer, the Young’s modulus of
the enamel coating, and its thickness. In addition to that, surface
roughness and internal porosity (circularity and dimension of pores)
should be considered as well [60].

The microstructural characteristics of the different enamel coatings
examined in this study are outlined in Table 2. The thicknesses of the
coatings are measured using a thickness gauge, and the measurements
are comparable across the three sample series. Surface roughness is an
important parameter to be considered, as high surface roughness can
result from a high percentage of pores in the outer layers of the enamel
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Fig. 6. AE activity/parametric overview of the samples tested in 4-point bending, a) metal substrate, b) reference, ¢) 1 % SS-F. d) 5 % SS-F.
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Fig. 7. Amplitude histogram of the AE tests performed in 4-point bending
configuration, a) complete time interval (600s), b) 170s time interval.

coating, which can act as initiators for cracks. In this study, all enamel
samples exhibit a uniform distribution of pores throughout the whole
thickness of the enamel, and no preferential crack formation at super-
ficial pores is observed. As regards the Young’s modulus of the coatings
no relevant differences can be observed (as shown by stress-strain curves
in Fig. 3). Thus, residual stresses and internal porosity are the only pa-
rameters to be discussed.

Fig. 8 shows a brief overview of the main results obtained by this
study.

First, it is important to highlight the correlation between the onset
strain and the compressive residual stresses in the coatings. The 5 % SS-F
sample shows an increased onset strain of about 18 % and 30 % with
respect to the reference sample in the three-point and four-point bending
configurations, respectively. At the same time, it is possible to highlight
that the level of compression of the 5 % SS-F sample is 30 % higher with
respect to the reference formulation. So then, the failure strain of the
coatings seems to greatly depend on the residual stresses of the coatings

Table 5
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Fig. 8. Correlation graph between the failure strain during three-point and
four-point bending tests and the compressive residual stresses in the pro-
duced coatings.

prior to testing, particularly when the samples are tested in four-point
bending configuration. The addition of stainless-steel flakes inside the
formulation is then able to modify the thermal properties of the
formulation, leading to the creation of different compressive states, that
are the direct cause of the delayed strain at which the first damaging
event (propagating crack) can be noticed. The experimental assessment
of the residual stresses is then useful to understand the cause of the
different behaviour of the samples in terms of initialization of damage.

Porosity is another key aspect that could influence the onset strain at
which damage occurs. Generally, it decreases by increasing the number
of pores and their dimensions. Considering only the internal porosity,
the samples should show a decreased failure onset strain with a higher
316L SS-Fs concentration (which correlated with higher porosity
values), but the presence of internal compressive residual stresses
overcome this negative aspect.

In-situ SEM observations are useful to evaluate the onset of damage,
the evolution of crack density during the bending tests, and the additive-
crack interaction mechanisms. Stainless-steel flakes counteract the
propagation of cracks and the nucleation of new cracks at intermediate
stress levels (0.6-1.1 %), particularly when the maximum momentum is
homogeneously distributed over a wider area of the tested sample, as in
4 PB tests, rather in narrow section as in 3 PB setup. The main additive-
crack interaction mechanisms are crack deflection, crack bridging, and
plastic deformation of the additive.

The exploitation of in-situ SEM analyses is very time-demanding,
whereas the use of the AE technique can provide valuable information
on the studied systems by simple and quick measurements.

As a first thing, it is possible to notice an increased number of AE
events with the higher concentration of metallic additive, presumably
due to the many interaction phenomena occurring between the flakes
and the advancing cracks. Acoustic events with amplitudes lower than
50 dB are due to the deformation of the metallic substrates, as already
reported by literature studies [61], whereas high amplitudes events
(85-100 dB) can be linked to the formation of through-thickness cracks

Cumulative energy analysis for the samples tested in four-point bending configuration.

Sample Cumulative energy at 600s (aJ)

Cumulative energy at 170 s (aJ) ¢ onset (%)

Metal heat-treated
Reference
1 % SS-F
5 % SS-F

9.9 x 102 + 3.0 x 102
5.7 x 107 + 3.1 x 107
7.3 x 107 + 1.6 x 107
1.8 x 107 + 4.2 x 10°

8.4 x 102 + 4.4 x 10%

4.1 x 107 + 2.1 x 107 0.22 + 0.03
5.1 x 107 + 6.2 x 10° 0.25 + 0.02
1.4 x 107 + 4.5 x 10° 0.38 + 0.04
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[61], and they decrease in number with the presence of the metallic
additive. The assignation of medium-amplitude events can be made as
follows: AE events with 55-65 dB amplitude can be attributed to the
formation of discontinuous cracks, as they can be detected for all the
tested formulations [56], whereas events with 70-85 dB amplitude can
be attributed to the additive-crack interaction, as their number increase
with the concentration of the metallic additive.

Energy of acoustic events is a very reliable parameter in assessing the
evolution of damage as it considers the magnitude of the events. In this
study, substrate-related events have a maximum energy of about 10% aJ,
as reported in literature studies, whereas coatings-related events have
energy up to 107 aJ [61] and their maximum energy value is reduced
with an increased additive concentration. The evolution of cumulative
energy during AE tests is useful to assess the onset damage strain, as a
rapid increase in the cumulative energy indicates the formation of
transversal cracks [62,63]. In the present case, the onset strain of the 5 %
SS-F sample is 78 % higher with respect to the reference sample. Thus,
the addition of the 5 % SS flakes seems to be beneficial in delaying the
initiation of catastrophic damaging (confirming data from the failure
strain obtained by SEM in-situ analyses) and in reducing the energy
involved in the damaging process.

Thus, the presence of 5 % SS-F seems to have a beneficial role in
counteracting the nucleation and evolution of damage, particularly
when the stress is distributed over a wider volume of the sample. By a
quantitative point of view, both in-situ SEM observations and AE ana-
lyses confirm that the damaging of the enamel coatings starts after the
initialization of the plastic deformation of the substrate. The AE tech-
nique is shown to have a higher sensibility, as the onset strains are
shifted to lower values with respect to the ones obtained by SEM in-situ
analyses, and the differences between the samples are greatly
appreciable.

5. Conclusions

The main aim of this study was to characterize the mechanical
properties of composite enamel coatings admixed with 316L stainless
steel flakes. Additionally, the research aimed to assess the reliability of
different in-situ techniques for evaluating these properties. The main
conclusions of this study are as follows.

o The addition of 316L stainless steel flakes is beneficial in counter-
acting cracks evolution in vitreous enamel coatings, particularly at
intermediate strain levels (0.6-1.0 %).

The addition of different concentration of 316L flakes within the
enamel matrix modifies the thermal properties of the coatings and
affects the residual compressive stresses at the end of the production
process.

In-situ SEM analyses are effective in identifying the failure micro-
mechanisms and the interaction phenomena between advancing
cracks and the metallic additive. The main interaction phenomena
observed are crack deflection, crack bridging, and additive plastic
deformation and/or rupture.

In-situ AE analyses offer valuable insights into the type of damaging
events, onset strain, and energy evolution occurring during failure of
enamel coatings.

In-situ AE analyses represent a preferable technique for exploring the
mechanical properties of composite enamel coatings due to their
high sensitivity and ease of implementation.
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