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Abstract: The increasing demand for lightweight, high-performance materials in marine
and offshore engineering has driven the development of hybrid solutions combining
metals and composites. This study investigates the stress corrosion cracking (SCC) and
tribocorrosion behaviour of a novel hybrid wire consisting of a superaustenitic stainless
steel (6Mo) outer shell and a carbon fibre-reinforced polymer (CFRP) core. Microstructural
analysis, residual stress measurement, and corrosion testing were performed to assess
the integrity of the welded structure under harsh conditions. The results revealed that
residual stresses and interdendritic segregation in the weld zone significantly contribute to
SCC susceptibility, while the 6Mo steel showed improved corrosion resistance over 316L
under tribocorrosion conditions but was more sensitive to the sliding frequency. These
findings provide critical insights into the degradation mechanisms of metal composite
hybrid wires and support the future design of corrosion-resistant components for offshore
and structural applications.

Keywords: hybrid wires; stainless steel; CFRP; tribocorrosion; stress corrosion cracking

1. Introduction
In the modern engineering landscape, the demand for lightweight, high-performance

materials has pushed steel ropes to their operational limits [1]. Their increasing weight,
less-than-ideal fatigue characteristics, and susceptibility to corrosion pose significant chal-
lenges in their application [2]. As a consequence, novel synthetic and composite alternatives
are garnering increasing interest within the market. Fibre-reinforced plastics (FRPs) [2],
carbon-reinforced polymers (CFRPs) [3], and other synthetic fibre-based materials have
emerged as strong candidates, finding extensive application in domains that were previ-
ously dominated by steel [4]. These synthetic fibres, particularly CFRPs, possess impressive
mechanical properties such as high tensile strength, stiffness, and creep resistance [4,5].
Despite their advantages, limitations in wear resistance, heat tolerance, and susceptibility to
environmental factors restrict their suitability to low- and medium-duty applications [2,6].
Therefore, stainless steel wires and tubes still remain the most commonly used materials in
most applications.

In the past decade, there has been growing interest in combining CFRPs and traditional
stainless steel tubes to produce more effective and reliable components by developing
lightweight composites. One prominent example is fibre–metal laminates (FMLs), which are
valued for their exceptional impact resilience, fatigue endurance, and corrosion resistance,
finding applications in the aerospace industry [7]. Similarly, CFRP–steel hybrid cable
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designs have been proposed, primarily for cable-stayed bridges. Xiong et al. [8] pioneered
this concept by proposing three different cable geometries with varying CFRP-to-steel area
ratios. These geometries included a central CFRP wire surrounded by steel wires, and a
final configuration featuring multiple CFRP wires encased within a single steel sheath. Cai
et al. [9] subsequently built upon Xiong’s work by developing an algorithm for optimizing
the area ratio. However, the existing literature on CFRP–steel hybrid cables presents
several limitations. Firstly, there is a lack of research beyond numerical simulations, with
limited focus on practical manufacturing techniques and experimental testing of these
novel products. Additionally, a significant gap exists regarding material selection and
its impact on corrosion resistance. This includes factors such as localized corrosion and
susceptibility to stress corrosion cracking (SCC), which have received minimal attention in
existing studies.

The European project FIRST-WIRE (patent WO 2013/065074 A1) addresses the limita-
tions of both steel and synthetic fibres by proposing a novel hybrid solution. This innovative
approach seeks to synergistically combine the superior strength of high-performance fibres
with the established durability and corrosion resistance of steel. The FIRST-WIRE com-
prises an outer casing of austenitic stainless steel, welded around a pultruded CFRP bar
core. FIRST-WIRE technology is specifically designed for demanding applications, such as
deep-water offshore abandonment and recovery operations, heavy lifting, mooring lines
for floating platforms, and structural cables in civil engineering projects. These applications
necessitate materials with exceptional resistance to pitting, crevice corrosion, and SCC.
The high chloride content in such harsh environments poses a significant challenge for
conventional stainless steel grades, necessitating a focus on material selection for optimal
performance [10]. The hybrid tubular structure investigated in this study is based on a
patented composite wire design (EP 2 773 810 B1), consisting of an internal CFRP core
encased within a welded superaustenitic stainless steel (X1CrNiMoCuN20-18-7, or 6Mo)
outer shell. This configuration has been specifically engineered to address the limitations
of traditional metallic or fibre-based wire systems used in offshore and structural applica-
tions. The innovation lies in the coaxial composite structure, where the outer steel mantle
provides corrosion resistance, structural integrity, and protection from mechanical wear
and environmental exposure, while the CFRP core offers significant reductions in weight
and high tensile strength. The fusion of these materials creates a synergy that enables the
hybrid tube to maintain mechanical reliability under extreme marine conditions, including
high humidity, salt exposure, dynamic loading, and stress corrosion-prone environments.
The welded stainless steel mantle is designed to ensure full encapsulation of the CFRP, mit-
igating direct exposure to environmental agents and reducing vulnerability to microcrack
propagation, delamination, and moisture ingress. Compared to conventional metallic wires
such as those made entirely from 316L stainless steel, the hybrid design achieves a notable
decrease in dead weight, up to approximately 50% in air and up to 60% in submerged
conditions, without compromising mechanical or tribological performance.

AISI F44/6Mo1 (X1CrNiMoCuN20-18-7) is a superaustenitic stainless steel, specifically
formulated for exceptional resistance against crevice corrosion, pitting, and SCC due to
its precisely tailored composition of alloying elements [11]. However, a frequent manufac-
turing method for these tubes (the bending and welding of a metal sheet) can introduce
vulnerabilities, particularly regarding corrosion resistance [12–14]. Welding processes can
introduce two main concerns that compromise the otherwise superior corrosion resistance
of AISI F44/6Mo1. Firstly, the high temperatures involved during welding can lead to
sensitization. This phenomenon involves the precipitation of chromium carbide at the heat-
affected zone (HAZ), which is well-documented to cause intergranular corrosion [15,16].
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Secondly, residual stresses induced by welding can worsen the effects of applied loads,
potentially leading to SCC [17–21].

The critical nature of FIRST-WIRE applications in demanding environments demands
precise attention to safety and reliability. This necessitates accurate material selection and
comprehensive evaluations of product performance. This study undertakes a detailed
characterization of FIRST-WIRE’s key properties, with a particular focus on potential
corrosion-related vulnerabilities. It is noteworthy that the susceptibility of these hybrid
wires to SCC has not been previously investigated. To our knowledge, no existing re-
search addresses these specific concerns. Therefore, this work presents a comprehensive
assessment of corrosion risks, recognizing that localized corrosion in marine and offshore
environments poses significant challenges that could potentially counter the benefits of
enhanced mechanical properties.

This study delves into the tribocorrosion and SCC behaviour of the innovative hybrid
wires, featuring an external superaustenitic stainless steel sheath and an internal core of
carbon fibres. Various standard techniques were utilized to fully characterize the risk of
corrosion and SCC occurrence in the novel hybrid wires, accompanied by microstructural
characterization of the wires. The present study hypothesizes that the novel FIRST-WIRE
structure, comprising a superaustenitic steel outer jacket and a CFRP core, may exhibit a
distinct susceptibility to SCC under simulated offshore service conditions. The research
seeks to evaluate this susceptibility relative to traditional 316L stainless steel components.
Specifically, the work aims to determine whether the hybrid configuration offers advan-
tages or presents additional challenges when exposed to the combined mechanical loading
and harsh environmental factors that are typical of marine and offshore applications. Such
characterizations could provide valuable insights into the mechanisms of SCC occurrence
in hybrid wires, assisting both scientific and industrial investors in adapting wire pro-
duction strategies to mitigate SCC risk, an issue of considerable relevance to the ongoing
development and safe implementation of hybrid wire technologies.

2. Materials and Methods
2.1. Materials

Hybrid FIRST-WIRE composite wires are formed by an external shell in X1CrNiMoCuN20-
18-7 (composition reported in Table 1) and an internal core of pultruded CFRP. The CFRP’s
fibre volumetric fraction is around 60%. The wire manufacturing method starts from a steel
strip, which is tungsten inert gas (TIG) welded around the CFRP core. No epoxy adhesive
is utilized for enhanced interfacial bonding.

Table 1. Chemical composition of the X1CrNiMoCuN20-18-7 superaustenitic stainless steel used for
the production of hybrid wires.

Element C Si Mn Cr Mo Ni N

wt. % 0.02 0.18 0.65 20.30 6.30 17.80 0.20

2.2. Microstructural Analysis

A microstructural examination of the wire cross-section was conducted to reveal the
morphology and distribution of various phases. Short wire segments were sectioned and
hot-mounted in a phenolic resin using a compression moulding technique at a maximum
temperature of 180 ◦C for 10 min. The mounted samples were then ground and polished
using standard metallographic techniques, achieving a final polishing step with a 1 µm
colloidal silica suspension to obtain a mirror-like surface. To enhance the contrast between
different microstructural constituents, electro-etching with a 10% oxalic acid solution was
performed for 10 s at a voltage of 6V. Microstructural observations were carried out using a
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Leica DMRE optical microscope (OM) (Leica, Singapore) and a ZEISS EVO MA 10 scanning
electron microscope (SEM) (ZEISS, Oberkochen, Germany).

2.3. X-Ray Residual Stress Analysis

Residual stress measurements were performed using X-ray diffraction (XRD) with a
portable Sider-X diffractometer (GNR S.r.l., Novara, Italy) equipped with Cr Kα radiation
(filtered with vanadium). The sin2Ψ method was employed, involving the collection of nine
data points across an optimized ψ-tilt range of −35◦ to +35◦. Each data point acquisition
utilized a dwell time of 100 s to ensure a sufficient signal-to-noise ratio. To enhance the
reliability of the measurements, three independent measurements were taken for each
sample, ensuring a minimum fitting accuracy of 98%.

2.4. Tribocorrosion Analysis

Tribocorrosion tests were performed using a CETR-UMT2 tribometer (Bruker,
Billerica, MA, USA) equipped with an open-cell configuration that was suitable for
combined mechanical and electrochemical evaluation. The setup allowed for precise
control of the normal load, sliding frequency, and stroke length and enabled in situ mon-
itoring of the coefficient of friction. The test environment consisted of a 3.5 wt% NaCl
solution to simulate marine conditions. The tribometer was selected for its flexibility in
replicating service-relevant tribomechanical conditions and for its compatibility with
electrochemical integration, essential for assessing wear–corrosion synergy in the hybrid
CFRP-6Mo structure.

The tribocorrosion testing was conducted using a CETR-UMT2 tribometer, configured
for ball-on-flat geometry. This configuration employs reciprocating linear motion at the
sample stage, ensuring pure sliding contact (no rolling component) with the spherical
counterbody, as specified by ASTM G119. During the test, the applied normal load, friction
force, vertical displacement of the ball, temperature, and open-circuit potential (OCP) of
the wear sample (referenced to an Ag/AgCl electrode) were continuously monitored.

An open-cell tribocorrosion test was developed, encompassing three phases with a
total duration of 120 min, and repeated three times for each condition to ensure result
repeatability. The test comprised OCP stabilization (OCP1): 30 min to establish a stable base-
line potential; wear (sliding): 60 min of reciprocating sliding wear; and OCP stabilization
(OCP2): 30 min to monitor potential recovery after the wear phase.

A 5 mm diameter Al2O3 sphere with a certified hardness of 1500 HV was utilized as
the counterbody for all tests. To evaluate the material’s response under tribocorrosion, two
Hertzian contact pressure levels (750 MPa and 1.5 GPa) and two reciprocating frequencies
(2 Hz and 5 Hz) were selected. Following the tribocorrosion tests, the samples were
characterized using stylus profilometry (wear rate determination) and SEM-EDS analysis of
the produced wear tracks. The tribocorrosion behaviour of the superaustenitic stainless steel
that was employed for the tube was compared to that of a standard AISI 316L stainless steel.

2.5. SCC Susceptibility

Stress corrosion cracking tests were carried out according to the ASTM G36-94 stan-
dard [22]. Six samples were prepared by U-bending half of them at 90◦ to produce a state of
stress. Then, the samples were immersed in boiling magnesium chloride under controlled
evaporation/condensation for 1 h and observed using SEM and the optical microscope.
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3. Results
3.1. Microstructural Characterization

The microstructural analysis of the hybrid wire’s cross-section shown in Figure 1
reveals a distinct microstructure shaped by the processing history. The most prominent
feature is the elongated grain morphology, particularly in the circumferential direction. This
elongated structure is a direct consequence of the prior plastic deformation experienced by
the stainless steel sheet during directional cold rolling, a crucial step in wire preparation.
This technique is well-known for inducing extensive plastic deformation, leading to the
elongation and alignment of grains along the rolling direction [23–25].

 

Figure 1. Backscattered SEM microstructural analysis of the hybrid tubes. (a) The overall fusion zone
and base metal, (b) based metal, and (c) fusion zone.

An examination of the TIG-welded region, as shown in Figure 1c, reveals distinct
microstructural features compared to the base metal. The presence of a dendritic structure
with primary and secondary arms suggests directional solidification originating from the
base metal. However, a well-defined HAZ is absent under the current welding conditions.
This observation can be attributed to two contributing factors. Firstly, the limited thickness
of the metallic component likely restricts the total heat input during TIG welding, mini-
mizing the area that is exposed to temperatures exceeding the melting point. Secondly, the
presence of the CFRP core plays a significant role in promoting heat dissipation [26–28].
The thermal conductivity of CFRP surpasses that of air at atmospheric pressure, facilitating
efficient heat transfer away from the weld zone towards the CFRP core. This rapid cooling
process further restricts the formation of a prominent HAZ. The absence of a substantial
HAZ offers potential advantages for the overall performance of the hybrid wire. The HAZ
is typically characterized by residual stresses, microstructural alterations, and reduced
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corrosion resistance, making it more susceptible to localized corrosion forms like pitting
and SCC [29–32]. Therefore, minimizing the extent of the HAZ, as observed in this case
due to the combined effects of the limited heat input and efficient heat dissipation, can
potentially enhance the overall corrosion resistance of the welded joint.

Further investigation using SEM analysis of the HAZ and fusion zone after etching
as depicted in Figure 2 reveals evidence of segregation within the interdendritic regions.
Segregation refers to the non-uniform distribution of alloying elements during solidifica-
tion [33–38]. Certain elements, particularly chromium, molybdenum, and silicon, have
a stronger affinity for the solid phase and tend to be rejected ahead of the advancing
solidification front [33].

 

Figure 2. SEM analysis of the TIG-welded (a) HAZ and (b) fusion zone. The red dashed line is
showing different zones observed.

3.2. Residual Stress Analysis

Measurements of residual stress in both the longitudinal and transverse (radial) di-
rections of the hybrid wire revealed significant values. The average residual stress in the
longitudinal direction was measured to be 300 ± 30 MPa, while the radial direction exhib-
ited a higher value of 800 ± 40 MPa. These substantial residual stress levels can be directly
attributed to the wire’s manufacturing history. The production process for the hybrid wire
utilizes a cold-rolled metal strip that is subsequently bent to prepare the samples for TIG
welding. This cold rolling process induces significant plastic deformation, particularly in
the circumferential direction of the strip. This plastic deformation is a primary contributor
to the high residual stresses measured in the radial direction of the finished wire.

Furthermore, the production process for the hybrid wire utilizes a cold-rolled metal
strip that is subsequently bent to prepare the samples for TIG welding. This cold rolling
process induces significant plastic deformation, particularly in the circumferential direction
of the strip. This plastic deformation is a primary contributor to the high residual stresses
measured in the radial direction of the finished wire. The presence of high residual stresses
can have detrimental effects on the performance of the hybrid wire. They can reduce its
fatigue strength, promote SCC, and potentially lead to dimensional instability [39–41].

3.3. Tribocorrosion Behaviour

The open-circuit potential (OCP) trend depicted in Figure 3 reveals the typical be-
haviour of active–passive metals. During the initial phase, the potential stabilizes around a
specific value. Notably, the superaustenitic steel exhibits a slightly more noble (positive)
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potential compared to the AISI 316L used as reference. The tribocorrosion behaviour is
characterized by the interplay between mechanical wear and electrochemical processes. In
particular, several key factors deserve attention, such as the passive film dynamics, since
the continuous removal and reformation of the passive film lead to variations in surface
chemistry and electrochemical activity [42]. The exposed bare metal typically shows a
more anodic potential due to accelerated oxidation, while the surrounding passive areas
maintain more cathodic potential, leading to the formation of a galvanic coupling and
intensifying localized corrosion phenomena at the wear track [43]. The galvanic interaction
between passive and active areas promotes a localized increase in corrosion rate in the
active zone, which is further increased by the mechanical wear [44]. This synergy between
mechanical and electrochemical effects makes tribocorrosion particularly detrimental for
metal surfaces. At the onset of sliding, the OCP exhibited an anodic shift, indicating a
transient movement toward more positive values. This shift reflects the initial exposure of
the fresh metal surface due to passive film removal by mechanical wear [45]. The newly ex-
posed surface undergoes rapid oxidation, temporarily increasing the anodic activity before
stabilizing. This behaviour is typical in tribocorrosion environments, where the dynamic
balance between passive film breakdown and reformation governs the electrochemical
response during sliding [42–45]. During the abrasion process, the potential demonstrates
irregular fluctuations.

Figure 3. OCP decay plots for the tribocorrosion tests performed on (a) 6Mo steel and (b) on
AISI316 steel.

The resulting potential reflects the interplay of two opposing processes. On the one
hand, the mechanical wear action tends to remove the surface oxide film, exposing a fresh,
unprotected surface to the electrolyte solution. Conversely, the corrosive environment
and the tribological interaction (combined wear and friction) simultaneously promote the
reformation of the passivating film on the exposed metal surface. When the rates of these
opposing processes are comparable, the observed fluctuating potential trend is obtained.
Upon termination of the wear action causing the initial breakdown, the passivating film
can re-establish itself, leading to the potential to return towards an equilibrium value that
is close to that observed at the end of the initial stabilization phase [46].

Both tested steels exhibited similar behaviours and comparable open-circuit potential
(OCP) trends, as shown in Figure 3. However, variations in the potential during the sliding
phase were observed for both materials. Notably, the potential became less noble (shifted
towards negative values) as the severity of the sliding conditions increased. This trend can
be attributed to the progressively greater abrasive action caused by higher applied loads
and increased sliding frequencies [47]. These factors lead to more extensive damage to the
passive film and hinder its ability to reform effectively with each pass of the counterbody.
Interestingly, the superaustenitic steel displayed a greater sensitivity to the frequency than
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applied load, as evidenced by the more pronounced decrease in OCP with increasing
frequencies compared to increasing loads. This suggests that under operational conditions,
this material might perform better when subjected to increasing loads rather than sudden
changes in sliding modes, since the latter scenario imposes greater damage on the protective
passive film [45,48]. Furthermore, the noise level in the OCP data also increased with the
severity of the test conditions. This behaviour reflects the cyclical process of damage
and restoration of the passive layer during each pass of the counterbody on the steel
surface [42,47–50]. At higher frequencies, the rapid removal of the passive layer outpaces
its ability to regenerate. This effect is further exacerbated by increased applied loads.

The observed surface instability during tribocorrosion testing is attributed to the
combined effects of mechanical abrasion by the counterbody and electrochemical oxidation
in the saline environment [51–53]. Specifically, the Al2O3 counterbody imposes continuous
sliding contact, mechanically disrupting the passive oxide film and producing fine wear
debris. Concurrently, the 3.5 wt% NaCl solution facilitates electrochemical reactions on
the exposed metal, leading to the oxidation of surface atoms and further weakening of
the material. This synergy between mechanical and chemical degradation mechanisms
accelerates surface damage, increases debris formation, and contributes to the fluctuating
electrochemical response observed during testing [45,53].

The trends in the coefficient of friction (COF) were generally similar for both materials,
with only minor variations being observed. At the lower load (750 MPa), the COF remained
constant. However, a significant decrease in COF was observed at the higher load (1.5 GPa)
(Figure 4). This high instability was likely due to the detachment of debris from the material
surface, resulting from the combined abrasive action of the counterbody and the oxidative
effects of the working environment. Detailed characterization of the wear scar geometry for
each sample was performed using stylus profilometry. Additionally, the material volume
loss after the tribocorrosion tests was estimated following the ASTM G133-02 standard [54].
The results of these analyses are presented in Figure 5.

Figure 4. Friction coefficient plots for the tribocorrosion tests performed on (a) 6Mo steel and (b) on
AISI316 steel.

Consistent with expectations, the wear scar profiles, as depicted in Figure 5, revealed
progressively deeper traces on both tested steels as the severity of the test conditions
increased. As summarized in Figure 6, the wear rate of the AISI 316L steel exhibited a slight
advantage at the lower applied load (750 MPa). However, at the higher load (1.5 GPa), the
wear scar profiles for both materials became nearly indistinguishable.
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Figure 5. Wear depth analysis of the tribocorrosion tests performed on (a) 6Mo steel and (b) on
AISI316 steel.

Figure 6. Wear rate calculated for the different samples under the various analysed conditions.

An examination of the worn surfaces via SEM revealed a dominant abrasive wear
mechanism, characterized by plastic deformation and the generation of typical ploughing
lines [47,48,51–53], as demonstrated in Figure 7. This observation suggests a mixed interac-
tion between two-body wear (direct contact between the counterbody and the steel surface)
and three-body wear (abrasive debris trapped within the contact zone). Interestingly, the
superaustenitic steel exhibited a greater degree of surface damage compared to AISI 316L,
as shown in Figure 8. This is evidenced by deeper and more prominent scratch marks,
indicative of more pronounced plastic deformation and potential fatigue-related damage
on the surface.

Figure 7. Cont.
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Figure 7. SEM (a) secondary image, (b) backscattered image of the wear tracks in the 6Mo steel
(750 MPa, 2 Hz), (c) secondary image, and (d) backscattered image of the wear tracks in the 6Mo steel
(750 MPa, 2 Hz).

 
Figure 8. SEM (a) secondary image, (b) backscattered image of the wear tracks in the 316L stainless
steel (750 MPa, 2 Hz), (c) secondary image, and (d) backscattered image of the wear tracks in the 316L
stainless steel (750 MPa, 2 Hz).

Abrasive wear arises from the shearing action that is exerted by hard asperities on a
softer surface. This phenomenon can occur through two main mechanisms: two-body wear,
involving direct contact between the counterbody and the material surface, and three-body
wear, where abrasive particles and debris are trapped at the sliding interface [49,50,55–58].
In the present investigation, the abrasive particles responsible for three-body wear are
likely the debris generated from the material surface due to the abrasive action of the
ceramic counterpart.

Material removal occurs through various mechanisms, such as microcutting, mi-
crofractures, individual grain pull-outs, or accelerated fatigue caused by repeated plastic
deformation [57]. The removed material forms wear debris, and the worn surface exhibits
numerous notches, oriented in the direction of sliding. Below the abraded surface, a signif-
icant degree of plastic deformation is typically observed. This work hardening can lead
to a decrease in the wear rate over time. When the worn material is ductile, as in the case
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of most metals, the cutting action is accompanied by repeated plastic deformations. The
resulting wear debris originates from these fatigue phenomena. Along with these abrasive
wear mechanisms is the potential for additional material loss due to corrosive wear. This
process results from the chemical interaction between the worn material and a corrosive
environment. Evidence of this combined effect is observed in the backscattered electron
(BSE) images, which reveal the presence of oxidized areas within the wear scar.

3.4. Stress Corrosion Cracking Analysis

A microscopic examination of the hybrid wires following immersion in boiling mag-
nesium chloride solution for one hour revealed the influence of tensile loading on the
SCC susceptibility, as summarized in Figure 9a,d. In the unstressed specimens, SCC was
predominantly observed along the weld interface with the base metal in the longitudinal
direction (parallel to the weld). In contrast, tensile loading resulted in additional crack for-
mation in the transverse direction (perpendicular to the weld). Further analysis using SEM
provided detailed insights into the mechanisms behind these observations (Figure 9b,c,e,f).

Figure 9. SCC morphology of (a–c) without tensile stress in as-received state and (d–f) for the U-bend
specimens, with LD denoting the bending direction. The higher magnification image of the red
squared region is shown in the other figure accordingly.

For the unstressed specimens, the SEM micrographs revealed selective dissolution
of interdendritic regions on the weld surface. This preferential attack suggests the pres-
ence of less noble phases within these areas. Consistent with previous microstructural
observations (Figure 1), the presence of delta ferrite in these interdendritic regions is highly
likely. Decades of research have established that delta ferrite possesses lower corrosion
resistance than the austenitic phase [59–62]. This difference in nobility leads to the forma-
tion of localized galvanic couples, promoting the selective dissolution of the interdendritic
delta ferrite [63–67].

The formation of cracks in the specimens, even in the absence of an applied stress
in this direction, can be attributed to two key factors. Firstly, the high radial residual
stresses measured in this study (as discussed previously) likely played a significant role.
These stresses act in a perpendicular direction to the observed longitudinal cracks. The
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presence of these tensile residual stresses can promote crack initiation and propagation
along this direction.

Secondly, while the heat-affected zone (HAZ) in these wires was relatively narrow,
the interface between the base metal and the weld region represents a zone of significant
microstructural heterogeneity. Such heterogeneities can act as preferential sites for crack
initiation. Furthermore, shrinkage during weld solidification is known to induce addi-
tional residual stresses, particularly at the weld–metal interface. These localized stresses
can further contribute to crack formation in these regions [18,68–72]. The observation of
cracks oriented perpendicular to the tensile loading direction in the loaded specimens
highlights a critical concern for the hybrid wires under investigation. This finding suggests
a high susceptibility to SCC initiation and propagation under combined tensile stress and
corrosive environments. Future studies should explore mitigation strategies to address
both the microstructural susceptibility (e.g., minimizing the delta ferrite content) and the
management of residual stresses to enhance the overall performance and service life of
these hybrid wires.

4. Discussion
This study delivers a comprehensive experimental assessment of a novel hybrid tubu-

lar system, designed for offshore and marine applications, consisting of a superaustenitic
stainless steel (6Mo) outer shell encasing a pultruded CFRP core. The results from mi-
crostructural characterization, residual stress analysis, tribocorrosion evaluation, and SCC
testing provide key insights into the behaviour and potential vulnerabilities of this hybrid
structure under harsh service conditions.

The microstructural analysis revealed a strongly elongated grain structure in the
cold-rolled steel and dendritic solidification within the weld fusion zone, common to TIG
welding processes. Importantly, no clearly defined heat-affected zone (HAZ) was observed,
which is likely due to the combined effect of the thin metal gauge and the high thermal
conductivity of the internal CFRP core. This rapid heat dissipation appears to minimize
HAZ development, potentially reducing the localized corrosion susceptibility that is often
associated with thermal gradients and phase transformations in welded joints. However,
SEM imaging highlighted the segregation of elements like Cr, Mo, and Si within the
interdendritic regions. Such elemental heterogeneities are known to create electrochemical
potential gradients, potentially serving as initiation sites for localized corrosion, especially
in chloride-rich environments.

X-ray diffraction measurements revealed high residual stress levels, especially in
the radial direction (up to 800 MPa), attributed to cold forming and thermal mismatch
between the metallic shell and CFRP core during processing. These internal stresses can act
synergistically with external loads and corrosive media to promote SCC. SCC testing using
boiling MgCl2 demonstrated that even in the absence of externally applied stress, the hybrid
wires exhibited cracking along the weld–base metal interface. These cracks followed the
interdendritic paths, consistent with microstructural observations suggesting the presence
of delta-ferrite, an electrochemically less noble phase prone to preferential dissolution.
In U-bend samples under tensile loading, additional cracks appeared perpendicular to
the loading direction, indicating a strong influence of both applied and residual stresses
on crack nucleation and propagation. The localization of cracks at the fusion boundaries
and interdendritic zones further supports the role of segregation and microstructural
heterogeneity in facilitating SCC initiation.

These findings underline a critical design consideration: While the absence of a pro-
nounced HAZ may enhance corrosion performance, the combined effects of residual stress,
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welding-induced segregation, and microstructural inhomogeneity still pose a substantial
risk for SCC in these hybrid structures.

Furthermore, the tribocorrosion tests highlighted the complex interaction between
mechanical wear and electrochemical degradation. Both the 6Mo and 316L steels demon-
strated active–passive behaviour, with 6Mo showing slightly more noble OCP values.
Under dynamic sliding conditions, however, passive film breakdown and regeneration led
to fluctuating potentials. An increased sliding frequency had a more detrimental effect than
load, with more pronounced drops in OCP and greater surface damage. This suggests that
high-frequency wear may impair passive film recovery, leading to accelerated localized
corrosion and mechanical degradation.

The SEM analysis of the wear tracks indicated a combination of two-body and three-
body abrasive wear mechanisms, supported by ploughing marks, debris accumulation,
and significant plastic deformation. In addition to mechanical wear, evidence of oxidative
degradation within wear scars pointed to a strong contribution of tribo-oxidation processes.
Interestingly, the 6Mo steel exhibited more extensive surface damage than 316L, especially
under harsher test conditions, suggesting that the superior corrosion resistance of 6Mo
under static conditions does not always translate directly to improved tribocorrosion
resistance when dynamic wear is present.

The hybrid structure offers compelling advantages, particularly a significant weight
reduction (~50–60%) without major sacrifices in strength or corrosion resistance. How-
ever, this study reveals that these benefits must be balanced against the introduction of
new vulnerabilities, most notably microstructural segregation, residual stresses, and SCC
susceptibility at the weld interfaces. The tribocorrosion and SCC data both underscore
the importance of careful welding process control, alloy selection, and post-processing
treatments (e.g., stress relief, surface passivation) to mitigate long-term degradation. In par-
ticular, the weld region emerges as a critical focal point for further optimization, especially
in terms of reducing segregation and managing stress accumulation.

This investigation represents a significant first step in experimentally evaluating
the corrosion and mechanical reliability of CFRP-6Mo hybrid wires. The findings point
to a promising application space, particularly in offshore and energy sectors, but also
call attention to critical process and material factors that must be addressed to ensure
durability. Future work should explore approaches such as controlled cooling, improved
weld filler materials, and alternative joining methods to reduce the formation of sus-
ceptible microstructures and minimize residual stress. Ultimately, this study lays the
groundwork for the design of safer, longer-lasting hybrid wire systems for structurally
demanding environments.

5. Conclusions
This study provides the first experimental assessment of tribocorrosion and SCC

behaviour in a novel hybrid tubular wire composed of a 6Mo superaustenitic stainless steel
shell and a CFRP core. The key findings are as follows:

The TIG welding process produced interdendritic segregation without a pronounced
heat-affected zone due to effective heat dissipation by the CFRP core.

High residual stresses, particularly in the radial direction (~800 MPa), were identified
as a major contributor to SCC susceptibility.

SCC initiated at the weld interface, driven by microstructural heterogeneity and
residual stress, even in the absence of an applied load.

Tribocorrosion testing showed that 6Mo performed better than 316L under load but
was more sensitive to the sliding frequency, leading to greater surface damage.
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These results demonstrate the hybrid wire’s potential for offshore applications, while
underscoring the need for process optimization to mitigate corrosion-related risks.
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