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Abstract - This study focused on the remanufacturing of industrial components using wire-arc additive manufacturing (WAAM)
and the influence of heat treatment on the mechanical properties and microstructure evolution of printed parts. The study
analyzed the microstructure and mechanical properties in as-built and heat-treated conditions of the 3D printed parts. The
results show that the deposited AISI 4130 steel had ferrite-pearlite phases. Microstructural analysis indicated distinct
characteristics in the substrate, interface, and deposited regions. Austenitisation and tempering heat treatment caused
microstructure homogenization, revealing the predominant ferrite-pearlite phase. The interface had the highest microhardness
value of 180.3+6.9 HVy3 in as-built condition. After heat treatment, the hardness improved by an average of 50.2%. The
deposited region recorded a density of 7.695 g/cm® in an as-built state. In the as-built condition, the test samples exhibited a
yield strength of 172.9+2.1 MPa, but the interface sample had 162.1+5.3 MPa. The printed parts had an ultimate tensile stress
of ~539.6+68.9 MPa compared to 493.3+21.8 MPa of the substrate. After heat treatment, yield strength improved by 8.9% for
the printed part and decreased by 12.1% at the interface region. The ultimate strength for the samples section parallel and
perpendicular to the deposition directions increased by 8.0+40.5% and the interface by 36.1%. Fractography analysis indicated
that failure changed from brittle to ductile fracture after heat treatment. The findings of this study contribute to designing heat
treatment schedules for industrial remanufacturing of structural and functional components using WAAM.

Keywords - Wire-arc additive manufacturing, Remanufacturing, Heat treatment, Microstructure, Homogenization.

1. Introduction

Additive Manufacturing (AM) stands as an innovative
digital technology that is revolutionizing the approach to
repairing, remanufacturing, and fabricating intricate
geometric components. This is achieved by systematically
layering materials in successive layers [1, 2]. The common
AM technologies that have been employed in the
remanufacturing of complex components include cold spray,
powder bed fusion [3], Direct Energy Deposition (DED) [4]
and laser metal deposition [5]. The DED is a method of AM
that forms 3D objects by melting metal material as it is being
deposited layer by layer.

This process is facilitated by focused thermal energy.
DED offers several significant advantages, including high
build speeds, capable of producing dense and strong parts,
and excellent metallurgical bonding [6]. The DED technique
houses several technologies, such as laser [7], electron beam
[8] and Wire-arc Additive Manufacturing (WAAM) [9].
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WAAM, like any DED AM technology, is a unique process
for constructing large-scale metallic components at
remarkably large speeds by using an electric arc as the heat
source [10, 11]. The superiority of this technique includes low
material consumption, rapid deposition rate, and excellent
structural integrity [12].

WAAM provides a critical solution for part
remanufacturing [13, 14]. It is exceptional in the
manufacturing sector due to its lower production cost when
compared to metal powders [15]. WAAM stands as a better
candidate for the repair of structural and morphological
defects in large-scale metallic components, particularly those
used in the mining and aerospace industries [15, 16].

WAAM, a DED technique, enables the manipulation of
various deposition parameters. These include welding travel
speed, wire feed rate, working distance, arc voltage, current,
torch angle, gas flow rate, and the deposition method itself.
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Each of these parameters plays a vital role in influencing the
quality of the final product [17, 18]. Ongoing efforts aim to
characterize various materials based on their WAAM
operating conditions to enhance product quality and facilitate
defect repair. However, parameters vary according to the
material being used. Critical materials such as the AISI 4130
steel employed in industries for functional and structural
complex components often lack comprehensive knowledge
regarding repair and remanufacture, resulting in failures [19,
20]. Therefore, the exploration of WAAM in this study is
crucial for advancing sustainable and cost-effective
manufacturing solutions in these sectors.

The superiority of the final component during repair
processes is also affected by the interfacial properties between
the substrate and the deposited material [19, 20]. Interface
region flaws where the substrate meets the deposited material
are prone to arise during repair tasks, potentially resulting in
operational failures [21, 22]. Poor quality of WAAM printed
parts can be due to a lack of optimized parameters for different
materials and an inadequate understanding of the interfacial
properties. Previous studies have attempted to optimize the
WAAM process parameters and characterize different
materials under various operating conditions [23, 24].
However, there is still a gap in the literature regarding the
comprehensive understanding of the interfacial properties and
the mechanisms leading to defects during the repair process.
This study aims to address these gaps and contribute to the
improvement of the WAAM process for the manufacturing
and repair of critical components in various industrial sectors,
such as mining.

Yilmaz et al. [25] proposed a hybrid methodology for
repairing aero-engine components. This innovative approach
combines reverse engineering, AM, and machining processes.
The integration of these techniques allows for a
comprehensive and efficient repair process, potentially
extending the lifespan of critical aero-engine components.
However, the impact of operational conditions on the repaired
components was not discussed.

Zhuo et al. [26] noted that tensile fracture of the repaired
TC17 interface specimen occurred in the as-deposit zone with
numerous dimples. The microstructure analysis showed that
martensite was formed in the top zone and changed from
superfine lamella a-phase to a banded coarsened lamella a-
phase towards the substrate, highlighting the complex
microstructure exhibited with the layering process. Onuike et
al. [1] considered groove filling as a repair mechanism using
AM. The analysis showed a significant increase in hardness
by approximately 42% in the heat-treated repaired samples
from substrate to deposited layers, highlighting the possible
improvements possible with heat treatment.

Heat treatment plays a role in phase formation and
transformation [27]. Phase transformation temperatures Acl
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and Ac3 are crucial during heat treatment [28]. These
temperatures significantly influence the design of heat
treatment processes and the chemical compositions of steel
[28]. For austenitisation heat treatment, the temperature has to
be 40-50°C above the material’s Ac3 value, and the tempering
temperature should be below its Acl [29]. Heidary et al. [30]
carried out heat treatment procedures on AISI 4130 through
several procedures. The results underscored the significance
of heat treatment in achieving the desired combination of
properties. AISI 4130 steel explored in this study finds
extensive applications across diverse industries, including
aerospace [31], oil and gas [32], mining, and automobile [33,
34]. Its superior heat treatment capabilities enhance
toughness, while excellent workability and machinability
render it highly versatile in industrial settings [35]. A study by
Shim et al. [36] reported an improvement in hardness, yield,
and tensile strength of AM-repaired SUS 630 after heat
treatment in the substrate, interface, and deposited regions.

The remanufacturing and repair of drilling bits used in the
oil, gas, and mining industries present an interesting
application potential for WAAM. These drill bits, which are
typically manufactured through casting, have complex
structures and operate under severe service conditions,
making failure inevitable [37, 38] Conventional
manufacturing techniques, such as hard die and sand-casting,
have been used to produce unique bit configurations,
including bi-centre casts. However, these methods are less
cost-effective for one-off bit designs and performing repair
tasks. The rapid prototyping possible with WAAM can
improve the economics of such designs [39].

In addition, WAAM offers significant efficiencies of
production and greatly expanded design flexibility, enabling
the steel body bits to incorporate improvements on traditional
steel body bit configurations as well as performance-
enhancing features previously available only in matrix body
bit designs [39]. While WAAM has shown promise in various
applications, its potential as a repair tool for complex mining
drill bits remains largely unexplored in the literature,
especially in terms of joint mechanical and microstructural
characteristics.

The study focused on assessing the effectiveness of
repairing AISI 4130 steel components using the WAAM
process. The mechanical properties, microstructure, and
fracture surface of the WAAM printed parts in as-built and
heat-treated conditions were analyzed and reported. This
study sheds light on the feasibility and usefulness of
employing the WAAM technique to repair industrial AlSI
4130 steel components by exploring mechanical and
microstructural properties.

2. Experimental Procedure
2.1. Materials

A 0.9 mm diameter filler Crown Alloy FH-30 4130 wire,
provided by Welding Supplies IOC (United States). This filler
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wire had mechanical properties of a yield strength of 896 MPa,
tensile strength of 1000 MPa, and elongation of 11%. The wire
was deposited onto a normalized AISI 4130 alloy steel
substrate supplied by Online Metals, USA, which also acted
as the control sample. The substrate material data sheets from
the manufacturer indicated the following properties: a tensile
strength of 670 MPa, yielding at 434 MPa, with 21.50%
elongation at the break over a 50 mm length, a density of
7.85g/cm?® and a Vickers hardness of 177.3 HV.s.

Table 1 shows the chemical composition of the AISI 4130
steel substrate and feedstock wire.

Table 1. AISI 4130 substrate and filler wire chemical composition

Element | C Mn | Si Cr Mo | P S Fe
% Wit 03105 | 025|095 | 0.2 | 0.035 | 0.04 | Bal
2.2. Materials

Test parts were prepared using a WAAM custom-made
rig in Figure 1. This rig is equipped with an AICO Inverter
welder MIG/200 GMAW machine (AICO, Japan). The
WAAM setup has a table capable of making movement in the
X and Y axes, while the welding torch moves in the Z-axis.
This configuration follows the principles of Computer
Numerical Control (CNC) mechanisms, providing precise and
programmable control over the manufacturing process.

The process parameters employed in the study were
previously optimized using the Taguchi design of the
experiment. The process parameters were a voltage of 23V, a
current of 120 A, a travel speed of 350 mm/min, and a gas
flow rate of 10 L/min of Argo-shield (20% CO-, 80% Argon).
The torch was set at a 90° angle with a height of 12 mm above
the substrate, and single bead layers of 70 mm length were
deposited during the process. Several layers were deposited
for a single bead and following a G-code. After the successful
deposition of each layer, a natural air-cooling process was
allowed for 30 seconds before commencing the next layer.
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Fig. 1 Experimental WAAM rig setup
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2.3. Sample Preparation

Samples for microstructure, microhardness, and tensile
analysis were sectioned from the WAAMed components
(Figure 2 d)) as indicated in Figure 2 The samples for
microstructure and hardness in Figure 2 (a) were extracted
using a hand hacksaw with the aid of a coolant. WAAMed
samples were then milled to a flat plate on a milling machine.
Tensile samples were sectioned out using a Wire Electron
Discharge Machine (EDM) as rectangular flat bars. Hand files
were used to shape the samples.

2.4. Heat Treatment

The AISI 4130 composition was used to calculate Acl
and Ac3 temperatures using equations developed by
Hougardy equations [40] in Equations (1) and (2). The
calculated phase transformation values were: Acl (741 °C)
and Ac3 (814 °C).

Acl = 723 —10.7Mn — 16.9Ni + 29.1Si + 16.9Cr +
6.38W + 2904s + 2904s 1)

Ac3 = 910 — 203C0.5 — 15.2Ni + 44.7Si + 104V +
31.5Mo + 13.1W — 30Mn — 11Cr — 20Cu + 700P +
400A1 + 120As + 400Ti )

The austenisation was conducted at 870 °C above its Ac3
temperature for 30 minutes and quenched in water. The
tempering process was conducted after the austenisation
process at 400 °C below its Acl for 1 hour and left to cool at
room temperature. These specific conditions were chosen
based on the material thickness and the desired balance of
mechanical properties. [32, 33]. The heat treatment procedure
is summarized in Fig. 3. The heat treatment was conducted
using the Muffle furnace (Biobase, China).

Microstructure and
Micro-hardness

Fig. 2 Tensile samples extraction process (a) Parallel and perpendicular
to the build direction, (b) At the interface, (c) Sub-sized tensile sample
extraction dimensions in mm, and (d) as-built samples.
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Fig. 3 Heat treatment schedule of AISI 4130 steel in this study

2.5. Microstructure Analysis

The microstructure analysis of the WAAM printed
samples was sectioned perpendicular and parallel to the build
direction. The sectioned surfaces were polished according to
standard metallographic procedures [41]. Grinding was done
using 220, 600, and 1200 grit papers, then polished using 3, 1,
and 0.25 pum diamond pastes and 1 pm colloidal silica
dispersion as per ASTM standard E3-11 [41]. The polished
specimens were etched for 10-15 seconds using a 2% Nital
solution (2% Nitric acid and 98% ethanol). Microstructural
investigation was conducted using the Olympus BX41M-LED
Optical Microscope and the JOEL JCM-7000 Benchtop
Scanning Electron Microscope (SEM). SEM images were
obtained at acceleration voltages of 10kV.

2.6. Microhardness Testing

The Vickers microhardness values of all the 3D printed
WAAM samples and the substrate of the AISI 4130 steel were
determined. The microhardness was measured on a digital
LV8B00AT Leco Vickers Hardness Tester (Leco Corporation,
USA). Microhardness measurements were done by applying
300 ¢f load and a dwell time of 15 seconds as per ASTM
E384-17 [42]. The average microhardness value was
determined from three measurements per each section for all
the samples tested. The standard deviation for the measured
microhardness value was calculated.

2.7. Density Analysis

Density evaluations were performed on various
components, including the deposited layers of AISI 4130 in an
as-built state, the filler wire, and the substrate sample. Each
component underwent three separate density measurements.
These measurements were executed using the DahoMeter
Electronic Densimeter (DH-300), a product of Guangdong
Hongtuo Instrument Technology Co., Ltd., China. This
instrument operates based on the Archimedes principle to
provide accurate density readings.

2.8. Tensile Testing
Sets of samples in as-built and heat-treated conditions
were prepared for tensile testing, as shown earlier in Figure 2
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The dimensions of the tensile samples are shown in Figure
2(c). The main consideration for the design and machining of
the samples was to maintain ‘/NA’ (where ‘I’ is the gauge
length and ‘A’ is the cross-sectional area of the sample ) ratio
greater than 4.0 according to ASTM ES8 standards [43].
Tensile testing was conducted using an ENKAY Universal
testing machine (New Delhi-8, India), with an average loading
rate of 200 N/s at room temperature (~ 25°C).

2.9. Fracture Surface Analysis

Post-tensile testing, the broken samples were scrutinized
for fracture surface analysis. A JOEL JCM-7000 Benchtop
SEM was employed to characterize these fractured surfaces.
The images were evaluated in the Secondary Electron
Detector (SED) mode, utilizing an acceleration voltage of 15
kV.

3. Results and Discussion
3.1. Microstructure Analysis

Figure 4 shows the initial microstructure of the substrate
steel. The microstructure exhibited a lamellar columnar
structure composed of ferrite (o) and pearlite (‘P”).

e
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Fig. 4 The initial microstructure of the substrate AISI 4130 steel

consisted of large white regions (a-ferrite) and elongated dark regions
(Pearlite, 'P*)

Fig. 5 shows the microstructure evolution of AISI 4130 in
as-built and heat-treated conditions for the substrate region of
the sample. The substrate microstructure of AISI 4130 steel in
Fig. 5 (a) shows equiaxed ferrite and lamellar pearlite grains.
Ferrite is a BCC phase that is relatively soft and ductile,
whereas pearlite is a lamellar structure made up of alternating
layers of ferrite. The cementite contributes to overall strength
and hardness [44].

The austenitisation + quenching in water resulted in a
predominant martensite phase because of the rapid cooling.
This is well explained with the aid of the Continuous Cooling
Transformation (CCT) graph of steels [45]. Upon tempering
at 400 °C, the material transitions from martensite, crossing
the bainite start boundary and converting the martensite into
bainite [33] the slow cooling in the air results in the growth of
cementite and ferrite phases. The slow cooling process also
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resulted in the formation of ferrite, grain boundaries, and fine
and dense lamellar pearlite phases, as shown in Fig. 5 (b).

The material underwent solid solution strengthening as a
result of the heat treatment. The heat treatment caused the
alloying elements to be absorbed into the iron lattice. This
dissolution of elements causes distortion, thus increasing
resistance to dislocation movement. As a result of heat
treatment, the material’s hardness and yield strength
improved. Similar findings were reported in the literature [35,
46]. The grain boundaries observed were due to trapped
austenite phases, which may have negatively influenced
hardness [29, 47].

Fig. 6(a) shows the SEM micrograph of the WAAM-
printed AISI 4130 interface region. The microstructure

QLTI
Map-PC

HighVac. [@x1,000
STD 0258 Nov.02 2023

exhibited a network of ferrite and coarse pearlite phases. The
presence of a network of ferrite and coarse pearlite phases
indicates a complex thermal history experienced by the
material. These layers were exposed to excessive heating
above and below the material’s Ac3. The temperature cycles
of the deposition process led to a very slow cooling process of
the subsequent layers. These subsequent layers go through the
austenite-pearlite transition of the CCT process and, thus, the
formation of coarse pearlite [48, 49].

Fig. 6 (b) shows the microstructure of the heat-treated
interface region. The microstructure shown exhibits similar
characteristics to that of the substrate region in Fig. 5(b). The
microstructures of these regions show a high level of
homogeneity and a fine ferrite-lamellar  pearlite
microstructure as a result of the heat treatment.

EVSS
PREX T
Dec. 08 2023

A SR I
@x1,000
STD 0397 Dec. 08 2023

Fig. 6 Microstructure evolution of AISI 4130 interface region in (a) As-built, and (b) Heat-treated condition.
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Fig. 7 Microstructure evolution of AISI 4130 deposited region in (a) As-built, and (b) Heat-treated condition.

The microstructural study of the deposited AISI 4130
steel reveals predominant ferrite and coarse pearlite phases, as
shown in Figure 7 (a). The existence of these dominant ferrite-
pearlite phases is consistent with earlier observations of the
interface (Figure 6 (a)) region in the as-built state. The ferrite
and pearlite colonies (ferrite and cementite) resulted from the
slow cooling process of the deposited regions, causing the
austenite-pearlite transition to occur.

The coarse pearlite-ferrite phases, in this instance, are less
dense as compared to the interface region. This low relative
density of this region indicates that the hardness of the
deposited region will likely be lower than that of the interface
region in the as-built state. The inter-pass temperature, which
is the temperature between the layers, has always been high
due to the influence of the new layers being added on top,
leading to the slow cooling of the layers [50]. This effect of
the inter-pass temperature explains why coarse pearlite and
ferrite phases were observed in the deposited region. The slow
cooling of steels from the temperature above the material’s
Ac3 is well reported in the literature with the aid of the CCT
diagrams [48, 49].

Upon heat treatment, the microstructure of the deposited
(Figure 7 (b)) region undergoes a noticeable transformation
towards homogeneity similar to the substrate (Figure 5 (b))
and interface (Figure 6 (b)) regions. The deposited region’s
heat-treated microstructure exhibited lighter regions in the
ferrite-pearlite phases, an indication of lower hardness
strength of the deposited regions compared to other heat-
treated regions.

The microstructure composition of the as-built regions
indicated a coarse ferrite-pearlite structure in the interface and
deposited regions. After heat treatment, the microstructure
transitioned to a fine homogeneous ferrite-pearlite
microstructure. This indicates the positive effect of heat
treatment towards microstructure homogenisation and
improvement of the hardness as well as the strength of the
material.
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3.2. Microhardness

Figure 8 shows the microhardness measurements across
the substrate, interface and deposited regions of WAAM
printed parts. In as-built conditions, uniform hardness
distribution was noticed throughout the test sample.

The highest hardness of 180.3+6.9 HV, 3 at the interface
region can be ascribed to the in-process solid solution
strengthening, as reported by Shim et al. [36]. This process
involves the dissolution of one phase into another to form a
solid solution, which can significantly enhance the material’s
hardness. The interface region, where the deposited material
interacts with the substrate, is subjected to intense thermal
cycles during the WAAM process [29]. These thermal cycles
may have led to various metallurgical phenomena, such as
solid solution strengthening, precipitation hardening, and
phase transformations, resulting in increased hardness.

Conversely, the lowest hardness of 150.0+10.2 HVg3
recorded in the substrate region can be explained by the in-
process tempering of the substrate, coupled with a very slow
cooling process [33]. The cooling rate subsequent to the
deposition process may have influenced the hardness of the
substrate. A slow cooling process allows for more time for the
atoms in the metal to diffuse and form equilibrium
microstructures, which are typically softer than the non-
equilibrium microstructures formed during rapid cooling.
Similar reports are reported in the literature on the effect of
slow cooling on the hardness [51, 52]. This may have been
resulted in a decrease in hardness.

For the heat-treated condition, the peak hardness of
267.8+16.4 HV, 3 was also noted in the interface region. The
deposited region exhibited a uniform hardness distribution
averaging 232.0+6.6 HVo3 whilst the substrate region
averaged 259.5+0.2 HVp3. The rise in hardness within the
substrate, interface and deposited regions by 65.6%, 48.5%
and 36.6%, respectively, showcases the effect of controlled
heating and cooling towards improved hardness strength. The
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improvement in hardness after heat treatment may be a result
of solid solution strengthening and grain refinement.

In the as-built condition, the deposited metal’s hardness
is observed to surpass that of the substrate. This may be due to
the thermal cycles experienced during the WAAM process,
which can lead to the development of a hardened
microstructure in the deposited region [53]. The substrate,
manufactured under controlled factory conditions, exhibits a
more uniform microstructure, which was then exposed to
uncontrolled thermal variations and may have resulted in
lower hardness [54].

However, in the heat-treated condition, the hardness of
the deposited metal is found to be lower than that of the
substrate. This reversal can be explained by the effects of the
heat treatment process of the different packing of the two
regions manufactured under fully controlled and partially
controlled conditions. Meanwhile, the substrate, with its
uniform microstructure and packing, responds more
predictably and favourably to the heat treatment, maintaining
a higher hardness. The less uniform microstructure and
packing of the deposited region, resulting from the open-air
WAAM process, may also contribute to its less favourable
response to heat treatment. The variations in the
microstructure could lead to uneven transformations during
heat treatment, potentially leading to lower hardness in the
deposited regions compared to the substrate regions. When
comparing the two conditions, it is clear that heat treatment
has a substantial impact on the hardness of the material.
However, it is important to note that while increased hardness
can improve wear resistance, it can also induce material
embrittlement. Therefore, the optimal condition would depend
on the specific requirements and application [55].

3.3. Density Analysis

Density measurements of the different components are
presented in Table 2. The density measurements of the

300 |

substrate, wire, and deposited layers provide valuable insights
into the material properties and the effects of the WAAM
process. The substrate’s density represents the initial state of
the material before the WAAM process. This density is
indicative of the uniform packing and microstructure achieved
under controlled factory conditions, as it is in close agreement
with the literature [47]. The filler wire had a slightly lower
density of 7.811 g/cms3 than the substrate but within range. The
slight difference in density between the wire and the substrate
could be attributed to variations in manufacturing conditions.

The deposited layers exhibit the lowest density of 7.695
g/cma. This reduction in density compared to the substrate and
wire may be a result of the unique thermal cycles and less
controlled packing conditions during the WAAM process.
These factors led to the formation of a distinct microstructure
in the deposited region, which may have different packing
efficiency and, hence, density.

These density measurements, in conjunction with the
earlier discussed hardness and microstructure analysis, offer a
comprehensive understanding of the material’s properties, the
effects of the WAAM process and the resultant properties after
heat treatment. Within the realm of mining drill bits, the
density of the deposited material, as determined by the
WAAM process, exhibits a slight deviation of 1.97% lower
than the reported density of 7.850 g/cm?® [56] as documented
in the literature.

3.4. Tensile Tests

Fig. 9 shows failed tensile test samples of the control
substrate and the WAAM printed samples extracted at
different orientations. The tensile test results of the substrate
plate are shown in Fig. 10. The results indicate that the yield
strength decreased by ~ 60% and ultimate tensile strength
decreased by ~ 26%, from the manufacturer’s specifications
stated earlier.
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Fig. 8 Summary of hardness test sample and positions of measurement (a) Deposited layers, (b) Interface layer, and (c) Substrate layers.
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Table 2. Density measurements of the substrate, wire and deposited region materials

Component Density, g/cm® STDev
Substrate 7.835 0.003
Wire 7.811 0.087
Deposited 7.695 0.016

Substrate Control Sample
600

500

400

300

Stress, MPa

200

100
—— Substrate Control Sample

0.00 0.02 0.04 0.06 0.08

Strain
(€Y

9 10 11 12

8

cm

Fig. 9 Strained tensile test samples were extracted from different built orientations

Substrate Control Sample
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500

w B
o o
o o

Stress, MPa

N
o
o

0
m Yield Stress m Ultimate Stress = Breaking Stress

(b)

Fig. 10 The plot of tensile test results substrate sample (used as the control sample), (a) Stress-strain graph, and (b) Bar graphs of Yield, Ultimate and
Breaking stress.

Fig. 11(a) and (b) show the tensile test results for samples
printed parallel to the build direction. The tensile results show
similar stress-strain distribution trends compared to the
substrate sample (Fig. 10). The yield and ultimate tensile
strength for the control substrate sample and for the sample
extracted parallel to the build direction in the as-built state fall
in the same range (Fig. 11). Heat treatment of the samples
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deposited parallel to the build direction showed a significant
improvement of the yield and ultimate tensile strength by
9.0% and 39.2%, respectively compared to the as-built state.
The improved mechanical properties are a result of grain
refinement, enhanced interlayer bonding, and precipitation
hardening, likely restricting dislocation movement and
leading to increased strength [27, 57, 58].
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Fig. 11 Plot of tensile properties of samples sectioned parallel to build direction (a) Stress-Strain curve, and (b) Stress vs. yield, and Ultimate stress
bar graphs.
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Fig. 12 Plot of tensile properties of samples sectioned perpendicular to build direction (a) Stress-Strain curve, and (b) Stress vs yield, and Ultimate
stress bar graphs.

Fig. 12 (a) and (b) show a similar trend to the control
substrate sample in yield strength for the as-built samples
perpendicular to the build direction. The results show that
ultimate tensile strength is larger by 19.3% for samples
extracted perpendicular to the build direction compared to the
substrate control sample. This is a phenomenon expected as
there is minimal influence of interlayer bonding as compared
to samples extracted parallel to the build direction.

After heat treatment, there is a great improvement in yield
strength and a reduction in ultimate tensile strength by 8.8%
and 18.0%, respectively, compared to the as-built state. The
samples’ ductility and toughness reduced after heat treatment,
indicated by their reduction in ultimate tensile strength at low
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stress, as indicated in Fig. 12(a). This phenomenon has been
reported in the literature on the effect of tempering at 400 °C
of steels [46] and AISI 4130 [33] being able to increase
hardness but may lead to embrittlement, thus reducing tensile
strength.

The yield strength for the as-built falls in the normal range
as the other samples but with very low ultimate tensile strength
for the samples extracted from the interface (deposited region
+ substrate) (Fig. 13(a) and (b)) region. During the tensile test,
the samples failed at the interface region, as shown in Fig. 13
(a). The results indicate that the interface had a weaker region
during loading compared to the rest of the samples.
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Fig. 13 Plot of tensile properties of samples sectioned at the interface (Substrate + Deposited) (a) Stress-Strain curve, and (b) Stress vs. yield, and
ultimate stress bar graphs.

The results show poor interface bonding and brittle nature
of the region as a result of low carbon migration, causing
deficiency in precipitate formation, hence low solid solution
strengthening [59]. Zhuo et al. [26] reported that the interface
is more prone to failure due to rapid cooling as the substrate
was not preheated and, hence, formed a weak region.
Preheating of the substrate has been noted to enhance the
bonding strength of the welded AISI 4130 joint [60]. The heat
treatment greatly improved the ultimate tensile strength by
36.1% and the elongation as a result of grain refinement and
enhanced interface bonding, a phenomenon reported earlier
[61].

Generally, the results presented show lower values
compared to the standard material properties available in the
literature. This may be a result of the thermal cycles

-
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experienced during the WAAM processes and the packing of
material during the deposition process.

3.5. Fracture Surface Analysis

Fig. 14(a) shows the fracture surface of the substrate
control sample. The SEM images reveal considerable slants
due to considerable necking of the sample under load. The
steep slants indicate a change in cross-sectional area and
significant elongation due to the loading as compared to the
unstrained sample. The steep slants are a common feature in
the ductile fracture of materials [62]. Fig. 14(b) shows a more
detailed fracture surface of the tested substrate samples,
indicating ductile fracture mode. Fine dimples and tear ridges
characterise this region, a result of significant plastic
deformation before fracture. These characteristics observed at
the fracture surface have been reported to be associated with

Fig. 14 Fracture surface analysis of AISI 4130 normalised substrate plate subjected to tensile testing
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Fig. 16 Fracture surface analysis of AISI 4130 deposited perpendicular to building direction subjected to tensile testing (a), (b) As-built condition, and
(c), (d) Heat-treated condition.
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In the as-built state, the fracture surface of the sample
sectioned parallel to the build direction (Fig. 15(a) and (b)),
brittle failure is expected due to the effect of the interlayer
bonding. In addition to that, brittle failure occurred as a result
of the noticeable defects such as pores, gas porosity, and
coarse dimples. Compared to the substrate fracture surface
(Fig. 14(a)), where significant cross-sectional area change was
observed, cross-sectional area change observed is very low for
the fracture surface of samples sectioned parallel to the build
direction in (Fig. 15()).

The small change in this cross-sectional area is indicated
by the flats, which also show minimum necking due to the
loading, indicating brittle failure. The gas porosity is also an
indication of interlayer fusion leading to the entrapment of
gases during the WAAM process. Course dimples are also an
indication of brittle fracture [20]. These features suggest
imperfections within the material structure and areas where
the material has not adequately fused, potentially leading to
compromised mechanical properties.

Fig. 15(c) and (d) show the microstructure after heat
treatment. The SEM images show features such as facets and
fine dimples, suggesting improved ductility and toughness due
to grain refinement and enhanced microstructural
homogeneity. Pores can still be seen on the fracture surface.
Compared to the as-built samples, the change in cross-
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Fig. 17 Fracture surface analysis of AISI 4130 interface (substrate + deposited) region subjected to tensile testing (a), (b) As-built condition, and
(c), (d) Heat-treated condition.

sectional area is indicated by the presence of slight slanting
that occurred due to the loading. This change in the slants
shows that the material property has improved from brittleness
to ductile and tough nature, as exhibited by the yield and
ultimate strength reported earlier in Fig. 11.

Facets seen on the fracture surface indicate areas of
significant stress concentration and abrupt fracture
propagation. These features suggest that the material
experienced rapid and brittle failure [63]. Overall, after heat
treatment, the material failed in both ductile and brittle
manner. Some regions on the microstructure exhibited the
presence of fine dimples. Similar observations have been
reported in the literature on the same material [47]. The
transition from coarse to fine dimples after heat treatment
caused an improvement in tensile properties.

Fig. 16 shows fracture surfaces for samples sectioned
perpendicular to the build direction. In the as-built state, Fig. 16
and (b) show the fracture surface, revealing a slight slanting
but less pronounced as compared to the substrate sample.
Defects in the form of pores are visible across the surface,
which may have resulted in early failure. Pores can act as
stress concentrators in a material under tensile stress.

The stress concentration occurs because the load applied
to the material is not evenly distributed around the pore,
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leading to higher stress in the material surrounding the pore
[64]. This may have led to the initiation of cracks at the pore
sites, which can propagate under continued loading and lead
to failure. A single-plane localised facet, the flat and smooth
nature of the facet can intensify stress concentration, making
the material more susceptible to brittle failure [65]. The facet
can act as a plane of weakness where a crack can easily initiate
and propagate, leading to failure.

The heat-treated sample (Fig. 16(c) and (d)) had lower
microstructural defects than the as-built sample. This is
because the high temperatures involved in the heat treatment
allow for atoms to diffuse and redistribute more evenly
throughout the material. Brittle failure characteristics became
more evident, with single-plane cleavage and cleavage facets
being dominant post-heat treatment. It was reported in the
literature that tempering the AISI 4130 at low temperatures
like 400 °C leads to improved hardness but also leads to
material embrittlement [33].

Figure 17 shows the fracture surfaces of samples
extracted at the interface region. The tested samples failed at
the interface (Figure 13 (a)) for both as-built and heat-treated
conditions. The as-built sample shown in Figure 17 (a) and (b)
indicates that the fracture surface exhibited striations where
failure might have been initiated. A hole can be seen on the
fracture surface approximately 500 um in diameter. The gas
porosities can be observed at the surface an indication of
inadequate bonding. The poor bonding has been reported to be
eliminated through substrate preheating [60]. The striations,
hole, and gas porosities reflect the brittle failure, whilst the
slants have some degree of ductile fracture. Heat-treated
samples (Figure 17 (c) and (d)), the microstructure exhibited
a refined structure with slight slants present and fine dimples,
suggesting an improved ductility. In comparison to the as-
built, the heat-treated samples showed a more ductile failure
which is supported by the tensile properties (Figure 13).
Striations and gas porosities can still be seen on the heat-
treated fractured surface sample, leading to a reduced vyield
strength.

4. Conclusion

The samples were prepared using WAAM as a tool for
repair and remanufacturing. The mechanical properties and
microstructure analysis were evaluated in as-built and heat-
treated conditions. The study made the following conclusions:

1. The WAAM-printed AISI 4130 interface initially had a
complex microstructure of ferrite and pearlite, leading to
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