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A B S T R A C T

Embedding fiber optic sensors in critical components is a key step for real-time monitoring of structural con-
ditions during service and supporting autonomous system operations. Successful integration of these sensors 
necessitates effective interfacial bonding between the fiber and matrix, good integrity and functionality of the 
embedded sensors, robust mechanical strength of the matrix materials, and the ability to retain these properties 
during transient thermal and stress events. This study demonstrates the encapsulation of fused silica optical fibers 
in stainless steel and nickel through the electric field-assisted sintering (EFAS) process. Copper-coated and gold- 
coated single mode optical fibers were embedded under different EFAS conditions. The resulting components 
with embedded sensors were evaluated using advanced microscopy and optical frequency domain reflectometry 
(OFDR) to assess the aforementioned critical aspects of embedding. The results indicate that both copper- and 
gold-coated fibers can be successfully embedded in stainless steel and nickel with good fiber integrity and fiber- 
matrix bonding. Samples fabricated under optimal conditions passed helium leak testing, confirming effective 
interfacial bonding. Microstructural characterization revealed excellent fiber-matrix adhesion and interdiffusion 
of elements across the interface. The functionality of the embedded fibers was evaluated through OFDR scans, 
which revealed signal insertion loss of 0.43–0.52 dB for nickel samples and 0–0.75 dB for stainless steel samples 
at the embedding sites. Additionally, the embedded fibers underwent cyclic thermal treatment between 500 ◦C 
and 700 ◦C. The fibers maintained good integrity and interfacial characteristics, demonstrating their ability to 
survive cyclic thermal events for sensing in harsh environments.

1. Introduction

Structural health monitoring (SHM) has garnered substantial atten-
tion over the past few decades across various industries as a predictive 
tool for assessing degradation and damage in structures and materials 
over time [1]. SHM involves the continuous collection of precise, 
real-time data of variables during a component’s service life. This sys-
tematic monitoring delivers essential information for evaluating struc-
tural health, enabling timely maintenance decisions to ensure system 
safety, performance, and longevity. In-service monitoring of structural 
performance has played a significant role not only in critical civil and 
geotechnical infrastructures [2], but also in aerospace and energy sys-
tems, such as jet engines [3], wind turbines [4], and nuclear reactors [5]. 
The growing importance of SHM in modern advanced systems is of 
particular interest because these systems are designed to operate in more 
extreme environments to boost performance and efficiency, which in 

turn poses unprecedented loads on the components. To implement SHM, 
a key element is data acquisition through sensor network that can pro-
vide real-time sensing data for structure condition assessment.

Fiber optic sensors have emerged as a breakthrough technology in 
SHM. These sensors exploit the unique properties of optical fibers to 
measure a wide range of physical parameters, such as strain, tempera-
ture, vibration, humidity, acceleration, and irradiation, with remarkable 
accuracy and sensitivity. Fiber optic sensors typically employ Fiber 
Bragg Grating (FBG) or distributed sensing techniques, enabling the 
measurement of both localized and distributed data along the length of a 
fiber with a high spatial resolution [6]. This addresses the limitations of 
conventional strain gauges and thermocouples, which are often 
restricted to single-point measurements. Moreover, fiber optic sensors 
offer high sensitivity and accuracy, immunity to electromagnetic inter-
ference, multiplex sensing capability, reliable performance in harsh 
environments, and lightweight and flexibility [7]. These unique 
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advantages have led to their widespread adoption in various fields. For 
instance, fiber optic sensors were embedded in lithium-ion batteries to 
monitor internal strain and temperature for battery life cycle manage-
ment [8]. Monitoring of temperature and strain in a microreactor heat 
pipe was realized with embedded fiber optic sensors [9]. Furthermore, 
fiber optic sensors have been employed to detect bonding issues in 
aircraft wing structures [10]. In addition, these sensors have been used 
in the healthcare industry to continuously measure abdominal and 
thoracic respiratory movement under medical imaging [11].

Embedding fiber optic sensors within parts of interest is a key step for 

SHM because it enables real-time monitoring of internal and distributed 
data, enhances sensing accuracy and sensitivity (e.g., fiber-matrix tem-
perature and strain coupling), benefits structure compactness, and en-
ables the shielding from external environmental influences (e.g., 
corrosive media) that may affect sensor durability [12]. Previous en-
deavors have employed several techniques to encapsulate fiber optic 
sensors in metallic and ceramic materials, mainly using additive 
manufacturing (AM) techniques such as ultrasonic AM (UAM) [9,
13–22], directed energy deposition (DED) [23–25], powder bed fusion 
(PBF) [26–28], and binder jetting (BJ) [29].

UAM is a solid-state additive process that bonds layered metal foils 
through plastic deformation of materials at mating surfaces induced by 
applied pressure and vibration [22]. UAM is particularly advantageous 
for fiber embedding due to its low processing temperature (~170 ◦C for 
aluminum and copper alloys [21]), which minimizes the risk of fiber 
breakage. For instance, Zhao et al. [21] utilized UAM to embed FBGs in 
Al-6061 and showcased dynamic strain measurements. Chilelli et al. 
[20] demonstrated the detection of crack initiation and propagation 
with FBGs embedded into Al-6061 obtained by UAM. He et al. [19] 
implanted a single-mode fiber sensor in Al-1100 and revealed strain 
response under tensile loading. The use of UAM for embedding fiber 
optic sensors has also been reported in other studies [9,15–18]. UAM has 
shown success in embedding fibers within low-strength materials, such 
as aluminum and copper alloys, where effective bonding between the 
fiber and matrix can be achieved. Notable examples include metallized 
fibers (aluminum-coated and copper-coated) encapsulated in Al-3003 
matrix via UAM, which exhibited void-free fiber-matrix bonding, 
although some non-bonded regions were observed at matrix interfaces 
[14]. Additionally, copper-coated fibers integrated into Al-6061 
possessed good bonding under optimal processing conditions [13]. 
However, UAM faces significant challenges when joining high-strength 
materials, such as stainless steel (SS) and nickel-based alloys that are 
commonly used in high-temperature applications. As a result, fibers 

Fig. 1. SEM cross-sectional images of the as-received (a) Cu-coated and (b) Au-coated fibers. SEM micrographs showing the particle morphology of (c) SS powder 
and (e) nickel powder. Particle size distribution for (d) SS and (f) nickel powder.

Table 1 
Specifications of as-received Cu-coated and Au-coated fibers.

Property Fiber type

Cu-coated Au-coated

Fiber diameter 165 μm (coating) 
125 μm (cladding) 
9 μm (core)

155 μm (coating) 
125 μm (cladding) 
9 μm (core)

Coating materials Copper alloy Gold
Coating thickness 20 ± 5 μm 15 ± 5 μm
Melting point (coating) ~1085 ◦C ~1064 ◦C
Wavelength 1300–1600 nm 633–680 nm
Preform Ge-doped core Ge-doped core
Tensile strength 689.5 MPa 3.3 GPa
Attenuation 9.5 dB/km 4 dB/Km
Operation temperature <600 ◦C <700 ◦C

Table 2 
Chemical composition of the SS316L powder.

Element Fe Ni Cr Mo Mn Si C P S

Wt. % Bal. 12 17 2.5 2 0.75 0.03 0.045 0.03

X. Zhang et al.                                                                                                                                                                                                                                   Journal of Materials Research and Technology 34 (2025) 15–31 

16 



embedded in these materials tend to show poor bonding. For instance, 
one study reported that optical fibers embedded in SS304 exhibited 
large voids at fiber-matrix interface and at the interfaces of SS304 layers 
[9]. It has been widely documented that high-temperature materials 
joined by UAM often show defects at the interfaces [30–33], which 
compromise the mechanical properties of the materials.

Laser-based DED and PBF have also been explored for embedding 
optical fibers. In these processes, optical fibers were placed on substrates 
or previously deposited layers and subsequently covered with additional 
material layers processed by a laser beam. A significant challenge with 

these methods is to protect the fibers from thermal damage. Typically, 
metal coatings, such as nickel, chromium, or copper, were applied to 
facilitate fiber embedding [23–28]. Furthermore, a precisely machined 
groove on the substrate, tailored to the diameters of the coated fibers, is 
essential for proper fiber placement and protection [25,26]. An inade-
quately machined groove can result in fiber breakage, while an exces-
sively machined groove may lead to large voids at the joint [25]. 
Successful embedding with optimal fiber functionality and bonding 
quality requires careful tuning of processing parameter. However, gaps 
at the interface below the fiber are difficult to prevent because of the 
inaccessibility of laser source to this region when it scans on the top of 
the substrate [24–27,34]. These gaps limit the use of the final compo-
nent in high-pressure applications where effective sealing is critical. 
Additionally, these voids can adversely impact component performance 
and introduce uncertainties in strain and temperature measurements.

To address the aforementioned challenges, this study demonstrates 
an embedding technique based on electric field-assisted sintering 
(EFAS). EFAS utilizes electric current to synthesize materials and is 
capable of processing a diverse array of metallic, ceramic, and composite 
materials [35]. This study aims to demonstrate successful embedding by 
investigating several key aspects: 1) process and parameters optimiza-
tion to achieve optimal overall properties; 2) inspection of fiber integrity 
and functionality through advanced microscopy and optical property 
measurements; 3) characterization of fiber-matrix bonding using mi-
croscopes and helium leak testing; 4) machinability of parts with 
embedded sensors; and 5) assessment of fiber integrity and bonding 
condition after thermal cycling. A systematic investigation of these 
properties highlights the potential of EFAS technology for integrating 
fiber optic sensors into high-temperature materials for SHM 
applications.

2. Research methodology

2.1. Fiber and matrix materials

Fused silica fibers have been demonstrated to operate at tempera-
tures exceeding 800 ◦C [36]. However, for sensing applications in 
high-temperature environments (>500 ◦C), typical polymer-coated fi-
bers are unsuitable, which necessitates the use of metal-coated fibers. In 

Fig. 2. Schematic representation of the fiber embedding process using EFAS. (a) Vertical placement of a fiber in the die. (b) Die assembly containing metal powder 
and fiber. (c) 3D sectional view showing the positioning of the fiber within the die assembly.

Table 3 
Parametric matrix for consolidating SS316L and nickel with optical fibers and 
resulting sample relative density.

Sample 
ID.

Temperature 
(◦C)

Pressure 
(MPa)

Hold 
time 
(min)

Sample 
density 
(%)

Cu-coated 
fiber 
embedded 
in SS316L

CuF-SS- 
800-40-5

800 40 5 79.3%

CuF-SS- 
900-40-5

900 40 5 84.3%

CuF-SS- 
980-40-5

980 40 5 92.2%

CuF-SS- 
980-50-5

980 50 5 94.1%

CuF-SS- 
980-60- 
10

980 60 10 97.0%

Cu-coated 
fiber 
embedded 
in Ni

CuF–Ni- 
800-40-5

800 40 5 96.5%

CuF–Ni- 
900-50-5

900 50 5 98.8%

CuF–Ni- 
980-50-5

980 50 5 98.8%

Au-coated 
fiber 
embedded 
in SS316L

AuF-SS- 
800-40-5

800 40 5 78.8%

AuF-SS- 
900-40-5

900 40 5 84.3%

AuF-SS- 
980-40-5

980 40 5 92.1%

AuF-SS- 
980-50-5

980 50 5 94.7%
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Fig. 3. Optical transmission and OFDR analysis of as-received and encapsulated fibers. Schematics of (a) transmission testing and (b) OFDR technique. (c) Fibers 
before embedding and Rayleigh scattering pattern. (d) Embedded fiber for OBR scan. (e) OBR test setup.

Fig. 4. (a) As-produced and (b) machined SS samples with integrated fiber. (c) Transmission testing of embedded optical fibers in samples fabricated at 
different conditions.
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this study, two types of commercially available metallized fused silica 
(SiO2) optical fiber were selected for embedding. The first type is a 
copper-coated single mode fiber (Cu1300) from IVG Fiber (Canada). 
This fiber features a 9 μm diameter Ge-doped core, a 125 μm diameter 
cladding, and a 165 μm diameter copper coating (with a coating thick-
ness of 20 ± 5 μm). Fig. 1a shows a cross-section of the as-received 
Cu-coated fiber examined using a scanning electron microscope (SEM, 
FEI Quanta 650). These fibers exhibit a circular cross-section with a 
copper alloy coating (specific composition unknown) and are designed 
for high-temperature applications, tolerating short-term temperature up 
to 600 ◦C and long-term temperature up to 450 ◦C. The Cu-coated fibers 
also have a thin carbon layer between the silica cladding and the copper 
coatings. In addition to the Cu-coated fibers, a gold-coated single model 
fiber (ASI9.0/125/155G) from AMS Technologies (Germany) was 
tested. As shown in Fig. 1b, the Au-coated fiber has a 9 μm Ge-doped 
core, a 125 μm pure fused silica cladding, and a 155 μm gold coating 
(with a coating thickness of 15 ± 5 μm). These fibers are designed to 
operate in a temperature range of − 269 ◦C–700 ◦C. Table 1 provides a 

summary of the specifications for the metallized fibers.
The matrix materials used in this study include stainless steel (SS) 

316L and pure nickel. SS was selected due to its extensive use in high- 
temperature applications, such as heat exchangers, pipes, and pressure 
vessels, owing to its excellent corrosion resistance and favorable me-
chanical properties. Nickel and its alloys are similarly employed in high- 
temperature environments, including applications in aircraft gas tur-
bines, power plants, and nuclear reactors. The SS316L powder used in 
this study was procured from Carpenter Additive Corporation (USA), 
while the nickel powder was supplied by American Elements (USA). 
Both powders were characterized using SEM to analyze their shape and 
particle size. Fig. 1c and e exhibit the morphology of the SS and nickel 
powder, respectively. The SS powder consists of a mixture of spherical 
and irregular shaped agglomerates, whereas the nickel particles pri-
marily comprise spherical particles. Particle size analysis was performed 
using ImageJ. As shown in Fig. 1d and f, the average particle sizes for SS 
and nickel were 9.4 μm and 1.9 μm, respectively. The chemical 
composition of SS316L is provided in Table 2.

Fig. 5. X-CT scan of a sub-volume of SS with fiber encapsulated at 800 ◦C to show (a) fiber integrity and (b) pores in the matrix.

Fig. 6. SEM micrographs illustrating the fiber-matrix interfacial characteristics in the samples with (a–c) Cu-coated and (d–f) Au-coated fibers embedded at 
various conditions.
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2.2. Fiber embedding process

Embedding fibers into SS and nickel was achieved using the EFAS 
technique. EFAS, also known as spark plasma sintering (SPS) or field- 
assisted sintering technique (FAST), is an advanced manufacturing 
process that consolidates materials in solid-state by applying high- 
density electric current and pressure [35]. The electric current induces 
Joule heating within the materials, enabling rapid heating rates, short 
processing time, enhanced sintering kinetics, and increased productiv-
ity. The short processing time (on the order of minutes) is particularly 
advantageous for fiber embedding, as the long-term thermal stability of 
fused silica fibers becomes a concern at temperatures exceeding 1000 ◦C 
[37]. Minimizing the exposure of fibers to high temperatures during the 
embedding process helps to mitigate the attenuation of optical proper-
ties. Additionally, EFAS facilitates rapid densification of hard-to-sinter 
materials, such as composites and ceramics, making it potential for 
embedding fibers in these materials [35]. In this study, a direct current 
sintering furnace (DCS-5) from Thermal Technologies, LLC. (USA) was 
used. This system can deliver up to 2000 amps of current and a load of 5 
tons, making it suitable for fabricating samples with diameters ranging 
from 10 mm to 40 mm.

Fig. 2 illustrates the schematic representation of the embedding 
procedure. The process began with the preparation of a die assembly 
consisting of the powder and fiber to be integrated. As shown in Fig. 2a, 
a 1-mm hole was prepared at the center of the lower graphite punch to 
facilitate fiber placement. An optical fiber was then vertically inserted 

into the hole. Next, 7 g of metal powder were loaded into the die to 
encapsulate the fiber, and the upper punch and spacers were installed to 
complete the assembly, as depicted in Fig. 2b. A challenge in fiber 
embedding is preventing fiber breakage at the fiber-sample junctions 
due to stress concentration. To address this issue, miniature SS316 guide 
tubes (inner diameter: 0.254 mm, outer diameter: 0.406 mm, and 
length: 21 mm, 1 mm longer than the punch) were positioned at both the 
lower and upper junctions. These guide tubes extended ~1 mm into the 
metal powder, creating a bond during sintering that protected the fiber 
from breakage at the junctions. Graphite foils were placed at the die- 
punch-sample interfaces to prevent bonding and ensure easy removal 
of the sintered sample. Fig. 2c shows a 3D sectional view of the die as-
sembly, illustrating the fiber placement. This setup enabled the 
embedding of long fibers and allowed for retrieval of the final sintered 
samples after disassembly. It should be noted that the fibers bended 90◦

at the upper and lower graphite spacers. The holes on the spacers should 
be designed to yield to a fiber bending radius larger than the minimum 
bending radius of fiber to be embedded (10 mm in this study).

The key EFAS parameters influencing material densification include 
temperature, pressure, and hold time. These parameters were varied 
over a wide range in this study to explore the relationships between 
fabrication conditions and embedding properties. Table 3 summarizes 
the parametric matrix, which covers a temperature range of 
800 ◦C–980 ◦C, pressure levels between 40 and 50 MPa, and dwell time 
of 5 and 10 min. These values were scoped based on a literature review 
of SS316L and nickel materials processed by powder metallurgy [38,39], 

Fig. 7. Elemental distribution maps over SS matrix and embedded Cu-coated fiber.
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while also accounting for the melting points of the copper (1085 ◦C) and 
gold (1064 ◦C) coatings on the fibers. Temperatures exceeding 1000 ◦C 
were avoided, as they caused damage to the metal coatings. A consistent 
heating rate of 100 ◦C/min was applied for all experiments, with sample 
fabrication conducted under an argon atmosphere.

2.3. Optical frequency domain reflectometry

The initial macroscopic inspection of fiber integrity post embedding 
was conducted by shining light into one end of the fiber and visually 
examining transmission at the other end. This method allows for a rapid 
qualitive assessment of the fiber’s condition. Fig. 3a illustrates the test 
setup, where a light source (Fiber-Lite 170D) was coupled to the fiber.

A more detailed evaluation of the embedded fibers was conducted 
using optical frequency domain reflectometry (OFDR), as shown in the 
schematic diagram in Fig. 3b. OFDR is an optical technique that analyzes 
backscattering light (resulting from Rayleigh scattering or FBGs) and 
optical losses along the entire length of a fiber. The technique involves 

Fig. 8. EDS line scan over the fiber-matrix interface in SS samples with (a) Cu-coated fiber and (b) Au-coated fiber.

Table 4 
Helium leak testing results on SS and Ni samples with embedded fibers.

Fiber/ 
matrix

Sample ID Embedding 
condition

Leak test results (Pa)

Cu-coated 
fiber in 
SS316L

CuF-SS-900-40- 
5

900◦C-40MPa- 
5min

Leak – due to interconnected 
pores at matrix grain 
boundaries

CuF-SS-980-50- 
5 (sample 1)

980◦C-50MPa- 
5min

3.9 × 10− 4

CuF-SS-980-50- 
5 (sample 2)

980◦C-50MPa- 
5min

2.1 × 10− 5

Cu-coated 
fiber in 
nickel

CuF–Ni-900-50- 
5

900◦C-50MPa- 
5min

1.7 × 10− 7

Nickel only 
(reference)

900◦C-50MPa- 
5min

3.2 × 10− 7
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sending an optical signal through a tunable laser source (TLS), which 
sweeps across a typical wavelength of 1530–1570 nm. As the signal 
propagates through a fiber, localized changes in optical properties – due 
to temperature or strain – generate location-dependent backscattering. 
This backscattered signal is compared to a reference light, creating an 
interference pattern. By monitoring variations in the backscattered 
signal, OFDR allows for the detection of parameters with sub-millimeter 
spatial resolution.

In this study, the OFDR analysis was performed using an OBR-4600 
instrument from Luna Innovations. Fig. 3c shows the splicing of metal- 
coated fibers with a fiber connector for OBR scan. The fibers were first 
scanned with the OBR instrument to establish a baseline. Fig. 3c shows 
an example of the scanned spectrum, where the two peaks denoted the 
fiber-OBR joint and the end of the fiber. This pre-embedding scan 
indicated that the last 40 mm of the metal-coated fiber should be avoi-
ded to eliminate signal interference with the peak at the fiber end. The 
scanned fibers were subsequently embedded in SS and nickel using 
down-selected conditions based on microstructural examinations. 
Fig. 3d shows a sample with a connector prepared for post-embedding 
OBR scanning. Fig. 3e depicts the OBR test setup.

2.4. Characterization of the fiber-matrix bond

In-depth characterization of the fiber-matrix bond was achieved 

using helium leak testing, X-ray computed tomography (X-CT) and 
advanced microscopy techniques. For the helium leak testing, the as- 
fabricated samples, originally with an outer diameter of 12 mm, were 
reduced to 10 mm using a lathe to fit the coupler of the leak testing 
device. The samples were mounted onto the leak tester and subjected to 
high vacuum pressure on one side, while the other side was exposed to 
helium. The steady-state vacuum pressure was recorded to assess the 
sealing quality.

X-CT was employed to reveal the 3D internal structure of the samples 
containing embedded fiber. This analysis was performed using a ZEISS 
Xradia 520 Versa X-ray microscope, which features a tungsten target 
that generates a cone-beam polychromatic X-ray spectrum. Due to the 
limited penetrating depth of X-rays, only a sub-volume of the matrix 
surrounding the fiber was scanned. For microstructural analysis, the as- 
fabricated samples were sectioned to expose their cross-sections, then 
mounted and polished following standard metallographic preparation 
steps. Final polishing was performed to a finish of 0.02 μm using 
colloidal silica. To prevent sample charging during SEM, the samples 
were sputtered-coated with gold prior to examination. The samples were 
examined using SEM to investigate the microstructure and fiber-matrix 
bond. Elemental distribution was analyzed with an energy-dispersive X- 
ray spectroscopy (EDS) detector. Elemental mapping and line scans were 
performed to observe elemental diffusion at the interfaces. A step size of 
0.5 μm was used for EDS line scan. Additionally, the grain structure of 

Fig. 9. SEM micrographs showing the (a, c) fiber-matrix bonding area and (b) the nickel matrix. (e1-e6) Elemental distribution maps over the embedded zone.
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the samples was revealed using electron-backscattered diffraction 
(EBSD). EBSD mapping was conducted with a step size of 0.1 μm, and 
the resulting data was post-processed in OIM Analysis software to 
exclude datasets with a confidence index of less than 0.1.

2.5. Thermal stability testing

Selected SS and nickel samples with embedded fibers underwent 
cyclic thermal loading to assess thermal stability. The samples were 
placed in a tube furnace and subjected to 50 cycles of thermal treatment, 
with temperatures ranging from 500 ◦C to 700 ◦C in air at a heating and 
cooling rate of 8 ◦C/min. After cooling to room temperature, the samples 
were sectioned to reveal their cross-sections, mounted, polished, and 
examined using SEM. The analysis focused on evaluating fiber integrity 
and the characteristics of the bonding interface.

3. Results and discussion

3.1. Fiber integrity after embedding

Fig. 4a shows a typical as-fabricated sample with an embedded fiber. 
The samples were successfully disassembled from the die without 
damaging the fiber. Notably, the fiber guide tubes, which bonded 
effectively to the matrix, successfully prevented fiber breakage at the 
fiber-matrix junctions. The copper and gold coatings retained their 
integrity at the selected fabrication temperatures (≤980 ◦C), thereby 
providing continuous structural support for the silica core and cladding. 
The outer surface of the sample was covered with graphite foil. Fig. 4b 
shows a sample with machined surfaces with good geometric tolerance 
achieved through lathe machining. Importantly, the fiber remained 
intact post-machining, indicating the basic machinability of the samples 
with embedded fibers. This characteristic enables the use of these parts 
as optical feedthroughs, facilitating their integration with parent com-
ponents for sensing applications. Additionally, the machined surfaces 
enabled helium leak testing, during which the outer surface was securely 
clamped to prevent leakage through this region.

The fiber embedding processes, whether utilizing the EFAS method 

employed in this study or other processes (such as UAM, LPBF, and DED) 
can introduce residual stress in the encapsulated fibers, potentially 
leading to failure in light transmission [14,26,40]. To assess whether the 
embedded fibers remained intact and were capable of transmitting light, 
a rapid inspection was performed immediately following embedding. 
This involved shining light into the fiber and visually inspecting the 
transmitted light. Fig. 4c presents representative examples from the 
transmission testing, which demonstrates that the fibers remained intact 
without macroscopic fractures. All samples fabricated according to the 
parametric matrix (refer to Table 3) passed the visual optical inspection. 
These findings are consistent with the microstructural analysis discussed 
in Section 3.2, where all samples exhibited crack-free cross-sections.

Fig. 5 shows an X-CT scan of a SS sample with Cu-coated fiber 
encapsulated at 800 ◦C (the animation of the scan is available in the 
Supplementary Material). The scan confirms the integrity of the fiber 
post-embedding, showing no signs of discontinuity or cracking. Addi-
tionally, the bonding of the fiber guide tube to the matrix is clearly 
visible. Local bending of the embedded fiber was observed in Fig. 5a. 
This local bending was caused by the deformation of the matrix during 
densification. At the sintering temperature, the matrix material experi-
enced deformation due to the consolidation of the metal powder. 
Bonding between the fiber coatings (Cu or Au) and matrix also occurred 
at elevated temperatures. As a result, further deformation of the matrix 
caused local movement of the fiber, resulting in slight bending of the 
fiber. To minimize fiber local bending, the fiber can be orientated hor-
izontally since the deformation of matrix in radial direction is less 
compared to the vertical (thickness) direction. However, this may 
require modification of the die/punch design to allow easy removal of 
the sample after fabrication.

Fig. 5b displays the scan with adjusted contrast to enhance the vis-
ibility of porosity within the sample. The presence of pores is attributed 
to the low sintering temperature (800 ◦C). At this condition, SS cannot 
achieve full densification of the surrounding metal matrix. Typical sin-
tering temperatures required to obtain highly densified SS range from 
1000 ◦C to 1150 ◦C [38,39,41]. Due to the resolution limit of X-CT, 
detailed interfacial characteristics between the fiber and matrix were 
not discernible. Therefore, the samples were sectioned and examined 

Fig. 10. EDS line scan showing the transition of elements over the fiber-nickel interface.
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under SEM.

3.2. Fiber-matrix interface characteristics

Samples with embedded fibers were sectioned and analyzed using 
SEM to reveal the relationships between sample quality – specifically 
fiber integrity, fiber-matrix bonding, and matrix density – and the pro-
cessing parameters. Fig. 6 shows representative micrographs of samples 
fabricated under various conditions. The analysis confirmed the absence 
of fiber cracking following encapsulation, which is consistent with the 
results from the transmission test, demonstrating that the fibers have 
survived the embedding process.

Fig. 6 also indicates the bonding between the metallized fibers and 
the SS matrix. Some porosities were observed in the matrix, particularly 
in samples sintered at lower temperatures (≤900 ◦C). Under suitable 
fabrication conditions (980 ◦C), the fiber-matrix bonding was contin-
uous without voids or gaps near the interface (Fig. 6c and f). At this 
sintering temperature, both copper and gold coatings approached their 
melting point so soften considerably. The application of pressure during 
EFAS facilitated the deformation of the fiber coating layer so it could fill 
any gaps between the SS particles near the interface, resulting in a void- 
free bond. Such bonding should lead to effective strain coupling between 
the fiber and the matrix. In contrast to typical embedding microstruc-
tures observed in materials processed using UAM [9,42], DED [23–25], 
and SLM [27,43 where voids are often present at bonding interfaces or 
fiber failures occur due to unoptimized parameters and experimental 
setups, the EFAS technique has demonstrated good fiber-matrix 

integration.
Figs. 7 and 8 illustrate the EDS elemental mapping and line scans 

performed on SS with embedded fiber where a distinct distribution of 
primary elements is observed. As shown in Fig. 8a, there is a marked 
decrease in the major elements of the matrix (Fe, Cr, Ni) as the line scan 
transitions into the fiber, while the elements of the fiber (Cu, Si, O) 
reveal abrupt increase. It is worth noticing that elemental diffusion 
across the matrix and Cu-coatings is evident, indicated by a narrow 
transition zone (5 ± 0.5 μm) across the interface. This interdiffusion 
developed during the holding period at the sintering temperature 
through atomic diffusion across the bi-metallic materials, which in-
dicates the formation of a strong metallurgical bond. Similar interdif-
fusion of elements during fiber embedding has also been previously 
reported in UAM studies [13]. Fig. 8b indicates that the diffusion depth 
(15 ± 0.5 μm) between the SS and Au-coatings is greater than that 
observed with the Cu-coatings. This phenomenon is attributed to the 
higher solubility of iron in gold, which allows for the formation of solid 
solutions based on the Fe–Au phase diagram [44]. In contrast, the 
mutual solubility of iron and copper is less than 0.1 at.% at room tem-
perature [45]. Nevertheless, it is anticipated that both metal coatings 
facilitated effective fiber-matrix bonding.

Table 4 summarizes the results of the helium leak tests conducted on 
selected samples. The SS samples fabricated at lower temperatures 
(≤900 ◦C) experienced leaks through the matrix. This is attributed to the 
open, interconnected pore network formed at low sintering tempera-
tures, (Fig. 6a and d), where helium leaks through the pore network. 
Increasing the sintering temperature to 980 ◦C substantially eliminated 

Fig. 11. (a, c) Grain structure and (b, d) grain size statistics of SS with embedded (a, b) Cu-coated fiber and (c, d) Au-coated fiber.
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the pores, as revealed in Fig. 6b–c, 6e-6f, and Table 3. Consequently, 
these samples were leak-tight (Table 4). Although further increases in 
sintering temperature above 1000 ◦C would enhance pore closure and 
densification, this is not practical for Cu- and Au-coated fibers due to the 
risk of melting of the coatings. The absence of metal coatings would 
result in a loss of structural support for the silica core and cladding, 
which makes the fiber extremely fragile and non-handleable. Nickel- 
coated fibers present an ideal alternative due to the nickel’s high melting 
point. With nickel-coatings, sintering temperatures can be elevated to 
1200 ◦C without damaging the nickel layer, facilitating the achievement 
of fully densified SS. However, nickel-coated optical fibers are rarely 
available commercially, thus necessitating the development of such 
coatings through techniques such as electroplating and electroless 
plating [46]. The exploration of these techniques, however, falls outside 
the scope of this research.

Fig. 9a–c presents the microstructure of the Ni samples with 
embedded Cu-coated fibers. Like the SS samples, the fibers maintained 
their integrity after embedding at both conditions (900◦C-50MPa-5min 
and 980◦C-50MPa-5min). The fiber-matrix interface exhibited a high 
quality of bond. Notably, compared to the SS samples, the Ni samples 
demonstrated improved densities, even for the sample fabricated at 
900 ◦C which had a density of 98.8% (Fig. 9a–b), a temperature that 
resulted in large pores and low density (84.3%) in the SS samples 
(Fig. 6a and d). This observation suggests that pure Ni can achieve better 
densification at lower temperatures than SS. This is likely due to the 
presence of alloying elements (Cr and Mo) in SS, which form thin oxide 

layer on SS powders. While these layers enhance the corrosion and 
oxidation resistance of SS, they also impede diffusion [47]. The low 
sintering temperature required for Ni is beneficial for fiber embedding, 
as it poses less challenges to the fibers. Due to the highly densified 
microstructure in the Ni samples, they passed the leak test, achieving 
better vacuum pressure compared to the SS samples, as shown in 
Table 4. Moreover, the test result for the sample with embedded fiber 
was comparable to that of the pure Ni, indicating that fiber embedding 
does not adversely affect sealing capability.

Fig. 9e1-e6 depicts the elemental distribution across the embedded 
zone. A quantitative transition of elements is plotted in Fig. 10. As 
anticipated, a well-defined transition zone, 20 ± 0.5 μm wide, was 
observed at the interface between the Ni matrix and the Cu-coating. 
Nickel and copper are mutually soluble based on Ni–Cu phase dia-
gram. This mutual solubility facilitates interdiffusion between the two 
materials. The presence of a transition zone at Ni–Cu interface suggests 
good fiber-matrix bonding, which is ideal for strain measurement.

3.3. Characteristics of the SS and Ni matrix

A key criterion for successful embedding is the quality of the matrix. 
In addition to ensuring optimal performance of embedded fibers, a 
defect-free matrix is essential for providing robust mechanical proper-
ties. Therefore, understanding the relationship between embedding 
parameters and matrix properties is crucial. As illustrated in Fig. 6, the 
parameters used in the EFAS process, particularly the temperature, 

Fig. 12. (a, c) Grain structure and (b, d) grain size statistics of Ni with embedded Cu-coated fiber fabricated at (a, b) 900 ◦C and (c, d) 980 ◦C.
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significantly influence the density of the SS. At low temperatures 
(≤900 ◦C), a considerable volume of pores is evident in the matrix 
(Fig. 6a and d), resulting in low sample density (<85%). Although 
necking between particles initiated at this stage, the thermal activation 
was insufficient to eliminate the pores. With increasing temperature and 
pressure, necking continued to develop while the pores diminished 
(Fig. 6b–c and 6e-f), leading to improvement of sample density. The 
sample fabricated at 980 ◦C and 60 MPa exhibited a density of 97%. 
Typically, powder sintering encompasses three stages [47]. Stage I is the 
rearrangement of powders due to applied pressure and particle contact 
is present but without significant necking and grain boundary forma-
tion. As the temperature increases, the process progresses to stage II, 
where powders come into contact and thermally activated diffusion 
accelerates, whereby grain boundary and lattice diffusion are primarily 
associated with pore closure. This stage features a high densification 
rate. Stage III involves the continuous elimination of pore networks and 
the growth of grain boundaries, accompanied by a reduced densification 
rate. The diffusion coefficient is largely driven by temperature and can 
be expressed as [48]: 

D=D0 exp
(

-
Q
RT

+
A|Z*|etj

RT

)

(1) 

where D0 is the material constant, Q is the energy of formation of va-
cancies, R is the gas constant, T is the temperature, A is the constant, Z* 

is the effective valence, e is the charge of an electron, t is the resistivity, 
and j is the current density. The diffusion coefficient increases with the 
increase of temperature. It should also be mentioned that in contrast to 
traditional sintering techniques utilizing induction furnaces, EFAS ap-
plies electric current into the materials, which can accelerate diffusion 
based on Eq. (1). As such, EFAS enables the sintering of materials at 
lower temperatures with a much shorter time compared to conventional 
sintering methods [35]. This is preferred for fiber embedding as it helps 
mitigate changes in optical property that can occur at extreme 
temperatures.

Fig. 11 reveals the grain morphologies and corresponding grain size 
statistics of the SS with Cu- and Au-coated fibers fabricated at the same 
condition. Since fused silica fibers are amorphous, they appear as non- 
indexed points in the EBSD maps (Fig. 11a and c). The SS exhibited 
refined and equiaxed fcc (face-centered cubic) austenitic grains, with an 
average grain size of ~10 μm. Such fine grains are typically seen in 
materials processed by EFAS, which is attributed to the rapid heating 
and short processing time [49]. According to the Hall-Petch relation-
ship, smaller grains can enhance the mechanical strength of materials 
through grain boundary strengthening. Previous studies have reported 
that materials fabricated by EFAS often exhibit better tensile strength 
compared to those produced by other sintering techniques [12,47]. 
However, it should be noted that the SS samples in this study contained 
pores within the matrix as the temperature cannot be further increased 
without melting the fiber coatings. These pores may compromise the 
mechanical properties of the materials. Thus, tensile testing is worth of 
conducting on the SS samples to reveal the strength and ductility of the 
material.

Fig. 12 depicts the grain structure of the Ni samples fabricated at 
different temperatures. The Ni matrix exhibited equiaxed grains with 

Fig. 13. Rayleigh scattering patterns of the Ni samples with embedded fibers fabricated at (a) 800 ◦C and 900 ◦C. (c, d) Magnified view of the patterns near the 
embedding site.

Table 5 
Insertion loss and return loss at the embedding site of the fabricated samples.

Sample ID Insertion Loss Return Loss

CuF–Ni-800-40-5 0.43 dB 10.8 dB
CuF–Ni-900-40-5 0.52 dB 9.75 dB
AuF-SS-800-40-5 0.75 dB 15.75 dB
AuF-SS-980-40-5 0 dB 11.19 dB
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annealing twins. A grain size of 26.2 ± 11.1 μm was obtained in the Ni 
produced at 900 ◦C. This grain size is relatively large considering the 
fine particle size of the powder (1.9 μm). This indicates that significant 
grain growth occurred at the sintering temperature of 900 ◦C. This 
finding suggests that the sintering temperature for Ni could potentially 
be lowered while still achieving a well-densified matrix. Additionally, 
Fig. 12 shows that as the sintering temperature increases, further grain 
growth occurred. The Ni sintered at 980 ◦C exhibited coarse grains 
compared to that at 900 ◦C. This implies that further increasing the 
temperature above 900 ◦C is unnecessary for densifying Ni but may lead 
to grain growth. This can also be revealed from the density measure-
ments that both the Ni samples fabricated at 900 ◦C and 980 ◦C exhibited 
same density of 98.8% (Table 3). In terms of the mechanical strength of 
pure Ni, a previous study has shown that pure Ni has a yield strength 
between 230 and 300 MPa and an ultimate tensile strength between 560 
and 640 MPa (grain size of 5 μm) [50].

3.4. Optical properties of embedded fibers

Fig. 13a and b shows the OBR scanned spectrums of the fibers 
embedded in Ni obtained at 800 ◦C and 900 ◦C, respectively. The first 
main peak (length = 0) in the spectrums denotes the connector at the 
fiber-OBR interface, while the second large peak results from the 
reflection at the end of the fiber. Additionally, a peak in the embedded 
zone is observed adjacent to the end-of-fiber peak. Fig. 13c and d shows 
a magnified view of the spectrums near the embedded zone. From these 
scans, the insertion loss and return loss at the embedding site can be 
determined. Insertion loss (lower values are preferable) quantifies the 
loss of signal during transmission along the fiber, whereas return loss 
(higher values are preferable) measures the amount of signal reflected 
toward the source. The measurements indicate insertion loss of 0.43 dB 
and 0.52 dB for the fiber embedded in Ni at 800 ◦C and 900 ◦C, 
respectively, as listed in Table 5. These levels of insertion loss are 

minimal and comparable to the loss at a clean fiber connection. 
Furthermore, these values are lower than the losses observed in Al-/Cu- 
coated fibers integrated in Al-3003 by UAM (~2 dB) [14], Cu-coated 
fiber embedded in Al-6961 (2 dB) [40], and fibers embedded in 
alumina by extrusion printing (2.5–1.0 dB) [51]. The low insertion loss 
associated with embedding via EFAS indicates good optical properties of 
the fiber once encapsulated in the metals. Return loss was calculated 
from the OFDR spectrum using equation (2) [52]: 

RL= − 10 log(PST)= − 10 log
(

P0 − PB

P1 − PB
(P2 − PB) −

(P0 − PB)

2

)

(2) 

where is P0 the signal power at the fiber section before the embedding 
site, PB is the background noise level, P1 is the signal power just prior to 
the reflection event (embedding site), and P2 is the signal power 
returned from the reflection at the embedding zone. The return loss at 
the embedding site was calculated to be 10.8 dB and 9.75 dB for the Ni 
fabricated at 800 ◦C and 900 ◦C, respectively (Table 5). This indicated 
that 8.3% (Ni-800 ◦C) and 10.6% (Ni-900 ◦C) of signal launched at the 
point of the embedding site was reflected. The insertion loss of 0.43 dB 
and 0.52 dB revealed that 90.6% (Ni-800 ◦C) and 88.7% (Ni-900 ◦C) of 
power launched was transmitted through the embedding site. The 
calculation for insertion loss and return loss confirms the absence of 
losses outside of the fiber, which indicates that the return loss is a result 
of Fresnel reflection due to strain at the embedding site. This strain leads 
to change in the refractive index of the fiber in the embedding site, 
which caused the peak observed in the OBR spectrums.

The EFAS temperature was found to influence both the insertion loss 
and return loss. Specifically, lower sintering temperatures resulted in 
reduced insertion loss and increased return loss, which is preferred as it 
exerts less impact on the optical fiber. The effect of temperature on 
optical properties is attributed to strain induced during the embedding 
process. At higher sintering temperatures, the matrix experienced more 

Fig. 14. Rayleigh scattering patterns of the SS samples with embedded fibers fabricated at (a) 800 ◦C and 980 ◦C. (c, d) Magnified view of the patterns near the 
embedding site.
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densification and deformation due to enhanced diffusion between metal 
particles and the closure of pores. Upon cooling, the mismatch of the 
coefficient of thermal expansion (CTE) between the matrix (13.1 ×
10− 6/◦C for Ni) and fiber (0.55 × 10− 6/◦C for silica) also contributed to 
high residual stress on the fibers. Consequently, samples fabricated at 
higher temperatures experienced higher local mechanical stress on the 
embedded fiber. This mechanical stress locally altered the index of 
refraction of the fiber, leading to higher insertion loss.

Fig. 14a and b presents the Rayleigh scattering patterns of the SS 
samples with embedded Au-coated fibers. Similar to the patterns 
observed in the Ni samples, the two main peaks correspond to reflection 
at the fiber-OBR connection and the end of the fiber. Fig. 14c and 
d shows a magnified view of the embedded region. The insertion losses 
for the SS samples fabricated at 800 ◦C and 980 ◦C were determined to 
be 0.75 dB and 0 dB, respectively. Notably, the fiber embedded in SS 
produced at 980 ◦C revealed full signal transmission through the fiber. 
In contrast, the fiber embedded at 800 ◦C exhibited greater signal 
attenuation. The trend of insertion loss as a function of fabrication 
temperature observed in the SS samples differs from that seen in the 

nickel samples. This discrepancy may result from local strain conditions 
and changes in the refractive index after embedding. The calculation of 
return loss and insertion loss for the SS made at 800 ◦C indicates that 
14% of light was lost from the fiber, while the sample made at 980 ◦C 
showed minimal transmission loss. This may suggest that the fiber 
embedded at 800 ◦C experienced more localized microscopic deforma-
tion, which affected its refractive index. Nevertheless, OFDR measure-
ments confirm that fibers embedded in SS at both temperatures 
successfully transmitted light with acceptable levels of attenuation.

Embedding process can result in residual strain on embedded fiber. 
For example, it was reported that fibers embedded via UAM and LPFB 
have a compressive strain of ~2000 μm/m [9] and ~3500 μm/m [26] at 
room temperature. Maintaining a compressive strain after embedding is 
critical to ensure good fiber integrity at high temperatures 53. Residual 
strain in embedded fiber can be revealed using FBG or Rayleigh scat-
tering methods [9,26]. Revealing residual strain in EFAS-embedded fi-
bers using these methods is worth pursuing to advance this fiber 
encapsulation technology for high-temperature sensing applications.

Fig. 15. SEM micrographs showing interface characteristics of (a) as-fabricated and (b) post-thermal-cycled SS with embedded Cu-coated fiber (fabricated at 980◦C- 
50MPa-5min). (c) Distribution of elements in the SS sample after thermal cycling.
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3.5. Interface characteristics after cyclic thermal treatment

Fig. 15a and b shows the microstructure of a SS sample with 
embedded Cu-coated fiber before and after 50 cycles thermal treatment 
between 500 and 700 ◦C. The results demonstrate that the fibers 
remained intact following the thermal treatment, indicating their good 
thermal stability. Compared to the microstructure before thermal 
cycling, the interfacial characteristics revealed no obvious changes. A 
defect-free metallurgical bond was still evident after thermal cycling, as 
shown in Fig. 15c.

In comparison to fibers embedded using UAM which have been re-
ported to develop de-bonding between the coating and matrix after heat 
treatment at 400 ◦C and fiber failure at 500 ◦C [42], the samples pro-
cessed by EFAS maintained both fiber integrity and fiber-matrix bonding 
after thermal cycling. This difference may be attributed to the distinct 
thermal histories encountered during embedding in UAM and EFAS 
processes. UAM is a low temperature embedding technique that relies on 
high energy vibrations and plastic deformation to join materials. When 
these samples are heated to high temperatures during heat treatment, 
excessive stress can develop in the embedded region due to the CTE 
mismatch between the fiber and matrix. Such excessive stress can lead to 
delamination of the fiber from the matrix and ultimately result in fiber 
failure. In contrast, EFAS embeds fibers at high temperatures. At the 
target sintering temperature, stress is applied to the fiber through the 
EFAS pressure. Upon cooling to room temperature, additional stress on 
the embedded fiber arises from the fiber-matrix material mismatch. This 
stress can attenuate the optical properties of the fiber, as observed in the 
OFDR scans. When the sample was subsequently reheated, stress relief 
occurred at the fiber-matrix interface, alleviating the stress on the fibers 
and preventing debonding from the matrix.

Fig. 16 illustrates the interfacial characteristics of the SS samples 
with embedded Au-coated fibers. Compared to the as-fabricated sample, 
the thermally cycled sample exhibits a greater clustering of diffused 

elements within the gold coatings. Increased quantities of iron islands 
were seen in the coatings, which was a consequence of elemental 
diffusion during cycling at elevated temperatures. Despite these 
changes, effective bonding was maintained after thermal cycling, 
confirmed by the bi-material interdiffusion. Analysis of the interface of 
the nickel samples was also conducted. The characterization indicates 
similar interfacial characteristics compared to the sample before ther-
mal treatment.

It can be observed from Figs. 15 and 16 that the porosities in the 
samples reduced after thermal cycling. This may indicate further diffu-
sion of materials and pore closure during thermal treatment. Diffusion is 
largely a thermal-driven process, during which high temperatures 
induce atomic diffusion, leading to pore closure. This suggests that 
thermal treatment on as-fabricated samples can further enhance mate-
rial densification. However, the degree of densification from thermal 
treatment alone is limited due to the absence of applied pressure, which 
is also needed to close the pores and facilitate successful consolidation.

4. Conclusions

The unique characteristics of fiber optic sensors make them very 
attractive for sensing applications in harsh environments. Embedding 
these sensors in structural materials is a crucial step for effective sensing 
and health monitoring. Successful fiber embedding requires achieving a 
good fiber-matrix bond without interfacial defects, maintaining fiber 
integrity and functionality, and preserving these properties during high- 
temperature service. This study demonstrates the use of electric current 
assisted sintering technique to embed fused silica fiber optic sensors in 
SS316L and nickel. Copper-coated and gold-coated optical fibers were 
arranged in stainless steel and nickel powders which were sintered using 
EFAS technology under various conditions. A systematic inspection was 
conducted to assess the embedding quality, including helium leak tests 
and microstructural analysis using advanced microscopy to evaluate 

Fig. 16. SEM micrographs showing interface characteristics of (a, c) as-fabricated and (b, d) post-thermal-cycled SS with embedded Au-coated fiber (fabricated at 
980◦C-50MPa-5min).
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fiber-matrix bonding, optical property measurement via OFDR, 
machinability testing, and evaluation of embedding properties after 50 
thermal cycles between 500 and 700 ◦C. The results indicate that the 
fibers remained intact after embedding with the selected parameters. A 
good metalogical bond between the fiber and matrix, with elemental 
interdiffusion across the interface, was achieved. Both SS and nickel 
samples with embedded fibers passed the helium leak test, with the 
nickel samples showing better results due to improved densification. 
OFDR scans revealed insertion losses of 0.43 dB and 0.52 dB for the 
nickel samples fabricated at 800 ◦C and 900 ◦C, respectively. These 
insertion losses were attributed to Fresnel reflection caused by residual 
strain on the fibers at the embedding sites. More aggressive fabrication 
conditions led to higher residual stress on the fibers, resulting in greater 
optical attenuation. After thermal cycling, the fibers embedded in both 
SS and nickel remained intact. Thermal-cycled SS sample with Cu- 
coated fiber and nickel sample with Cu-coated fiber exhibited similar 
interfacial characteristics compared to the as-fabricated samples. How-
ever, the SS samples with Au-coated fibers showed more material 
diffusion and clustering at the interface after thermal cycling.

Several areas could be addressed to further advance the embedding 
technology. One area is the fabrication of near-net shaped components 
with embedded sensors. This involves advancing the EFAS technology 
itself and minimizing local fiber bending that may occur during 
embedding. Near-net shaping minimizes the need for extensive 
machining, which can be difficult because of the embedded optical fiber. 
Moreover, controlling local fiber bending is important to enhance the 
accuracy and reliability of measurements. In addition, investigating and 
controlling residual strain after embedding is critical to ensure good 
sensing functionalities. Addressing these challenges will be pivotal for 
the further development and successful deployment of EFAS technology 
for fiber embedding for high-temperature SHM.
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