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ABSTRACT
In the framework of using fiber optics (FO) for structural health monitoring, a 
true challenge is to fix the fiber onto structures guaranteeing both protection for 
the former and an effective adhesion on the latter. This work proposes a method 
to obtain such result via thermal spray technique on metallic structures, allowing 
its use in the most severe conditions of corrosion and wear. Since the transmis-
sion medium between the structure and the sensitive part of the optical fiber is 
represented by the fiber coating, three differently coated fibers were used on 
C-40 steel substrate: polyacrylate, polyimide and ORMOCER. In addition, the 
use of a primer to improve the bond on the substrate was evaluated. The adhe-
sion between FO and metallic coating is evaluated through optical microscopy 
(OM) and scanning electrons microscopy (SEM) analysis. The functionality is 
also verified with both thermal and mechanical tests to calibrate the measuring 
accuracy. The results indicate that the best combination is that of the polyimide 
fiber, a zinc primer and aluminum coating. The proven qualities are the adhesion 
at the interface between the metallic coating and the fiber optics, and the preser-
vation of the structural integrity of the fiber itself and its coating, and a precise 
measurement of strain acquired by fiber Bragg grating sensors (FBGs). The use 
of the thermal spray process is thus proved to be a solution for the optical fiber 
and substrate interaction, since it preserves the integrity of the optical fiber, due 
to the low temperature of the process, adding the protection that the metallic 
coating offers as well.
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Introduction

The application of fiber optics (FO) technology for 
structural monitoring in civil engineering is increas-
ingly growing in the recent years [1–6]. Indeed, FO 
accuracy and reliability make it a valid alternative to 
more traditional sensors. In addition, it might also pre-
sent improvements: the basic ones are small size, light-
ness, immunity to electromagnetic interference (EMI) 
and corrosion; others, requiring a fine design phase, 
are the possibility of multiplexing (i.e., managing mul-
tiple measuring points on the fiber itself operating as 
a single connection cable) or the use of different meas-
uring techniques depending on the use case, ranging 
from single-point measurements to integral ones on a 
large portion of the structure.

Another captivating characteristic of FO is the pos-
sibility to insert them within host structures, even 
though some care toward the quality of the interface 
is mandatory [7]. This is facilitated for structures that 
lend themselves well to inserting additional elements, 
such as composite structures. Conversely, it is far more 
complex to anchor FO to structures such as metal ones. 
Various techniques have been tested to embed fiber 
optics in metals. The main adopted include weld-
ing-based methods (e.g., tungsten inert gas welding 
(TIG) [8] or simple soldering [9]), laser-based additive 
manufacturing (AM) (e.g., directed energy deposition 
(DED) [10–12], selective laser melting (SLM) [13–15] 
and laser metal deposition (LMD) [16]) and ultrasonic 
additive manufacturing (UAM) [17–21] and [22–25]. 
Except for UAM, all the listed approaches go through 
the phase transition to the liquid state of the metal, 
thus reaching high temperatures. This leads to the 
need to use fibers with highly resistant metal coat-
ings or to cover the fiber with protective metal layers 
deposited for example with sputtering or arc-spraying. 
Zhang and coworkers go so far as to use using sap-
phire fibers for spark plasma sintering (SPS) [26]. Even 
so, the high temperatures cause an increase in locally 
induced thermal stress, with the risk of compromis-
ing the quality of the measurement. Moreover, the use 
of high-temperature techniques is unlikely viable in 
monitoring existing large structures, since they require 
complex machinery or inert environments and have 
high costs. Only a few authors use FO with standard 
polymeric coatings applying UAM. Chilelli et al. [23] 
and Schomer et al. [22] use polyacrylate-coated FO and 
they identify in birefringence-induced noise an indi-
cator of an undersized channel and possibly of poor 

bond quality. Hehr et al. in 2018 [24] use ORMOCER-
coated FO, but they do not discuss bond quality. 
Again Hehr et al. in 2019 [25] use polyimide-coated 
FO in combination with a continuous measurement 
technique based on Rayleigh backscattering instead of 
FBGs. The quality of the adhesion between the UAM-
welded layers is verified, although not around the FO, 
whose adhesion to the metal part is assessed indirectly 
by measuring the residual strain around the embed-
ded FO. However, although UAM has been dem-
onstrated as an effective approach to encapsulating 
polymeric-coated FO in aluminum alloys, it is chal-
lenging to achieve a good fiber/matrix bond for high-
temperature materials such as steel.

Thus, it is of interest to pursue some economical 
and adaptable ways to embed FO sensors with stand-
ard polymeric coatings into metallic structures with 
low residue stresses. According to these premises, an 
adequate thermal spray technique presents itself as a 
promising alternative [27]. This option is strengthened 
thinking that the coatings produced by thermal spray 
techniques are already used to protect metal struc-
tures, during their installation or maintenance, so the 
insertion of the fiber optics would be a value addi-
tion. One of the advantages of using thermal spray 
process instead of using the other cited embedding 
techniques lies in its versatility. Thermal spray pro-
cesses are available with a large variety of coatings 
with different characteristics and costs. According to 
Qadir et al. [28], the challenges posed by the indus-
trial growth have pushed to develop coatings with 
specific characteristics suitable for diverse operating 
conditions and selecting appropriate materials or sur-
face coating technologies can be crucial [29]. Moreo-
ver, thermal spray processes are already applied by 
industry to protect structures from severe conditions 
of corrosion and wear, so it appears simpler to scale 
this technique to add FO for monitoring existing large 
structures, especially considering using mobile spray 
units and manual application.

Among thermal spray processes, technologies using 
too high temperature, such as high-velocity oxy-fuel 
(HVOF) and electric arc, are immediately discarded, 
since that implies an increased risk of damaging the 
FO. The limit temperature of standard borosilicate 
fibers is up to 1200 °C; however, the in-use limit is 
given by the coating. There are metallic (or experimen-
tal) coatings that can withstand temperatures above 
1000 °C [30]; however, they are very expensive and 
thus limited in their practical use. The most common 
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coating for high temperatures is polyimide, which pro-
vides excellent thermal stability and some of the high-
est operating temperatures for fiber optics: up to over 
280 °C of continuous exposure, as well as short-term 
excursions as high as 400 °C. ORMOCER®-T coated 
fibers can be used within a wide temperature range 
up to 200 °C. Polyacrylate is the least resistant from 
all points of view, mechanical, chemical and thermal, 
and its operating temperature is below 80 °C. It must 
also be considered that the temperature of the pro-
cess is combined with the mechanical stress due to the 
impact of the particles, although specific studies on the 
impact resistance of the FO coating are lacking. Con-
versely, the cold spray [31–33] and combustion wire 
spray [34, 35] represent the most suitable choices: the 
temperature is relatively low, and the bonding process 
is attributed to adiabatic shear instability occurring at 
the particle–substrate or particle–particle interface due 
to the high kinetic energy [32]. During impact the solid 
particles undergo plastic deformation, promoting 
bonding with target surface. Comparing the two pro-
cesses, the wire spray process is more advantageous 
when using optical fiber. In the cold spray process, 
the material impacts the surface with greater energy. 
The higher the impact energy, the greater the likeli-
hood that the optical fiber will not withstand the pro-
cess and will be damaged. The use of the wire spray 
technique more likely allows the preservation of these 
fibers because the atomized particles reach the surface 
with a smaller or less vehement jet [32], and with that 
the fibers remain in position and intact. For this rea-
son, this technique was chosen for this work. With the 
combustion wire spray, using a flow of heat (about 
3000 °C) produced by the oxidation of a combustible 
gas, normally acetylene or propane, the wire spray 
material is melted in a gaseous oxygen–fuel flame. 
The wire is fed concentrically into the flame, where it 
is melted and atomized by the addition of compressed 
air that also directs the melted material toward the 
workpiece surface [35]. The use of flame does not 
induce high temperatures in the coated substrate. 
This is mainly due to the strong difference between 
the mass of the coated substrate (cold) and the mass of 
the coating itself (hot). The microstructure obtained in 
this process is quite different. According to Talib et al. 
[35], the molten or semi-molten material impacts on 
the substrate surface with their specific kinetic energy, 
then it rapidly solidifies, and forms splats. Each splat 
is a single impacted particle in a “pancake-like” shape, 
and the coating is formed by the overlapping splats, 

where the new ones solidify and interlocked each 
other.

The idea here presented is to apply the thermal 
spray technique to embed polymeric-coated FO with 
inscribed FBGs on a steel substrate. The target is 
many-sided: ensuring good adhesion, promoting an 
efficient sensing, maintaining low invasiveness of the 
FO. From the objective of creating a well-unified part 
comes the requirement to guarantee a good condition 
of the protective coating of the FO, which guarantees 
that its cores and cladding are also intact and that 
deformations are well transferred from the metallic 
structure to the FO core.

A stage of analysis regarding the combination 
between different types of sprayed coatings and fibers 
coating was mandatory. The adhesion between FO and 
metallic coating is evaluated through optical micros-
copy (OM) and scanning electrons microscopy (SEM) 
analysis. The functionality is also verified with both 
thermal and mechanical tests to calibrate the measur-
ing accuracy.

Materials and methods

Thermal spray parameters and FOs data

The substrate for the thermal spray (combustion wire 
spray) deposition was a C-40 steel plate with 20 µm 
grit Al2O3-blasted surfaces. In general, considering 
the relatively low mechanical proprieties of the poly-
meric coating of the optical fiber, a conservative choice 
in terms of thermal spray technique and materials is 
made. The material selected for the metallic coating 
layer is aluminum at 99, 5%. In some cases, an interme-
diate binder (primer METCO—405 or zinc) was firstly 
applied to increase the adhesion of the metallic coat-
ing. Compressed air was used to accelerate and atom-
ize the powder. A complete description of the process 
parameters is detailed in Table 1.

The fiber coating is a polymeric layer applied 
externally to the optical fiber to provide mechanical 
protection to the glass, whose cladding diameter is 
0.125 micron in this case. The most common coating 
in the FO industry is polyacrylate, usually deposited 
in two layers (typically known as primary and sec-
ondary coatings, hence the wording “dual acrylate”). 
This is also the one with the lowest mechanical, 
chemical and thermal properties, so other coating 
materials such as high-temperature acrylate (HTA), 
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polyimide (PI), metals or carbon are also applied to 
the optical fibers in single- or dual-layer structures 
depending on the applications and environmental 
conditions where the fibers have to be used. Another 
patented coating is ORMOCER (short for organic 
modified ceramics) that describes a group of hybrid 
polymer materials providing very strong adhesion 
with glass and good general protective properties. In 
this work, three types of coatings are put on trial: the 
most common polyacrylate, the unique ORMOCER 
and the polyimide, known for its hardness and good 
chemical/thermal resistance.

Another aspect, which might appear paltry only at 
first, is the thickness of the substrate sample. Indeed, 
the fiber is deteriorated not only by the mechanical 
action of the particles, but also by the high tempera-
tures reached during the process. Besides the param-
eters of the thermal spray, another cause of the tem-
perature increase might also be the not adequate heat 
dissipation provided by the underlying specimen. The 
consequence is the degradation and, eventually, the 
melting of the FO polymeric coating with a consequent 
reduction of its protective properties toward the glass 
core.

To give a schematic overview of the attempted com-
binations, the material configurations are detailed in 
Table 2. To create a seat that can accommodate the FO 
and help its positioning, for one sample (condition nr. 
1 in Table 2) straight v-grooves are engraved using 
a milling machine on the surface of the specimen. 
Figure 1 sketches the configuration of the specimens 
without v-groove, while in Fig. 2, a picture shows the 
aspect of the specimen in condition nr. 1, with groove.

To validate the integrity of the fiber after the pro-
duction process, a simple check is performed using 

Table 1   Parameters of 
thermal spray deposition 
process

Material O2(psig) C2H2(psig) Deposition 
velocity(lbs/hr)

Deposition 
distance(inch)

Coating 
flow(ft2/
hr)

Aluminum (coating) 43 40 12 5–8 833
Zinc (primer) 45 40 32 5–8 625
Metco–405 (primer) 44 39 5 5–8 111

Table 2   Highlights of the 
different configurations of the 
produced specimens

Condition Primer Thickness of the 
aluminum coating

FO coating Dimension of the C-40 
substrate plate (mm)

V-groove

1 METCO–405 0.2 mm Polyacrylate 60 × 130, thickness 120 Yes
2 METCO–405 0.2 mm Polyacrylate 60 × 120, thickness 20 No
3 Nickel and 

chromium, 
namely 
bondrite

0.2 mm Polyacrylate 60 × 130, thickness 3 No

4 zinc 0.2 mm Polyacrylate 60 × 200, thickness 20 No
5 zinc 0.4 mm Polyimide 60 × 10, thickness 3 No
6 zinc 0.8 mm ORMOCER 60 × 10, thickness 3 No
7 Nickel and 

chromium, 
namely 
bondrite

0.8 mm ORMOCER 60 × 10, thickness 3 No

Figure 1   Sketch of the specimen configuration with primer layer 
and no v-groove.
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a Fluke Networks Visual Fault Locator (VFL, Fig. 3). 
This instrument generates a signal in the visible range 
(a red light), so that breakages in the FO can be easily 
identified. If the light is visible at the opposite end 
of the fiber with respect to the one connected to the 
source, then no damage has been produced and the 
signal can be correctly transmitted. This test made it 
possible to verify that for each of the produced speci-
mens the thermal spray process performed with the 
set parameters guarantees the integrity of the optical 
fiber core, before moving on to subsequent analyzes.

Thermo‑mechanical decoupling

On two samples produced as per configuration 5—
which will prove to be the best one after the techno-
logical assessment–an additional action was taken 
during the preparation phase: a capillary tube (steel, 
outer diameter 0.4 mm, inner diameter 0.15 mm, here-
after abbreviated as CT) is inlaid over one of the two 
sensors to allow the decoupling of the thermal and 
mechanical effects. This technique [36] leaves the sen-
sor unconstrained inside the tube, so it is isolated from 
mechanical strain, while it is subject to temperature 
change with only a slightly different sensitivity with 
respect to the sensor embedded in the metallic coat-
ing. In this way, by writing the system of equations 
describing the sensor response to the strain and tem-
perature fields, a well-conditioned coefficient matrix 
is obtained which allows it to be inverted to decouple 
the solicitations.

The procedure to add the CT (Fig. 4) is concep-
tually trivial, but delicate in practice. Two drops of 
glue must be applied to fix the tube to the fiber and to 
seal the tube itself. During this operation, great care 
must be taken to guarantee that the temperature sen-
sor is completely included in the CT, and it does not 
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get stuck, even partially, by the glue applied to seal. 
The needed care was aggravated, in this case, by the 
proximity of the two sensors, whose distance is only 
5 mm. The consequences are illustrated in Fig. 5. If no 
further precautions are taken (Fig. 5a), the first part 
of the fiber outside the CT would bend to accommo-
date the step caused by the thickness of the CT, which, 
although small, is not negligible. The space created in 
this small volume between the fiber and the substrate 
is a crucial area, because it distances the FBG from the 
substrate and it prevents the correct deposition of the 
thermal spray coating as well. The result is that the 
external sensor that must measure the deformation 

Figure 2   Aspect of 
specimen condition 1, with 
groove.

FO laying in the 
v-groove

Metallic Coating

Sample

Red spot visible 
at the free end of 

the fiber

Figure  3   Aspect of the test done with the visual fault locator 
after thermal spray process.

capillary tube (CT)

Figure 4   Detail of the capillary tube (CT). On the left is the sen-
sor that will be coated (marked in black just outside the tube); on 
the right is the isolated one (inside the tube).
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is not adequately integrated, thus being unable to 
acquire information effectively. When the fiber thus 
arranged is subjected to load it is easy to assume that 
not only the measurement is less accurate, but also 
that the separation of the fiber can propagate at the 
interface with the substrate, aggravating the situation 
with subsequent cycles or increasing the load. To pre-
vent this from happening, a slight groove 0.1 mm deep 
is made in the substrate to house the CT and keep the 
fiber straight (Fig. 5b).

The mechanical coefficient was taken as the theo-
retical value �

B
(1 − p

e
) . To proceed with the decou-

pling, it was first necessary to carry out a calibration 
to measure the thermal coefficients. This was done on 
the complete samples (with fiber already embedded) 
rather than on the fiber alone, because the mechanical 
and thermal coefficients are influenced by the CTE of 
the host material. Strictly speaking, the stress/tempera-
ture variations also produce a change in the refractive 
index of the optical fiber and thus in the wavelength. 
However, this procedure aims at directly calibrating 
the multiplicative factors between the wavelength var-
iations and the strain and temperature fields. There 
was no need to evaluate specifically the effect on the 
physical coefficients on which these factors depend 
(e.g., the thermo-optical one).

Two samples, together with an unembedded sen-
sor of the same type, were placed in an oven with 
programmable temperature ramp (Mazzali Thermot-
est 300 °C 100 L). Three thermocouples were applied 
very close to the sensors with metallic adhesive tape 
(see Fig. 6). Both the FBG sensors measures, and the 
temperatures were collected simultaneously.

Validation methods

The validation of the quality of the technique was 
approached from two points of view. The first was 
purely technological and it was intended to study the 
effectiveness of the integration. To this aim, optical fib-
ers without sensors would suffice for the microscopic 

analyzes and permanent bending tests performed. The 
second methodology is intended to verify the monitor-
ing performance of the sensors and therefore requires 
fibers with inscribed FBGs. In this phase, both manu-
facturing and bending tests were monitored.

The purpose of the technical assessment was to 
evaluate the twin invasiveness of adding the FOs. 
Firstly, we intended to verify that the thermal spray 
process does not damage the optical fiber that would 
cost its performance as a sensor. Secondly, it is also 
important that the optical fiber does not reduce the 
quality of the deposited aluminum layer, especially 
if this has not only the function of making the optical 
fiber adhere to the substrate, but also that of protect-
ing the substrate itself (for example, typically, from 
corrosion). To carry out this analysis, initially the first 
aspect was evaluated, considering it the most criti-
cal point of the technique. Downstream, the second 
aspect was tested only on the combination found to 
be the best among those shown in Table 2. To check 
the first aspect, the microstructural and morphological 
characteristics of the FO coating, the metallic sprayed 
coating and their interface after the process were 

groove 
(0.1 mm deep)

(a) (b) 

Figure 5   Installation of the capillary tube (CT) for decoupling: a incorrect without groove and b correct.

Figure 6   Two samples and a free FBG on oven grid for tempera-
ture calibration.

12817



	 J Mater Sci (2024) 59:12812–12829

analyzed. Three sample cross sections for each fiber 
were observed. Both an optical microscope (Nikon 
SMZ-U) and a scanning electron microscope (Hitachi 
Tabletop Microscope TM3000) were used, with magni-
fications ranging from 100x to 500x. During the cutting 
performed for obtaining the cross section is impor-
tant to avoid damaging the coating and the FO. To 
this aim, the surface of the sample was covered with 
two-component epoxy casting resin, taking care not to 
create bubbles. The cuts were made with a miter saw 
with a water-cooled diamond blade. Then, the sections 
were prepared by standard metallographic techniques, 
sanding and polishing, without etching. Uniformity in 
the characteristics of the different sections along the 
same fiber was observed, so only the most significant 
images have been reported in the paper for brevity. 
As for the second aspect, i.e., the invasiveness of the 
FOs on the aluminum coating, the first bending test 
indicated in the ASTM B 571–97 Standard (Practice 
for Qualitative Adhesion Testing of Metallic Coatings) 
was applied. Three samples were produced with the 
parameters of condition 5 and then analyzed to check 
the invasiveness of the FOs on the aluminum coating 
through the bending test. One is a reference sample 
and thus no FOs were introduced. The other two have 
a polyimide-coated fiber: one with the FOs in the same 
direction of the passes given with the wire spray gun, 
the other with the fibers placed transversely, so that 
the jet of particles impacts the side of the fiber itself. 
The samples were then bent 180° on a mandrel (until 
their two legs are parallel) with the coated surface on 
the tensioned side.

Performance proof included manufacturing moni-
toring and four-point bending, as depicted in Fig. 7. 

During the manufacturing process of the specimens 
with the CT, the fiber was connected to the Micron-
Optics SM130 interrogator, allowing a live acquisition 
of the thermal spray process. The presence of the CT 
allowed the decoupling of thermal and mechanical 
stresses. Same samples were employed in a four-point 
bending test. The machine MTS 858 MiniBionix was 
used with 1 mm/min compression speed and 10 Hz 
data acquisition frequency. The distances between the 
two upper and lower supports were set at 60 mm and 
160 mm respectively. Both the FBG sensors measures, 
and the bending machine parameters were collected. 
The trend of strain is investigated over the time at 
different magnitudes of force applied corresponding 
to three maximum values of strain: 1000 με, 2000 με 
(repeated twice) and 2400 με.

In Table 3 is summarized the list of the samples pro-
duced with FBG sensors.

Results of the technological assessment

Optical analysis

The adhesion between the fiber and the substrate 
via thermal spray is the crucial point of a suitable 
design, but the FO must remain intact to guarantee 
the correct functioning. As can be seen in Fig. 8a, the 
solution that provides the groove as a method for 
maintaining the fiber in the desired position (condi-
tion 1 in Table 2) is not an acceptable solution. The 
micrograph shows how the coating has deteriorated 
to the point that it is no longer able to cover and pro-
tect the core. Conditions 2 and 3 also highlight the 
deterioration of the polyacrylate coating: it is evident 
how it has been stripped away—and possibly also 
softened due to the temperature—to the point that it 
has become a foreign body to the fiber itself (Fig. 8b 
and Fig. 8c). Among the combinations using poly-
acrylate coating, only the condition 4 (zinc primer 
without V-groove) evidently allows to preserve the 

Figure 7   Setup for the four-points bending test.

Table 3   List of specimens with FBG sensors produced and 
tested

Samples ID Sensors configuration in the samples

01 1 FBG directly embedded + 1 FBG in CT
02 1 FBG directly embedded + 1 FBG in CT
03 2 FBGs directly embedded
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integrity of the fiber (Fig. 8d). This condition shows 
the particularly interesting effectiveness of the use 
of zinc, which proves suitable to protect the poly-
acrylate fiber that was instead completely damaged 
in the previous conditions. Zinc shows protective 
effect against cladding, which was found to undergo 
only a slight deformation. The effectiveness of zinc 
is to be found in its metallurgical properties: it is a 
low melting and very ductile metal. Thermal spray 
coatings rely primarily on a mechanical or inter-
locking bond between the coating and substrate. In 
this case, during the deposition process, the parti-
cles deform and adapt to the fiber’s shape, allowing 
both the required adhesion, even with a poor coating 
like polyacrylate, and a reliable anchoring point for 
the subsequent layer of aluminum. Moreover, zinc 
primer has a thickness of only 0.1 mm, which should 
ensure a good ability to transfer information from 
the substrate to the fiber.

Starting from the results obtained in this first bunch 
of attempts on polyacrylate, other combinations 
were explored, in particular, the possibility of using 

different materials for the coating: polyimide (condi-
tion 5) and ORMOCER (conditions 6 and 7).

In Fig. 9 (condition 5: polyimide and zinc primer), it 
is possible to notice how the fiber remains in good con-
dition. The good adhesion of the fiber is ensured using 
the zinc primer. Moreover, also the adhesion with the 
aluminum which covers the specimen appears of good 
quality. By using this solution, both the goals of a good 
adhesion and the preservation of the integrity of the 
fiber are achieved. In fact, the temperatures reached 
during the manufacturing process are well below the 
glass transition temperature (Tg) of the polyimide 
coating (above 300 °C) and the impinging zinc does 
not scratch the surface.

Conversely, the combination between the same 
parameters of the thermal spray process and the 
ORMOCER fiber gives very bad results: although the 
fiber is not damaged at all by the process, it highlights 
a very poor adhesion, and it does not even stick to the 
substrate (Fig. 10). To face this problem, a different 
primer was tried: bondrite. It should increase the qual-
ity of the adhesion of the aluminum later deposited, 

(a) (b) 

(c) (d) 

Polyacrylate Coating 

Glass

Fiber

Zinc 
Primer

Figure 8   nSEM micrographs exhibiting the aspect of FOs with polyacrylate coating after thermal spray process. Conditions with refer-
ence to Table 2: a-1, b-2, c-3, d-4.
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but also in this case the coating made of ORMOCER 
showed a poor adhesion with the metallic material, 
not allowing a good embedding of the fiber. Anyway, 
in both cases the deterioration suffered by the fiber 
results limited.

Summarizing: the polyacrylate coating confirms its 
poor mechanical properties and no condition can pre-
serve the FOs adequately; the option of ORMOCER 
coating must be discarded since no adhesion with the 
substrate is confirmed, despite the good mechanical 
response to the process; the polyimide coating repre-
sents the most suitable option among the presented, 
showing adequate mechanical resistance and perfect 
adhesion to the substrate via zinc primer (Fig. 11). 
These samples were then subjected to the following 

step of the technological assessment, i.e., the adhesion 
testing of the metallic coating. The results indicate that 
the thermal spray process is a solution to increase the 
wear and corrosion resistance [16, 17] of FO in more 
severe environments, maintaining their operational 
characteristics that will be demonstrated in the anal-
yses that follow. The presence of few defects in the 
metallic coating (such as oxides and pores, inherent 
to this process [18]) which will allow a greater adhe-
sion between the metallic coating and the Zn coating 
should be noted.

Permanent bending test

Looking at Fig. 12a can be noticed that cracking occurs 
in the bend area of the reference sample. Cracks are 
normal and not indicative of poor adhesion unless 
the coating can be peeled back with a sharp instru-
ment. In this sample, these are superficial and do not 
propagate into the substrate. In the sample with fibers 
parallel to the direction of the passes (Fig. 12b), these 
cracks are deeper with respect to the reference sample, 
but still no peeling or flaking of the coating from the 
substrate can be observed, which would be evidence 
of poor adhesion. This, on the opposite, occurs with 
the sample in which FOs are transversal (Fig. 12c). 
Here, the cracks opened on the line where the fibers 
are positioned act as a trigger point for the lifting of 
the coating. Where it was fractured, a blade was used 
to attempt to lift off the coating, which could in fact 
be easily removed proving the poor adhesion. Despite 
its small size, the FOs might create a shaded area for 
the sprayed particles, generating this “trigger line” 
for flaking. This is an important indication that the 

(a) (b) 

Glass

Fiber

Figure 9   SEM micrographs exhibiting the aspect of FOs after thermal spray process, in condition 5 with reference to Table 2 (polyim-
ide and zinc primer).

Figure  10   SEM micrograph exhibiting the aspect of FOs after 
thermal spray process, in condition 6 with reference to Table  2 
(ORMOCER and zinc primer).
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thermal spray technique is effective, but that attention 
to the position of the optical fibers must be paid dur-
ing the coating application phase, to avoid adhesion 
reduction, see Fig. 13.

Results of the performance verification

Temperature decoupling and thermal strain

For the fiber that is not embedded in any sample 
(Fig. 14), the two FBGs exhibit the same response due 
to the same coefficient of thermal expansion (CTE), 
which is that of the fiber itself. There is a slight delay 
of the response of the sensor inserted in the CT due to 
the thermal insulation, which also causes a thermal 
hysteresis that cuts the thermal fluctuations detected 

(a) (b)

Al coating
Primer

Coated 
Fiber

Steel substrate

Figure 11   Optical micrograph a and SEM b micrograph reveal the excellent adhesion and no defect of FOs after thermal spray process 
with polyimide coating and zinc primer (condition 5).

Figure 12   Pictures of the samples after the bending test (according to ASTM standard). a Reference sample with no fiber, b fibers par-
allel and c fiber transversal to the direction of the passes.
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by the thermocouple. The higher noise of the free sen-
sor signal is due only to the vibrations of the oven fan 
during cooling.

In both the samples where the fiber is embedded 
through thermal spray (Fig. 15), it can be noted that 
the variation in wavelength produced on the sensor 
embedded in the aluminum layer (“embed. sensor”) 
is greater than that of the free sensor (“free sensor” 
in Fig. 14). This is a direct consequence of the CTE 
of the metal and the transfer of its expansion to the 
optical fiber. This is also a nice indicator of the good 
adhesion of the FOs to the metal sample and a proof 
of the fact that the thermal calibration is to be carried 
out necessarily on the sensor joined to the host mate-
rial. The sensors in the CT have a different response 
for the two samples. One of the two has values close 
to those of the free fiber (Fig. 15b vs. Fig. 14), while the 
other has higher wavelength variations (Fig. 15a). This 
too is indicative of the fact that probably, in Sample 
1 (Fig. 15a), the sensor is not completely free inside 
the CT, but has been partially bound by the glue. 
This reduces the effectiveness but is not very critical, 
because the possibility of decoupling is still guaran-
teed if the multiplicative coefficients of the two sensors 
are sufficiently different.

The resulting coefficients Δλ/ΔT are calculated with 
a linear regression for each sensor of each sample 
(Fig. 16) and are summarized in Table 4. The average 
value for free and isolated sensors is about 0.011 nm/K 
and it more than doubles coming up to 0.025 nm/K for 
the embedded sensors.

Manufacturing monitoring

In Fig. 17, the wavelength shift of the two FBG sensors 
is shown, as acquired during thermal spray manufac-
turing process (when the mechanical and thermal 
actions are still uncoupled). Each of the peaks coin-
cides with a passage of the sprayed thermal jet hitting 
the fiber. From the curve, four different deposition 
peaks are visible: the first two (within the first min-
ute) are when the primer is deposited, the next two are 
related to the deposition of first and second aluminum 
layer. Between two subsequent deposition peaks, the 
typical trend of a convective thermal dissipation is 
observed. Even with no decoupling, it is clear that 
peaks intensity is related to the maximum tempera-
ture reached. The ones related to zinc are lower since it 
has a lower melting point than aluminum. Moreover, 
among the two aluminum-related peaks, the second 

one is higher because more cycles of deposition are 
done in a very small amount of time. Besides, the neg-
ative wavelength shift sensed by the embedded FBG 
is due to the fact that once the fiber is bound to the 
substrate (that occurs in hot conditions) its response 
to thermal changes follows thermal contraction of the 
metal (which is cooling), resulting in a lower strain 
with respect to the initial condition measured by the 
FBG. All these considerations are confirmed once the 
two effects have been decoupled (Fig. 18).

Looking at the detail of the peaks (Fig. 19), each 
of these is composed by several sub-peaks as direct 

Figure 13   SEM image of the section of the fiber transversal to 
the direction of the passes.

Figure 14   Wavelength variation over time due to a temperature 
cycle for the sensor not embedded in any sample (one free and 
another incapsulated in the CT).
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Figure 15   Wavelength variation over time due to a temperature cycle for the sensors embedded in a sample 1 (fully embedded) and b 
sample 2 (incapsulated in the CT).

Figure 16   Linear regression of the wavelength shift over temperature. For the sensor not embedded in any sample a, for sample 1 b, 
and sample 2 c. 

12823



	 J Mater Sci (2024) 59:12812–12829

consequence of deposition process, consisting in the 
application of a series of subsequent coats of mate-
rial in rapid succession. Number of coats can be rec-
ognized on the curve: seven coats for the first cycle 
(Fig. 19a, 0.2–0.3 min) and four for the second (Fig. 19a, 
around 0.9 min). Moreover, the strain is proportional 
to the strength of impacts: during the second cycle, the 
detected intensity is lower than the first one because 
there is not a direct impact, having already deposited 
a first layer of metallic material. Eight different sub-
peaks are countable during the first cycle of deposi-
tion of aluminum (Fig. 19b, 1.7–1.85 min), representing 
the eight coats of aluminum deposited in this phase. 
(A freeze-frame of the deposition process is catched 
in Fig. 20)

Four‑point bending mechanical monitoring

The bending test for a specimen with two embedded 
sensors (Sample 03, Fig. 21) and another with the CT 
(Sample 02, Fig. 22 and Fig. 23) are presented.

For the first, the test at maximum strain is reported 
in Fig. 21. The strain trend labeled as “MTS” is not a 
direct measure (e.g., from a strain gauge), but is calcu-
lated from the force using the theoretical formula for 
four-point bending (see also Fig. 7):

The strain measured with FBGs proves to be accu-
rate when compared with the one calculated from 
MTS displacement and load values. The accuracy and 
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Table 4   Sensitivity coefficients from linear regression

Δλ/ΔT Not 
embedded 
(nm/K)

Sample 1 
(nm/K)

Sample 2(nm/K)

Free/embedded 0.0108 0.0252 0.0245
Inside CT 0.0121 0.0177 0.0116

Figure  17   Wavelength shift of the embedded sensor a and the 
one incapsulated in the CT b as acquired during thermal spray 
manufacturing process.

Figure 18   Strain a and temperature b trend during the thermal spray manufacturing process.
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the repeatability of the measurement suggest a good 
adhesion of the thermal spray coating to the fiber, sup-
porting the quality of the configuration adopted.

For the second specimen, the wavelength shift detected 
by the FBG enclosed in the CT is null, proving the proper 
mechanical isolation provided by the technique (Fig. 22). 
In fact, test was carried out at constant temperature so 
that no wavelength changes due to temperature were 
expected. The strain and temperature field reconstructed 
from the decoupling system are in Fig. 23. FO strain cal-
culated from decoupling and MTS one estimated using 
four-point bending formula are compared in Fig. 23a. The 
FO measure is very reliable also for this second speci-
men, up to being more accurate than the deformation 
value obtained from the MTS load. Indeed, FO detects a 

Figure 19   Detail of the mechanical strain induced by the application firstly of the Zn primer a, and then of the first coat of Al b. 

sample 
with FO

Figure  20   Freeze frame catching a moment in which the ther-
mal spray jet impacts the sample with FO.

Figure  21   Strain over time for the sample with two FBGs 
embedded (Sample 03).

Figure 22   Wavelength shift of the two sensors just as acquired 
during thermal spray manufacturing process (Sample 02).
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permanent deformation that is suggested by the displace-
ment of the crossbar, whereas it is not detectable by the 
force that returns to zero after each cycle despite perma-
nent deformation (Fig. 24). This also proves the FO to be 
comparable to a strain gage local measurement.

Conclusions

In this work, FOs are embedded on metallic structures 
via thermal spray. This additive manufacturing tech-
nique allows depositing a layer of metallic coating 
over the fiber, fixing it on the substrate, which must 
be properly treated. The validation of the quality of 
the technique was approached from both technological 
and functional points of view.

First technological evaluation was related to the 
influence of the process on the microstructural and 
morphological characteristics of the FO coating, 
explored using optical and scanning electron micros-
copy. As a result, the FO with polyimide coating rep-
resents the most suitable option among the presented, 
with good mechanical response to the stresses and a 
perfect adhesion on the substrate via primer (zinc). 
Conversely, the combination between the same param-
eters of thermal spray process and the ORMOCER 
fiber gives the worst results because of poor adhesion. 
Another outcome is that a flat sanded surface is the 
best preparation for the substrate. A twin technological 
aspect relates to the effect of the presence of the fiber on 
the quality of the deposited aluminum layer. The pres-
ence of the fiber, despite its small size, was found not to 
be so irrelevant. If positioned transversely to the jet of 
particles, it might create a shaded area for the sprayed 
particles, generating a “trigger line” for flaking. This is 
an important indication that attention to the position 
of the optical fibers must be paid during the coating 
application phase, to avoid adhesion reduction.

The monitoring performance of the sensors was 
tested both during manufacturing and four-point 
bending. The detail and the accuracy of the measure-
ments prove that the manufacturing process does not 
affect the functioning of the sensors and that the adhe-
sion of the sensor to the structure obtained with the 
thermal spray is precise.

The effect of temperature has also been considered. 
This can be effectively decoupled with a capillary tube 
(CT) technique, even though its invasiveness is not 

Figure  23   Data acquired by the MTS machine: crossbar dis-
placement and load.

Figure 24   Strain a and temperature b trends as recalculated after decoupling signals from the four-point bending test on the sample 
equipped with the CT.
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negligible, risking compromising the adhesion of the 
sensor. However, an accurate design can easily fix this 
issue.

In conclusion, the study demonstrates the feasibility 
of using thermal spray as an alternative for fixing and 
protecting FOs on metallic structures. As for the FOs, 
this method provides an excellent adhesion at the inter-
face between the metallic coating and the fiber, the pres-
ervation of the structural integrity of the fiber itself and 
a precise measurement of strain acquired, thanks to the 
low temperature of process and excellent quality of the 
metallic coating. Also advantageous is the quality of the 
adhesion of the coating itself (virtually no defects even 
in the presence of the FOs) and the deposition efficiency 
obtained with the thermal spray process.
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