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Abstract: Composite rollers serve as critical components in modern slab continuous casting systems,
particularly the No. 0 segment rollers positioned at the mold exit, which endure severe service conditions
and intermittent thermal shocks. The service stability of these composite rollers directly determines the
continuous operation capability of casting lines and per-ton steel cost control, making reliability enhancement
a critical research topic in the field of metallurgical equipment. In this study, 414N/42CrMo heterogeneous
composite rollers with gradient properties were fabricated by additive manufacturing. The multi-scale
characterization techniques were conducted on the composite rollers after online service for 2.5 months in
a continuous casting line, including SEM, EBSD, and X-ray computed tomography for 3D defect mapping.
The elemental interdiffusion kinetics, microstructure, and defect distribution were systematically elucidated.
The directional migration of Cr/Mo elements enables the formation of a gradient interfacial architecture:
heterogeneous interfacial thickness with alternating peak-valley morphology driven by differential elemental
diffusion behaviors, progressive transitions in grain boundary configurations from low-angle to high-angle,
and gradient variations in grain size distribution across adjacent microstructural zones. X-ray computed
tomography reveals that the defect distribution across the entire interfacial region exhibits spatial heterogeneity,
characterized by the presence of distinct defect clusters from the 414N cladding layer near the interface,
accompanied by localized aggregations of irregular defects (with an equivalent diameter greater than 50 ym).
Therefore, a remanufacturing strategy is proposed to eliminate defect-rich interfacial layers and reconstruct
gradient-compatible interfaces for performance restoration, which offers practical solutions for extending service
life through precision remanufacturing.
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rollers has become a crucial way to reduce production costs".
In recent years, additive manufacturing (AM) technology,
with near-net shaping advantage, gradient material design
capability, and digital manufacturing characteristics,
has offered an innovative solution for high-performance
remanufacturing'™™. Especially in the remanufacturing of
continuous casting composite rollers, the application of AM
technology provides a new way to significantly improve their
properties and service life™™®.

As a core component of the slab continuous casting
production line, the wear resistance and service life of the
composite rollers directly determine the work efficiency

[9,10

and production costs of the entire factory”'”. During the
slab continuous casting process, the No. 0 segment rollers
endure complex loading conditions, primarily categorized
into mechanical loads and cyclic thermal loads"". Under the
high-temperature, high-pressure, and high-wear conditions
of continuous casting environments, the thermal-mechanical
wear failure of AM rollers, which constrains the performance
and service life, remains a persistent research focus!>"!.
Consequently, periodic inspection of defects or damage and
timely repair of composite rollers are imperative!*. Current
repair methods for composite rollers primarily include
wire arc additive manufacturing (WAAM), laser cladding
technology, and composite casting technology. For example,
the WAAM achieves the geometric reconstruction of damaged
areas through layer-by-layer deposition'*'”. Laser cladding
technology enables precise metallurgical bonding via
high-energy beam irradiation"**”, Composite casting technology
realizes interfacial metallurgical restoration through secondary
casting processes” . These techniques enable the precise
formation of desired coatings on component surfaces, serving
both to restore the performance of damaged parts through
repair and to provide additional protection or functional
coatings during the manufacturing of new components™*>".
The emergence of WAAM has revolutionized the fabrication
of complex metallic components, but the layer-by-layer
deposition process inherently introduces non-equilibrium
metallurgical characteristics, leading to significant gradients in
composition, microstructure, and mechanical properties along
the wall thickness direction from the surface to the substrate
28 These gradients arise from rapid solidification
kinetics, thermal cycling, and heterogeneous interface fusion,

interface!

which are especially pronounced in components with intricate
wall geometries™. Furthermore, the interface often suffers
from poor bonding strength due to factors like cracks and
intermetallic compounds. Therefore, enhancing the quality of
metallurgical bonding can significantly improve the service

1.B% successfully fabricated a

life. For instance, Liu et a
defect-free metallurgical bonding interface between aluminum
bronze and steel by optimizing the interfacial melting process.
This interface demonstrated a 13.3% increase in yield strength
(119.6 MPa), a 39% increase in ultimate tensile strength
(558.7 MPa), and an 83.9% increase in elongation (51.5%).

Therefore, it can be inferred that the metallurgical bonding
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interface contributes to effectively mitigating interfacial stress
concentration and suppressing crack propagation, thereby
enhancing the structural integrity of the entire component.

In order to achieve a strong metallurgical bonding at
heterogeneous interfaces, constructing a gradient composite
interface to address the significant performance differences
between heterogeneous materials has become an effective
technical approach. In functionally graded AM, distinct
zones exhibit unique gradient behaviors®". For the interface
bonding zone, limited interdiffusion between dissimilar
materials or layers can lead to brittle intermetallic compounds or
micro-defects, posing challenges to structural integrity””. For
now, it has been proven that gradient design can effectively
suppress the formation of brittle intermetallic compounds
while achieving synergistic enhancement of strength and
toughness through dislocation density gradients and bimodal
grain size distribution™*. However, existing studies have
predominantly focused on static performance evaluations
of laboratory-repaired small samples, with significant
deficiencies remaining in research on full-size continuous
casting rollers after actual online service conditions. For the
surface and core of continuous casting composite rollers,
the dynamic thermomechanical coupling effects induced
by cyclic temperature fluctuations during service will lead
to coordinated evolution of residual stress redistribution,
elemental diffusion, and micro-defects within the gradient
layer. Ultimately, performance degradation would occur along
3¢ Currently, conventional
offline physical simulation, such as isothermal-mode
high-temperature tribological testing, proves inadequate for
simulating multi-field coupled damage behavior under actual

the wall-thickness direction!

operating conditions. Therefore, due to production costs, the
WAAM is currently the most optimal choice for achieving
industrial production. Besides, analyzing the performance of
the composite rollers fabricated by the WAAM after online
service becomes an important way to verify whether the
product can meet the industrial requirements.

Therefore, the investigation specifically focused on revealing
the microstructural characteristics of 414N/42CrMo composite
rollers fabricated by the WAAM after online service. The
characterization techniques, including optical microscopy
(OM), scanning electron microscopy (SEM), electron
backscatter diffraction (EBSD), and synchrotron radiation
X-ray computed tomography, were employed to elucidate
element interdiffusion behavior at heterogeneous interfaces
and stress redistribution mechanisms. The results contribute to
establishing theoretical foundations for the optimized design
and intelligent remanufacturing of composite rollers with
enhanced longevity.

2 Experimental methods

The experimental composite roller investigated in this study was
the No. 0 segment roller used in a continuous casting machine
and has serviced online for 2.5 months. Figure 1(a) schematically
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illustrates the manufacturing process of rollers based on the
WAAM technology. After each service, the surface of the
composite roller wears down and the size decreases. To restore
to the original size, the surface fatigue layer needs to be
removed by turning, and then the WAAM process was used to
achieve remanufacturing. The 414N wires with a diameter of
1.2 mm were used to deposit gradient materials on the 42CrMo
substrate. The technical procedure involved two sequential
stages: A circumferential single-layer cladding deposition was
initially performed along the substrate periphery to establish a
dense metallurgical bonding layer. Subsequently, multi-layer
multi-pass cladding deposition was conducted by a program-
controlled coaxial gas-shielded arc welding system following
predefined model trajectories. This layer-by-layer accumulation
continued until the required dimensional specifications for
roller restoration. Critical process parameters included a
nozzle-to-substrate distance of 8-10 mm, a deposition speed
of 8-15 mm-s”', and a high-purity argon shielding gas flow
rate of 10 L-min™ (purity>99.99%) to protect the molten pool.
Additionally, 42CrMo substrate preheating was implemented
to eliminate cracks during deposition. The welding gun was
perpendicular to the substrate deposition surface, the welding
wire was tilted at an angle of 30°-45° relative to the welding
gun, and the welding current was 130-160 A.

The elemental compositions of 42CrMo and 414N are shown
in Table 1. The samples after online serviced for 2.5 months
were extracted along the wall thickness direction, as shown
in Figs. 1(b) and (c). For microstructural observation, the
specimens were ground using abrasive papers with sequential

(@) \ " Shielding
/

gas

grit sizes (360, 600, 1200, 2000, and 3000), followed by
polishing with silica suspension to achieve a mirror finish.
The microstructures of samples were observed by OM (Zeiss
Axiovert 40 MAT), SEM (FEI Scios 2 DualBeam), and EBSD
(Nordly Max 3). EBSD characterization using an accelerating
voltage of 20 kV, working distance of 15 mm, an inclination of
70°, and step sizes of 1.5 um (low-magnification) and 0.6 um
(high-magnification) was employed for multi-scale analysis.
To eliminate the surface stress layer caused by mechanical
polishing, the Leica EM RES102 ion beam milling system was
used to thin the sample. The working current was 2.7 mA, and
the voltage was 6.5 kV. The EBSD data were analyzed using
an orientation imaging microscope (OIM) software.

Furthermore, to observe the defect distribution in the
composite rollers after online service, samples were taken
from the 414N and the bonding interface, as illustrated in
view regions (1) and (2) in Fig. 1(c), where r is the radius and
h is the height of the sample. Synchrotron radiation X-ray
computed tomography was performed using a synchrotron
radiation X-ray micro-computed tomography instrument,
XLAB-2000, produced by Weikuang Technology (Suzhou)
Co., Ltd., Suzhou, China. The instrument could achieve a
voltage range of 40-160 kV, a maximum power of 25 W, and
a spatial resolution of 0.5 pum. The experimental apparatus
for X-ray micro-computed tomography tests and the process
for 3D visualization are shown in Fig. 2. During the entire
scanning stage, micro-CT was performed using a target current
of 90 pA and an accelerating voltage of 80 kV, and the pixel
resolution was 2 pm.

414N 42CrMo
cladding substrate B> ciMo
(C) AD: Axial direction cladding substrate
RD: Radial direction (d)
TD: Tangential direction ) g 414N-FI
| '\ - 2 4 L 44N 414N-interior
; . Bonding
‘>T @ interface
l y I
Longltudlnal A
| — \QE_W_ AZErM

=1 mm h=2 mm

42CrMo-FI

Fig. 1: Schematic diagram of additive manufacturing repair process for composite rollers (a), composite rollers after
online service (b), microstructure sampling and tomography sampling (c), and schematic diagram of bonding

interface partition (d)

Table 1: Compositions of 42CrMo and 414N materials (wt.%)

Element (o3 Si Mn
414N <0.08 0.55 1.30
42CrMo 0.45 0.26 0.74

Cr Ni Mo Fe
13.35 4.00 0.7 Bal.
1.09 <0.30 0.22 Bal.
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Fig. 2: Experimental apparatus and 3D visualization based on X-ray micro-computed tomography technology

3 Results and discussion

3.1 Metallic structures after online service

Figure 3 displays the metallographic structure of the
composite rollers sampled via the method shown in Fig. 1(b).
Region 414N-FI represents the far-interface zone and
exhibits lath martensite structures, as shown in Fig. 3(a).
In contrast, the 414N cladding interior region demonstrates
equiaxed martensite morphology, as shown in Fig. 3(b).
High-magnification OM observations reveal enhanced

structural differentiation. The 414N-FI zone displays uneven
grain size distribution compared to the 414N cladding interior
region with predominantly equiaxed grains. The bonding
interfacial zone presents complex phase configurations
requiring multimodal characterization. Meanwhile, the
42CrMo substrate shows refined pearlite (P) and ferrite (F)
microstructures. This functionally graded interface extending
from the martensitic cladding to the ferritic-pearlitic substrate
is formed due to the thermal gradients during both in-service
continuous casting and repair deposition processes.

Fig. 3: Microstructure under different positions of composite rollers after online service: (a) 414N-Fl; (b) 414N cladding

interior; (c) bonding interface; (d) 42CrMo

3.2 Interfacial element distribution after online
service

As shown in Fig. 4, the bonding interface exhibits distinct
undulating morphological characteristics in SEM micrographs.
Analytical results indicate that the temperature gradient effect
within the molten pool induces intense thermal fluctuations at
the interface, ultimately forming a periodic interfacial structure
with alternating peak-valley features. Besides, EDS elemental
mapping analyses reveal pronounced elemental concentration
gradients across both the interfacial valleys in Fig. 5 and
interfacial peaks in Fig. 6. The gradual color transition in
Fig. 5 and Fig. 6 between different regions demonstrates
significant interdiffusion of alloy elements (Fe, Cr, and Mn) at
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the interface, providing direct experimental evidence for the
formation of interfacial diffusion layers.

414N

42Cg
Bonding interface-
peak

Bonding interface-valley

/

42CrMo side

Fig. 4: Schematic diagrams and SEM images of peaks and
valleys at bonding interface
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As evidenced by the linear scanning profiles in Figs. 5(b)
and 6(b), the diffusion layer thickness demonstrates significant
heterogeneity, measuring approximately 38 pm at the
interfacial peak compared to 55 um at the valley region. This
dimensional discrepancy in diffusion layers is attributed to
the non-uniform temperature distribution during the surfacing
process. The elevated temperature at the molten pool center
promotes enhanced elemental intermixing, resulting in a
more extensive diffusion zone. Conversely, the relatively
lower thermal energy at the molten pool side restricts atomic
diffusion, leading to the formation of narrower transition zones.
Notably, this thermally driven differential diffusion mechanism
fundamentally contributes to the peak-valley morphology
through periodic variations in elemental redistribution to

achieve metallurgical bonding at the bonding interface!'”.

3.3 Grain characteristics after online service

Figure 7 presents inverse pole figure (IPF) maps of four
characteristic regions in the 414N-42CrMo system. The
414N-FI region is shown in Fig. 7(a), the 414N cladding
interior region is displayed in Fig. 7(b), the bonding interface
region is illustrated in Fig. 7(c), and the 42CrMo-FI region
is depicted in Fig. 7(d). The corresponding grain size
distribution histograms for these regions are presented in Fig. 8.
The cladding boundary region exhibits a broad grain size
distribution ranging from 5 to 60 pm with an average grain
size of 16.5 um, as shown in Fig. 8(a). The cladding interior
region demonstrates a higher density of equiaxed grains,
showing a narrower grain size distribution compared to the
414N-FI region, with an average size of 12.1 pm, as shown in
Fig. 8(b). At the bonding interface region, the average grain
size further decreases to 10.1 um, as shown in Fig. 8(c), due
to dynamic recrystallization induced by the 42CrMo substrate.
Quantitative analysis reveals a distinct grain size gradient
extending from the cladding layer to the substrate matrix.

To further quantify the gradient distribution characteristics,
high-magnification EBSD tests were conducted. Figure 9
presents the IPF maps and Fig. 10 illustrates the partitioned
zones and corresponding grain size distributions at the
interface. Particularly, Fig. 10(a) shows the SEM image of
bonding interface in Fig. 9(c), which is subdivided into three
distinct regions: 414N-NI adjacent to the 414N side, interface,
and 42CrMo-NI adjacent to the 42CrMo side. The grain size
distributions across these zones are quantified. 414N cladding
interior in Fig. 9(b) is characterized by an average grain size of
8.8 um with a broad distribution range of <30 um, as shown in
Fig. 10(b). 414N-NI region in Fig. 9(c) exhibits refined grains
with an average size of 4.1 pm and a size distribution range
of <15 pum, as shown in Fig. 10(c). The interface region in
Fig. 9(c) demonstrates further grain refinement to 4.0 pum with
a size distribution range of <12 pm, as shown in Fig. 10(d),
indicating enhanced grain size control due to the synergistic
interaction between 414N and 42CrMo. This refinement
mechanism contributes to improved interfacial bonding
strength and mechanical performance. As for the 42CrMo-NI
region in Fig. 9(c), the grain size increases to 8.6 pm with
a size distribution range of <16 pum, as shown in Fig. 10(e).
For the 42CrMo-FI region in Fig. 9(d), the grain size further
decreases to 6.8 um with a size distribution range of <16 pum.

Figure 11 presents the distribution of geometrically
necessary dislocations (GND) density values, while Fig. 12
illustrates the proportional evolution of LAGBs and HAGB:s.
The spatial variation in GND density values reflects gradients
in plastic deformation intensity. As shown in Fig. 11(b), the
414N cladding interior exhibits lower average GND density
values compared to 414N-FI in Fig. 11(a), indicating that the
cladding edge experiences more severe plastic deformation.
A progressive decline in GND density magnitudes can be
observed toward the cladding interior, suggesting a gradual
attenuation of plastic deformation intensity. Analysis of grain

001

111
101

Fig. 7: Low-magnification EBSD-IPF maps: (a) 414N-Fl; (b) 414N cladding interior; (c) bonding interface; (d) 42CrMo-FlI
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Fig. 9: High-magnification EBSD-IPF maps: (a) 414N-Fl; (b) 414N cladding interior; (c) bonding interface; (d) 42CrMo-FI

boundary angle distributions in Fig. 12 reveals structural
transitions across the cladding-to-substrate interface. At the
414N-FI region in Fig. 12(a), LAGBs dominate at 60.1%,
with HAGBs accounting for 39.9%. Transitioning toward the
414N cladding interior in Fig. 12(b), the LAGBs decrease
to 58.3%, while HAGBs increase to 41.7%. For the bonding
interface shown in Fig. 12(c), the LAGBs decrease to
46.3%, while HAGBs increase to 53.7%, which reflects the
position-dependent variation of LAGB and HAGB fractions.

001

111
101

For the grain boundary angles, Figs. 12(a) and (b) exhibit
bimodal distribution characteristics in LAGBs and HAGB:s.
Notably, for the substrate side in Fig. 12(d), the 42CrMo region
displays a significantly lower LAGB proportion of 10.1%
and a predominant HAGB fraction of 89.8%. This distinct
boundary architecture in the substrate features lower internal
stress concentration, thereby enhancing fatigue resistance
under prolonged thermomechanical service conditions.
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Fig. 12: Proportion map of low-angle and high-angle grain boundaries: (a) 414N-Fl; (b) 414N cladding interior;

(c) bonding interface; (d) 42CrMo

Owing to prolonged service under cyclic thermomechanical
loading conditions involving elevated temperatures and
pressures, the surface plastic deformation of the continuous
casting composite roller is caused by the contact stress. To
quantitatively characterize the orientation distribution of
grains, pole figure analysis was systematically conducted from
the 414N-FI to 42CrMo, as illustrated in Fig. 13. From the
414N-FI side in Figs. 13(al-a3) to the 42CrMo substrate side
in Figs. 13(d1-d3), discrete texture distributions are attributed
to the absence of pronounced crystallographic orientation
development under multidirectional cyclic stresses. Quantitative
texture analysis reveals significant spatial variations. The
cladding periphery in Figs. 13(al-a3) demonstrates a
maximum basal texture intensity of 4.6. The 414N cladding
interior in Figs. 13(b1-b3) shows reduced texture intensity
to 2.39, and 42CrMo regions in Figs. 13(d1-d3) maintain
minimal texture development. This texture gradient directly
correlates with deformation heterogeneity. Enhanced texture
intensity at 414N-FI originates from accumulated plastic strain
during prolonged service, whereas diminished texture strength
in interior/substrate regions reflects limited deformation
penetration. Such microstructural evolution suggests that strain
localization preferentially occurs at surface layers under cyclic
loading, while the 42CrMo side retains near-original texture
characteristics.

Figure 14 presents recrystallization distribution maps
of the bonding under low- and high-magnification fields,
employing a crystallographic classification system based
on grain orientation gradients””!, where microstructural

constituents are categorized as follows: recrystallized grains
(blue, orientation gradients < 2°), substructured grains (yellow,
2°-7°), and deformed grains (red, >7°). Owing to prolonged
thermomechanical service under elevated temperatures and
pressures, the 414N microstructure predominantly consists of
deformed grains, as evidenced in Figs. 14(al, a2) and (bl, b2). It
can be inferred that the 414N after online service is dominated
by deformed grains, which store a high level of plastic strain
energy, with the recrystallized grains proportion remaining
at around 20%. At the bonding interface, the introduction
of the substrate side significantly increases the proportions of
recrystallized and recovered structures. Under high magnification,
remarkably substructured grains are observed in the 42CrMo
substrate near the interface, which differ from the change of the
recrystallized grains and deformed grains that show a monotonic
increase or decrease from the 414N side to the 42CrMo side.
This phenomenon can be explained by the change in stress
distribution in the substrate side region of the bonding interface.

The surface of the composite roller experiences complex
stress environments involving high temperatures and high
pressures during service, resulting in substantial storage of
plastic strain energy within the material, primarily manifested
as deformed grains. The 42CrMo side with low strength
facilitates dispersion and alleviation of stresses, thereby
reducing constraints on originally high-stress grains and
creating more favorable conditions for recrystallized grains.
Furthermore, structural differences between the matrix
material and coating material at the bonding interface promote
grain refinement in this transitional zone. The increased grain
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boundary energy associated with fine-grained structures
promotes recovery processes through grain boundary migration
and rearrangement, thereby leading to a higher density of
recovered microstructures in the interface-adjacent regions of
the 42CrMo steel matrix.

During material processing, heat transfer occurs through
thermal conduction and radiation mechanisms to both
the cladding layer and substrate of the rollers, imposing
significant thermal input. This periodic thermal input results in
repetitive heating-cooling cycles experienced by the rollers, a
phenomenon termed thermal cycling™. This thermal cycling
phenomenon exerts significant impacts on the microstructures,
mechanical properties, and residual stresses of the continuous

{100} {110}

60
(a1)! (a2) I (@3) I
0.08

casting process. As shown in Fig. 15, the histogram of
recrystallization build-up in different regions of the continuous
casting process follows the zoning methodology detailed in
Fig. 10(a). The cladding and interface regions are predominantly
composed of deformed grains, with the proportion of
recrystallized grains demonstrating a progressive increase as
the distance from the cladding periphery increases. Notably,
the substructured grain fraction exhibits relatively elevated
proportions in the 42CrMo-NI, which may be attributable to
crystallographic growth driven by thermal flux propagation
and localized thermomechanical stresses. The interplay
between thermal gradients and stress fields induces preferential
substructured grain formation in the 42CrMo-Ni region.

{111} 4

2.39

Fig. 13: {100} {110} {111} polar plots of different zones from the cladding to the substrate: (a1-a3) 414N-Fl;
(b1-b3) 414N cladding interior; (c1-c3) bonding interface; (d1-d3) 42CrMo
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Fig. 14: Recrystallization distribution in low and high magnification field of view: (a1, a2) 414N-Fl; (b1, b2) 414N
cladding interior; (c1, c2) bonding interface; (d1, d2) 42CrMo
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Fig. 15: Histogram of recrystallization build-up in different
regions: (a) 414N cladding interior; (b) 414N-NI;
(c) interface; (d) 42CrMo-NI; (e) 42CrMo-FI

3.4 Micropores after online service

Through three-dimensional reconstruction and defect
characterization by integrating extensive 2D cross-sectional
imaging data, a high-fidelity 3D reconstructed model was
computationally reconstructed, establishing the foundational
framework for spatial visualization. Based on high-resolution
3D visualization models generated through X-ray computed
tomography, distinct structural features under varying stress
states can be precisely identified, including quantitative
variations in pore population, morphological complexity,
dimensional spectrum, spatial configuration patterns, and
dynamic evolutionary pathways. To systematically quantify
defect morphology, the sphericity parameter y was employed
as a pivotal shape descriptor for distinguishing between
near-spherical geometries and irregular configurations. This
metric establishes a correlation between three-dimensional
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form characteristics and two-dimensional surface area

[39]

measurements” ', mathematically expressed as:

3 2/3
W= 6—A(6A) 1
where V represents the volume of the defect, and 4 represents
the surface area.
As illustrated in Fig. 16, comparative X-ray computed
tomography analyses between the 414N cladding side and
bonding interface reveal distinct defect distribution patterns.

Quantitative characterization in Fig. 17, through a statistical
evaluation of micropore population and sphericity across
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specimen subregions, confirms defect accumulation within
the 414N-NI interfacial zone. The volume ratio of defects in
the 414N-FI region demonstrates a 16.4-fold escalation from
0.0019% to 0.0312%, paralleled by an exponential surge in
defect count from 59 to 396. Concurrently, the y,,,, at the
bonding interface reduces to 0.59. Multiparametric statistical
analysis of equivalent diameter, volumetric distribution,
and sphericity, quantified through histogram distributions
and Gaussian fitting curves, indicates that 414N-FI defects
equivalent diameter <25 pm and randomly dispersed. In
contrast, the bonding interface defects are characterized by
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Fig. 16: 3D geometric reconstruction and data statistics: (a) 414N cladding; (b) bonding interface; (c) and (d) equivalent
diameter of micropores; (e) and (f) volume of micropores; (g) and (h) sphericity of micropores
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Fig. 17: Statistics of micropores in different regions: (a) sphericity data statistics; (b) number of defects and

volume ratio of defeces

a pronounced defect cluster and irregular large-scale defects
(equivalent diameter >50 pm). These geometrically complex
defects easily cause stress concentration and potential
microcrack initiation, thus severely threatening the service
integrity via accelerated fatigue-failure mechanisms™**!.
Therefore, to address interfacial cluster and irregular
large-scale defects in decommissioned composite rollers, a
surfacing remanufacturing strategy is proposed, including
complete removal of defect-enriched layers, followed by
gradient additive surfacing applied onto this newly created
substrate to restore the dimensions, and final precision
machining to standard dimensions.

4 Conclusions

(1) The composite roller exhibits a periodic undulating
interface with alternating peak-valley features and typical
gradient evolution characteristics. The interfacial element
diffusion layer thickness forms a gradient distribution of
38-55 pm at the peaks and valleys, caused by the temperature
gradient fluctuations within the molten pool. EDS-map
scanning and EDS-line scanning results reveal continuous
concentration gradients of alloy elements (Fe, Cr, Mn) across
the interface, with significant interdiffusion occurring in both
peak and valley regions, which contributes to the interfacial
metallurgical bonding.

(2) The 414N cladding-42CrMo substrate system reveals
a pronounced gradient in grain structure and boundary
characteristics. The 414N cladding boundary transitions to
the 42CrMo substrate with grain refinement to 4 pm at the
interface under high-magnification observation, followed by
coarsening to 6.8 pm in the 42CrMo substrate zone. GND
density analysis confirms that this rigid-flexible gradient
structure effectively mitigates local strain energy density
and alleviates stress concentration under thermomechanical
loading, highlighting the critical role in enhancing bonding
interface compatibility and mechanical reliability.

(3) X-ray computed tomography reveals defect aggregation
at the bonding interface of post-service composite rollers. The
volume ratio of defects exhibits a 16.4-fold increase from
0.0019% (414N) to 0.0312% (bonding interface), accompanied
by exponential growth in defect count (59 to 396). Compared

to randomly dispersed 414N cladding defects smaller than
25 pm, bonding interfacial defects display reduced sphericity
(Wmin=0.59) and clustered morphologies with equivalent
diameters exceeding 50 um.

(4) Irregular large-area defects concentrated at the bonding
interface may produce localized stress concentration and are
prone to form microcracks under thermo-mechanical cycling
during the next online service. To address interfacial microvoid
defects in decommissioned composite rollers, a gradient
machining-gradient surfacing remanufacturing strategy was
established, including complete removal of defect-enriched
layers, followed by gradient surfacing implementation starting
from the original substrate interface position, and final precision
machining to standard dimensions. This approach achieves full
restoration of service performance by reconstructing spatial
gradient characteristics of bonding interfaces.
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