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ABSTRACT ARTICLE HISTORY
Additive manufacturing (AM) offers the advantages of direct near-net-shape production, reduced Received 13 June 2023
material waste, and shortened production lead time, showing great potential to revolutionise the Accepted 12 September
manufacturing industry. The flexible movements of the deposition head and the build platform 2023

allow directed energy deposition (DED) to conduct the repair process of damaged high-value
metallic parts. However, the resulting heterogeneous microstructure and its effect on the

mechanical properties of the repaired parts have not been widely realised. In this work, the
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repair of Monel alloy parts, known for their excellent mechanical properties and high corrosion Heterogeneous
resistance, was conducted by the laser-DED process with low and high laser power settings, microstructure; Mechanical
respectively. Different from the fine, equiaxed grains in the original part, the as-deposited property

Monel alloy consists of large columnar grains. The mechanical performance across the interface
between the original and newly deposited material was tested and analysed along horizontal
and vertical loading directions. The yield strength and elongation of repaired Monel alloy parts
were 409.1 MPa and 35.2% along the horizontal loading direction, which both significantly
surpass the corresponding values along the vertical loading direction. This study lays the
groundwork for designing a laser-DED process to achieve high performance for repaired
metallic parts.

1. Introduction
The replacement of damaged or worn-out parts can be

Additive manufacturing (AM) has become a revolution-
ary technology promoting advancement in various
manufacturing industries, including aerospace, auto-
motive, and biomedical sectors [1-4]. The layer-by-
layer fabrication mode imparts AM with significant
advantages, such as complex geometries [5], reduced
waste and cost [6], and shortened lead times [7,8]. As
one of the primary metal AM techniques, directed
energy deposition (DED) utilises a focused beam of
energy source (laser or electron beam) to simul-
taneously melt and deposit the material onto a sub-
strate [9-11]. The unique features of the DED process
include high deposition rates, large printing scale,
and flexible relative motion between the deposition
head and substrate [12]. These features enable the
use of DED for the rapid repair of large and expensive
components in industries, allowing them to be quickly
returned to service.

costly and time-consuming, leading to material wastage
and decreased production efficiency. However, utilising
the DED technology to repair damaged components pre-
sents an opportunity to significantly minimise mainten-
ance costs and reduce material waste. Additionally, the
lower heat input as compared to welding processes
results in lower residual stresses and distortion, and its
automation capabilities enable precise and efficient
repairs that outperform conventional repair methods
[13]. Hence, the repair conducted by DED could signifi-
cantly minimise the maintenance cost, material
wastage, and machine downtime [14], especially for
those parts with intricate geometries.

Monel is a group of nickel-copper alloys that are
known for their high resistance to corrosion, excellent
thermal conductivity, and good mechanical properties
[15-17]. Thus, Monel alloys are widely used in corrosive
and other harsh environments for marine and offshore
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applications [18,19]. The research on Ni-Cu alloys fabri-
cated by AM has attracted significant interest in recent
years. For example, Raffeis et al. [20] employed laser
powder bed fusion (LPBF) to produce a variant of
Monel alloys that showed anisotropic mechanical prop-
erties. Marenych et al. [21] utilised the wire-DED process
to fabricate a Monel K-500 alloy age-hardened by nano-
precipitates. Chen et al. [22] investigated the grain mor-
phology evolution in DED-produced Monel alloys as a
function of process parameters. Despite the growing
trend of fabricating Monel alloys by AM, the work
employing laser-DED to repair Monel parts still remains
limited. The differences in microstructural features
between the wrought and AM-deposited parts may
result in different mechanical properties and defor-
mation mechanisms. Hence, understanding the micro-
structural evolution and mechanical performance of
repaired commercial components employed in the mar-
itime industry is of significant interest.

This work investigated the application of laser-DED on
the repair of Monel parts with wrought microstructure. A
damaged Monel K-500 component was first machined to
obtain a smooth surface. Monel K-500 alloy powder par-
ticles were fused and deposited on this surface by DED
using two laser power settings. The microstructure and
mechanical performance were analysed across the inter-
face between the original and newly deposited material.
The effect of heterogeneous microstructure on the
tensile properties of the repaired parts was investigated
along two different loading directions. This work provides
insights into the microstructure design of repaired parts
to achieve high performance by varying DED parameters
and understanding of the heterogeneous mechanical
behaviour of the bonding interface.

2, Materials and methods
2.1 Sample preparation

The Monel K-500 alloy part was repaired through a five-
axis coaxial powder-fed laser-DED machine (BeAM Magic
800). The laser beam was focused at a spot size of 1.2
mm. The powder employed in this work was Industrial-
grade spherical Monel K-500 powder (Sandvik Osprey
Ltd, UK) with a particle size ranging from 53 um to 150
pm and chemical composition as shown in Table 1.
The DED-repair process was performed using the same

Table 1. Chemical composition of the as-received Monel K-500
powders (in wt.%).
Cu Al Fe Mn Ti 0] Ni

30.0 2.35 1.2 1.1 0.82 0.01 Bal.

scanning speed of 1800 mm/min, hatch spacing of 1.5
mm, and raster scanning strategy [23] to ensure the
deposited part with a low density of defects. Two
different laser power values, 1200 and 1500 W, were
selected to investigate the influence of process par-
ameters on the microstructure and properties of the
parts repaired by DED. A machined Monel K-500 base-
plate with wrought microstructure was taken as the orig-
inal part for the repair, as illustrated in Figure 1a. To
reduce the internal stress, the Monel K-500 plate (har-
dened condition) underwent a quick annealing (1110 °
C for 15 min) prior to the DED process.

2.2 Microstructure characterisation

The repaired Monel K-500 samples for microstructure
characterisation and mechanical tests were selectively
cut from the baseplate by electrical discharging machin-
ing. The microstructure was characterised by optical
microscopy (OM; LEXT OLS4100, Olympus, Japan), scan-
ning electron microscopy (SEM; JEOL JSM-7600F), and
electron backscatter diffraction (EBSD) techniques.
EBSD was employed to assess crystallographic orien-
tation, grain boundary statistics, and local misorientation
of the repaired microstructure, using a step-size of T um.
All EBSD maps were processed using the software
Channel 5 (Oxford Instruments). The average grain
(both equiaxed and columnar) size was calculated as
circle equivalent diameter of grains and area-weighted
by the analysis software.

2.3 Tensile tests

The tensile plates with a gauge area of 10 mm in length,
4 mm in width, and 3 mm in thickness (more details
seen in Figure 3c) were cut from the original, as-depos-
ited, and repaired interface parts respectively, along the
directions that are parallel and perpendicular to the
interface, as shown in Figure 1b. To evaluate the mech-
anical performance of the repair bonding, the fusion
interface between the as-deposited part and the original
part was maintained at the centre of the tensile coupons.
The tensile coupons were tested at a strain rate of 0.001
s~! at room temperature by a uniaxial tester (Shimadzu
AGX 10 KN, Japan) with a TRViewX video extensometer.
Each microstructure and loading direction were
repeated at least three times. To explain the different
tensile behaviour along the respective loading direc-
tions, in-situ tensile testing was conducted at the same
strain rate on a 5 kN Deben micro-test stage under the
observation of OM. The in-situ tensile coupons were
polished like a mirror surface.
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Figure 1. Repair of Monel alloy parts and sample preparation. (a) Schematic of the repair process by laser-DED. (b) lllustration of
tension coupon extraction. (c) Dimensions of tensile coupon and finite element analysis model for the tension behaviour.

2.4 Numerical simulation

The numerical simulation was conducted using finite
element analysis (FEA) in software (ABAQUS Explicit
2022). The model was created in Abaqus CAE in accord-
ance with the dimension of the tensile coupons used in
the experiments. The tensile coupon containing repaired
interface was modelled as a composite structure, in
which two material properties were assigned to the orig-
inal half and the as-deposited half (Figure 1c). The
material parameters (Table 2) for the single component
in the FEA simulation were derived from the experimen-
tal tensile results. The ductile damage phenomenon was
modelled using Abaqus’s metal ductile damage evol-
ution model [24]. The FEA model was meshed with
C3D8R elements with an element size of 0.1 mm in the
gauge length region. The loading and boundary

Table 2. Material properties of the composite tensile coupon.

Original As-deposited part As-deposited part
part (Horizontal) (Vertical)

Density (t/m?) 8.5 8.44 8.44
Young’s 163.5 96.9 214.8

modulus

E (GPa)
Yield strength 503.5 358.4 305.0

(MPa)
Poisson’s ratio 0.3 0.3 0.3

v

conditions were established according to the tensile
testing in which the bottom grip section was in encastre
boundary condition while the top grip section was con-
strained to move in the y-direction only (Figure 1c).

3. Results and discussions

Figure 2 shows the OM images and EBSD inverse pole
figure (IPF) maps of the repaired Monel alloys processed
by laser of 1200 and 1500 W respectively. The OM
images shown in Figure 2a,d suggest that the higher
laser power generated a larger melt pool. Both the low
and high laser power achieved good deposition
quality, which is reflected in Figure 2b,e. Only a few
small-size pores were visible in the deposited part.
Importantly, no cracks, one type of commonly observed
defect in joining materials [25], appeared around the
interface during the DED-repair process.

As shown in the EBSD IPF maps (Figure 2¢,f), the orig-
inal microstructure of the Monel alloys consisted of fine
equiaxed grains with an average grain size of 43 um. In
the as-deposited parts, the much larger columnar grains
occupied the microstructures. Owing to the higher
power employed (1500 W), the larger melt pools
formed during the DED process resulted in a relatively
lower cooling rate, which explains a larger columnar
grain size (hundreds of um) in Figure 2f compared to
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Figure 2. Repaired microstructure characterised by OM and EBSD. (a) and (d) show the single bead deposition of Monel K-500 on the
original part. (b) and (e) illustrate the deposition quality by 1200 and 1500 W laser power. (c) and (f) demonstrate the heterogeneous
microstructure and the weak crystallographic texture of the repaired Monel K-500.

that in Figure 2c. Another noteworthy point is that the
fraction of equiaxed grains was higher in the microstruc-
ture of low power (1200 W) deposition (as indicated by
the white circles in Figure 2c). This is attributed to the
decreased ratio of thermal gradient and solidification
rate by lower power energy input, promoting the trans-
formation from columnar to equiaxed grains [22]. The as-
deposited microstructures resulted from both laser
power settings exhibited no strong crystallographic
texture, which is proved by the pole figures shown in
Figure 2¢f.

Tensile tests of the original wrought material and two
as-deposited DED build samples were conducted along
horizontal and vertical directions, respectively, as
shown in Figure 3a,b. Based on the Hall-Petch relation-
ship [26], the strength of metallic materials is signifi-
cantly sensitive to grain size. Because of the equiaxed
morphology and much smaller size of grains in the orig-
inal hardened wrought Monel K-500, its yield strength
(YS) and ultimate tensile strength (UTS) reached 583.1
and 949.7 MPa, respectively, and can be considered
equivalent along two different loading directions. By
comparison, the as-deposited Monel K-500 alloys exhib-
ited higher ductility but much lower YS and UTS, as
shown in Figure 3a,b. The as-deposited microstructures

exhibited anisotropic tensile behaviour owing to the
dominated columnar grain morphology. Along the hori-
zontal loading direction, the as-deposited Monel K-500
alloys showed higher strength than those being tested
along the vertical loading direction. This originates
from the higher density of grain boundaries blocking
the movement of dislocations along the horizontal
direction. Since the average grain size was smaller in
low power deposition, the strength of 1200 W produced
Monel K-500 alloy was relatively higher than that of
1500 W produced alloy along both loading directions.
To evaluate the bonding strength of the repaired
interface, tensile tests were also performed on the
Monel K-500 samples containing the bonding interfaces.
As shown in Figure 3 and Table 3, the YS and UTS of the
repaired Monel K-500 fell in between the values of fully
original wrought and as-deposited microstructures.
Since the strength of 1200 W deposited microstructure
was higher than that of 1500 W deposited microstruc-
ture, the strength of 1200 W repaired Monel alloys was
correspondingly higher along both loading directions.
When the loading direction was vertical, apart from
the lower strength compared to that of the horizontal
direction, one noteworthy point is the ductility was sig-
nificantly reduced (Figure 3b). Nevertheless, the tensile
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Figure 3. Tensile behaviours of repaired heterogeneous samples. (a) Stress-strain curves for Monel K-500 alloys tensioned along the
horizontal direction. (b) Stress-strain curves for Monel K-500 alloys tensioned along the vertical direction. Fractured Monel K-500
samples tensioned along (c) horizontal and (d) vertical directions with corresponding in-situ observations showing strain localisation

captured by OM.

fracture of vertical loading occurred in the newly depos-
ited part, which proves the good bonding quality of the
repair interface.

To explain the reduced ductility along the vertical
loading direction, the in-situ tensile tests were carried
out under the observation of OM. The plastic defor-
mation increased the roughness of the polished
surface of the tensile coupons. Thus, the surface bright-
ness can reflect the strain distribution. As shown in
Figure 3c,d, the in-situ tensile behaviour indicates that
the strain distributions are completely different in the
two respective loading directions. The strain distribution
was uniform over the whole gauge area upon the tensile
deformation along the horizontal direction. On the con-
trary, the plastic strain initiated and accumulated in the
deposited part when the loading direction was vertical.
Moreover, the original part did not show an obvious
plastic strain signal under such conditions. This

Table 3. Tensile properties of Monel K-500 parts repaired by
laser-DED.

SN Condition Sample UTS (MPa) YS (MPa) Elongation (%)
1 Repaired 1200 W-H 654.8+19.6 409.1+31.3 352+38
2 1200 W-V 5447 +116 353.7+17.2 11.7+29
3 1500 W-H 6103+83 3348+119 36.8+3.6
4 1500 W-V  4739+6.6 261.5x+16.1 145+4.6

significant strain heterogeneity originates from the
huge difference in the tensile properties between the
two single microstructure-components.

The FEA were performed to understand the tensile
behaviours along the horizontal and vertical directions,
up to the engineering strain of 30% and 15%, respect-
ively. The von Mises stress distribution shown in Figure
4a demonstrates higher stress locating in the original
wrought part when the loading direction is horizontal,
to accommodate the strain compatibility between the
hard original wrought part and soft deposited part.
Due to the strain hardening, the stresses in both parts
correspondingly increase as the plastic deformation con-
tinues. If the loading direction is vertical, owing to the
much lower YS, the deposited part yields first and con-
tinues to be plastically deformed alone. However, as
the stress in the deposited part reaches its UTS (544.7
MPa), the value is still lower than the YS (583.1 MPa) of
the original wrought material, as shown in Figure 4.
Therefore, the plastic strain exclusively concentrates in
the deposited part upon the vertical tensile loading.
The fracture position of the tensile sample is consistent
with the strain accumulation simulated by FEA (Figure
3d and Figure 4d).

To further elucidate the heterogeneous mechanical
behaviour of the repaired Monel K-500 alloy, EBSD was
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Figure 4. Finite element analysis of the samples repaired by 1200 W laser. Von Mises stress distribution for (a) horizontal and (c)
vertical sample models. Plastic strain distribution for (b) horizontal and (d) vertical sample models.

carried out to analyse the deformed microstructures of two
samples which were loaded along different directions, as
shown in Figure 5. Before the deformation, the original
part was dominated by a high-density of high angle
grain boundaries (HAGBs, > 15°) and twin boundaries.
Different from the original wrought microstructure, the
deposited microstructure only showed high-density
HAGBs and a few low angle grain boundaries (LAGBs, 2—
15°). Kernel Average Misorientation (KAM) maps obtained
by EBSD qualitatively reflect the distributions of dislo-
cations stored in the microstructure [27]. The KAM map
shown in Figure 5a indicates that the dislocation density
in the repaired Monel K-500 alloy mainly concentrated
along the fusion line before the deformation, because of
the high thermal stresses generated during the DED
process [28]. The microstructure shown in Figure 5b was
extracted from the fractured tensile sample along the hori-
zontal direction. Additional LAGBs appeared in both orig-
inal and deposited parts upon the tensile deformation. The
KAM map in Figure 5b also proves the uniform distribution
of the generated dislocations across the bonding interface.
In contrast, in Figure 5¢, the significantly increased fraction
of LAGBs and density of dislocations in the deposited part
demonstrates the severe strain accumulation when the
loading direction is perpendicular to the interface. The

EBSD maps extracted from the original part of the frac-
tured sample (Figure 5c) exhibit no change compared to
those shown in Figure 5a, indicating no plastic defor-
mation in the original part. All these characterisation
results well match the experimental and simulation
results of the tensile behaviours shown in Figure 3 and
Figure 4.

To further elaborate the deformation behaviour of
the respective tensile samples, the corresponding frac-
ture surfaces are shown in Figure 6. In Figure 6a, the frac-
ture surface along horizontal direction shows a
combination of dissimilar morphologies. The as-depos-
ited part is composed of dimples while the original
part contains cleavage planes. This phenomenon is con-
sistent with the results shown in Figure 3 that the as-
deposited Monel alloy exhibits a higher ductility. By
comparison, owing to the plastic strain accumulating
in the as-deposited part when the loading direction is
vertical, the fracture surface shown in Figure 6b exhibits
a uniform, dimpled pattern corresponding to the homo-
geneous microstructure in the fracture position.

Although the repair by laser-DED achieved a good
interfacial bonding in this work, the mechanical proper-
ties of the repaired components were still lower than the
performance of original part. The deformation process is
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Figure 6. Fracture morphology of tensile coupons along (a) horizontal and (b) vertical loading directions, respectively.

incompatible with the components produced by addi-
tive manufacturing, otherwise it may damage the geo-
metries which are purposely designed. Therefore, it is
impractical to harden as-deposited parts by introducing
deformation to increase dislocation densities as conven-
tional manufacturing processes. Further investigation
needs to be performed on improving the mechanical
properties of the deposited microstructures by process

modification. For instance, aging treatment can be
used to harden the deposited part by precipitation,
and thus increase the strength of the repaired com-
ponent. Introducing nano-sized strengthening particles
into the as-deposited part might be another potential
option. This work provides implication for repairing
marine parts, including blades, seawater vavles, and pre-
peller shafts, by DED in the future.
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4, Conclusions

This work investigated the application of laser-DED on
the repair of Monel K-500 parts with wrought micro-
structure. The newly deposited parts consist of large
columnar grains, resulting in relatively lower tensile
strength values than those of the original wrought
part predominated with equiaxed grains. The Monel
alloy part repaired by 1200 W laser exhibited a higher
tensile strength (544.7 MPa) than that repaired by
1500 W laser (473.9 MPa). This is because employing a
lower laser power is beneficial for refining the deposited
microstructure and enhancing the mechanical proper-
ties. The yield strength and elongation of the Model
alloy part repaired by 1200 W laser were 409.1 MPa
and 35.2% along horizontal tension, both significantly
surpassing the values of 353.7 MPa and 11.7% along ver-
tical tension. Owing to the difference in the strength
between the original wrought and deposited parts,
upon the tensile deformation, strain exclusively accumu-
lated in the deposited part if the loading direction was
perpendicular to the bonding interface. The numerical
simulation conducted in this work can be used to
predict the mechanical behaviour of the repaired parts,
which would be helpful in the design of the repair
process. The findings shown in this work can be
applied to the repair of other alloys by laser-DED with
heterogeneous microstructure and anisotropic mechan-
ical properties.
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