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Abstract
Mechanical parts manufactured using additive manufacturing (AM) processes are used in various �elds,
such as the aerospace, automobile, and machine tool �elds. Recently, many researchers have been
actively researching AM processes, owing to their advantages in fabricating complex-shaped
components that are di�cult to process using conventional processes such as rolling, forging, and
casting. One of the AM processes, wire arc additive manufacturing (WAAM), is widely used for
manufacturing and repair. Mechanical parts usually suffer from severe damage, such as wear and
cracks, during operation. Therefore, research on the damaged parts is often required for repairs. This
study was performed to investigate the repair of damaged parts using WAAM in machine tool
remanufacturing. In general, these parts are often damaged owing to falls of the workpieces and the
inexperience of workers; the cross slide is one of the parts damaged most often in a lathe. Accordingly,
this study used the cross slide as an example. First, the damaged area was partially cut �at. Second, it
was �lled with a metal wire using WAAM. Third, post-processing was performed to adjust the surface
quality and shape accuracy. Then, the microstructure, chemical composition, and mechanical property of
the repaired part were analyzed. Finally, the repaired cross slide was used to replace damaged parts. In
general, this method can be applied to various mechanical parts such as impellers, turbine blades, and
machine tools.

Introduction
Additive manufacturing (AM) can be used to produce parts with complicated geometric features, or to
partially repair damaged parts. AM is an e�cient and economical process for reducing material waste.
Recently, many metallic parts have been manufactured using AM. AM processes can be classi�ed into
two types: powder bed fusion (PBF), and direct energy deposition (DED). PBF manufactures parts by
selectively irradiating high-power energy against a bed on which a metal powder is spread. DED directly
deposits metal powders or wires region-by-region [1–6]. PBF is mostly suitable for complex metal parts
where dimensional accuracy and surface quality are concerns, owing to it capabilities in manufacturing
near-net shapes with post-processing requirements by means of secondary machining operations. The
product quality of objects manufactured using PBF has been observed as better than that of objects
deposited using DED. However, it is di�cult to achieve high-e�ciency manufacturing using PBF. The
material usage in DED is very e�cient in situations where only the required amount of material is
deposited onto the build platform. DED is generally faster than PBF and is well-suited for the
manufacturing of large structures. Moreover, DED can be used to refurbish existing parts [7–11].

WAAM is a DED approach that enables the production of three-dimensional components in a layer-wise
manner [12]. WAAM has been recognized as an effective solution for part repair owing to its low material
usage, high deposition rates, and good structural quality. The deposition rates are su�ciently high to
allow for the rapid manufacturing of large-scale parts [13–17]. This method is similar to welding, and can
be used to deposit materials on existing products; thus, it is available for repair purposes. In addition,
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because AM using multiple materials is possible in DED, various alloys and composites can be
manufactured using various metal materials [18].

Generally, there are two types of defects: structural defects, and morphological defects. Structural defects
include slips, point defects, and lattice defects. This study only considers with morphological defects,
which typically include holes, cracks, surface marks, and notches. Oh et al. [1] veri�ed the applicability of
DED to repairing damaged PBF parts. Onuike et al. [19] investigated the effectiveness of two slots with
different geometric shapes (rectangular and trapezoidal) in repairing internal cracks, aiming to
understand the in�uence of the deposition orientation on the mechanical properties of the repaired
components. Sun et al. [20] studied fatigue behaviors after deposition using materials different from
those in a substrate. Li et al. [21] proposed a geometry for a concave groove part according to the shape
of a deposition bead during repair using WAAM. Poonnayom et al. [22] investigated a shield metal arc
welding process for producing a hard face. Li et al. [23] studied the surface remanufacturing of materials
using metal powder. Li et al. determined the residual stress, cracking sensitivity, and mechanical
properties during a laser remanufacturing process for ductile iron.. Balit et al. [24] studied self-heating
behaviors during the cyclic loading of stainless steel specimens repaired by DED. Jim et al. [25]
investigated the remanufacture of hot forging dies, aiming to improve the performance. Wilson et al. [26]
proposed environmental bene�ts from remanufacturing and repairing high-value engineering
components using AM.

In this study, the damaged parts of a cross slide were repaired using WAAM in machine tool
remanufacturing. The cross slide was manufactured from gray cast iron, and nickel wire was used as the
deposition material in the WAAM for repair. A material different from that of the substrate was used for
the repair in the WAAM. The microstructure, chemical composition, and mechanical property of the
repaired parts were evaluated and analyzed.

Machine Tool Remanufacturing
As restrictions on the environment have been tightened, the concept of remanufacturing has become
more important. Machine tools are a common subject of remanufacturing. There are many old machine
tools discarded every year, and the disposal of machine tools causes environmental pollution owing to
the waste of resources and/or incineration. Figure 1 shows the life cycle of a product for
remanufacturing. Remanufacturing is a return from the management stage to the product manufacturing
stage, rather than incineration. The remanufacturing stage refers to repair of damaged parts. It can
reduce the waste of resources and minimize the environmental pollution caused by incineration. This
study concerns the remanufacturing stage in the life cycle of a product.

Materials And Method

3.1 Materials
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The gray cast iron (International Standards Organization (ISO)) 185/JL/250 with 39.5 mm was used as
the substrate in these experiments. Generally, the gray cast iron ISO 185/JL/250 has a tensile strength
between 250 MPa and 300 MPa. The speci�cations for the damaged parts were proposed as 10 mm in
width and 5 mm in height. The test specimens were designed according to the speci�cations. Figure 2
shows the speci�cations of the test specimens.

The metal wire used for repair was American Welding Society A5.14 ERNi-1. A metal wire with 1.2Φ was
used as the deposition material. The substrate and metal wires are shown in Table 1.

In WAAM, it is important to prevent defects such as porosity and cracks in the repaired parts. In general,
gray cast iron can easily form pores and cracks when the amount of input heat increases. The substrate
generally contains a large amount of carbon. The substrate cracks owing to the heat caused by
deposition at room temperature. When welding gray cast iron, a large amount of heat input causes a high
risk of cracks, owing to temperature differences during cooling. Nickel, which is used as a deposition
material, is combined with the substrate to improve the wear resistance. In addition, cracks are restrained
through graphitization in the process of combination with the gray cast iron. Therefore, the gray cast iron
is repaired using a material different from that of the substrate. A metal wire containing nickel is suitable
as a deposition material for gray cast iron with a high carbon content.

Table 1
Chemical composition (wt%)

Substrate

C Si Mn P S Fe

3.166 1.838 0.612 0.042 0.027 Bal.

Metal wire

Ni Ti Si Mn Al Fe Cu P C S

96.09 2.57 0.35 0.35 0.29 0.04 0.01 0.003 0.002 0.001

3.2 Method
In this study, the deposition path was a zigzag path in preliminary experiments. This method was used to
minimize the differences in the deposition height. Figure 3 shows the deposition path used in the
preliminary experiments for the determination of the deposition parameters. The purpose of the
preliminary experiments was to determine the parameters for ensuring that the metal wires were
completely molten and no spatters occurred. Table. 2 shows the deposition parameters. In addition, the
test specimens were repaired using these parameters. The parameters included the current (I), voltage (V),
wire feed speed (Fwire), travel speed (S), and gas �ow rate. The gas �ow rate was maintained at 20 L/min.



Page 5/21

Table 2
Deposition parameters

No I

(A)

V

(V)

Fwire

(m/min)

S

(mm/s)

1 100 12.2 2.6 5

2 100 12.2 2.6 6

3 180 14.6 5.2 5

4 180 14.6 5.2 6

5 260 16.5 8.2 5

6 260 16.5 8.2 6

The zigzag method was applied to the cross slide. A cross slide, one of the main components of a lathe,
was repaired as a remanufactured product. Cross slides are used often, and play a role in transporting
tool posts. However, cross slides are frequently damaged owing to the inexperience of workers and falling
of workpieces. In a worksite, a damaged cross slide is often used for grinding, or as-is. In such cases,
processing errors may occur when a damaged cross slide is used. Therefore, it is necessary to repair
damaged parts.

WAAM is advantageous for repairing large workpieces and has high productivity, owing to its rapid
deposition speed. Therefore, in this study, a cross slide with defects such as fractures, abrasions, cracks,
and holes was repaired using WAAM. Figure 4 shows an example of the structure of the lathe, along with
the parts of the lathe requiring repair.

3.3 Experimental setup
Fig. 5 shows the principles of the WAAM and equipment used for these deposition experiments. The ABB
IRB 6700 industrial robot was used in the WAAM. The robot had a payload of approximately 200 , and the
travel speeds were determined. The TPS 500i welding machine is a metal inert gas(MIG) type machine
with cold metal transfer(CMT) functionality made by Fronius. Argon gas and metal wire were supplied to
the inside of the welding torch through the welding machine. The welding machine controlled the current,
voltage, and wire feed speeds.

Results And Discussion

4.1 Preliminary experiments for deposition conditions
The current and travel speeds were determined as the deposition parameters. The currents were 100 A,
180 A, and 260 A, and the travel speeds were 5 mm/s and 6 mm/s, respectively. Figure 6 shows the
results from the preliminary experiments for determining the parameters. At a current of 100 A , the
deposition parameters are unsuitable regardless of the travel speed, as shown in Fig. 6a and b. In this
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case, the amount of wire supplied is insu�cient. In addition, the wire feed speed is too low, so the
deposition beads do not overlap in the zigzag method. This means that the relationship between the
metal wire used in the deposition and parameters is not appropriate. The metal wire is completely molten
owing to a suitable current at 180 A  regardless of the travel speed, as shown in Fig. 6c and d. When the
current is 180 A , the spatter depends on the travel speed, as shown in Fig. 6c. The spatter occurs only at
5 mm/s , i.e., a slow deposition speed, indicating the formation of excessive melting pools and increased
heat inputs, thereby resulting in spatters. When the travel speed is 6 mm/s , the deposition speed is
adequate. Therefore, in this case, spatters are not caused by this parameter. When the current is 260 A ,
the metal wire is completely molten, as shown in Fig. 6e and f. However, spatter occurs. This is because
the wire feed speed is too high, and the current is high. Through experiments to determine the parameters,
the best deposition parameters are as follows: the current (I), voltage (V), wire feed speed (Fwire), and
travel speed (S) are 180 A , 14.6 V, 5.2 m/min, and 6 mm/s , respectively. Table 3 presents the results of
the preliminary experiments based on the deposition parameters. The deposition beads do not overlap in
the zig-zag method at 100 A . Therefore, the case when the current is 100 A is excluded from the
experiments with test specimens. Ultimately, the conditions used in the repair experiments were 180 A 
and 260 A , respectively.

Thus, experiments with the test specimens were performed under the determined conditions. Figure 7
shows the repaired test specimens. Figure 7a and b show the results of experiments at 180 A  and 260 A
, respectively, at the same travel speed of 6 mm/s . When the current is 260 A, many spatters occur. When
the current is 180A , it is possible to verify that the wires are completely molten without spatter formation.
Therefore, this is considered the most suitable parameter value for the current.

Table 3
Results of preliminary experiments

No I

(A)

V

(V)

Fwire (m/min) S

(mm/s)

Spatter Overlap Class

a 100 12.2 2.6 5 × △ Normal

b 100 12.2 2.6 6 × × Bad

c 180 14.6 5.2 5 △ ○ Normal

d 180 14.6 5.2 6 × ○ Good

e 260 16.5 8.2 5 ○ ○ Bad

f 260 16.5 8.2 6 △ ○ Normal

4.2 Mechanical property and microstructure
After performing preliminary experiments, the deposition cross-sections were con�rmed for the cases with
180 A and 260 A, where the wire was completely molten. Figure 8 shows the digital microscopy results
from the preliminary experiments for parameter determination. The pores occur under both 180 A and
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260 A, but the pores occur less often at 180A than at 260 A. Repairs were performed on the test
specimens with the two determined parameters.

The mechanical property, microstructure, and chemical composition of the repaired specimens were
analyzed. Figure 9 shows the results of a digital microscope analysis of the cross-sections of the repaired
specimen. Porosity occurs more often when there is a large amount of heat input. The sizes of the pores
are also large under conditions with a high heat input (i.e., of 260 A).

Figure 10 shows the results regarding the microstructure and chemical composition. Figure 10a and b
show the results regarding the microstructure and chemical composition of the test specimen repaired
using WAAM when the currents are 180 A and 260 A, respectively. A comparison of Fig. 10a and b shows
that micro-pores occur in the substrate when the current is 260 A. The Ni value change from 96.09–
70.24% among the chemical components of the wire when the current is 180 A. Fe, one of the chemical
components of the substrate, changes from 94.32–91.59% when the current is 180 A. In addition, Ni
changes from 96.09–70.78% among the chemical components of the wire when the current is 260 A. Fe
changes from 94.32–91.3% when the current is 260 A.

Figure 11 shows the results from the Vickers hardness measurements. Generally, the hardness is higher in
the deposition zone than in the substrate. In addition, the hardness increases as the nickel content
increases. The hardness gradually increases as the substrate and nickel are combined at the interface,
and the hardness is the highest in the deposition zone. However, there is little difference in the hardness
between the deposition zone and substrate. The hardness shows a 17% increase in the repaired specimen
at 180 A relative to the gray cast iron. Moreover, the hardness shows a 15% increase in the repaired
specimen at 260 A relative to the gray cast iron. Thus, the hardness values of test specimens repaired at
180 A and 260 A are not signi�cantly different.

4.3 Veri�cation experiment
A veri�cation experiment was performed based on experimental results. Figure 12 shows a schematic of
the specimen for veri�cation. The specimens for the veri�cation experiment were produced in parts of the
cross slide where breakage occurred frequently. Figure 13 shows the work�ow of the repair of the
damaged part with surface defects using machining and WAAM. The surface was �attened through slot
machining to ensure that the deposition material was well-bonded to the surface. In addition, slot
machining was applied to make the deposition height approximately constant. The surface �attened
through slot processing was �lled with the deposition material using WAAM. Post-processing was then
performed to obtain the same speci�cations as the existing parts. The veri�cation experiment was
performed at 180 A, owing to the sizes of the pores and mechanical property. Figure 14 shows the results
of the veri�cation experiment.

Conclusion
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This study examined the repair of damaged parts of a cross slide using WAAM. The repair procedure can
be divided into three parts: (i) partial machining, (ii) WAAM, and (iii) post-processing. The conclusions are
summarized as follows.

1) It was necessary to partially cut the surface �at so that the deposition materials can be effectively
combined in damaged areas. In addition, similar deposition heights could be obtained by using the
zigzag method on a �at surface. Nickel wires were used as deposition materials to suppress cracks and
pores in the WAAM.

2) The cross slide was repaired by �lling the damaged area with deposition materials using WAAM. The
microstructure, chemical composition, and mechanical property of the repaired specimens were analyzed
under conditions of 180 A and 260 A. The substrate showed graphite �akes, characteristic of gray cast
iron; micropores were found at the interfaces of specimens repaired at 260 A. In the deposition zone, the
deposition material was well-deposited, without micropores. The chemical compositions of the repaired
specimens at 260 A and 180 A were not signi�cantly different. The hardness of the specimen repaired at
180 A increased by 17% compared to the gray cast iron; the hardness of the specimen repaired at 260 A
was 15% higher than that of the gray cast iron.

3) The damaged parts were repaired using WAAM. Post-processing was essential for adjusting the
speci�cations of the original parts after AM. The post-processing allowed for high precision in the
deposition area. A specimen was repaired for veri�cation, based on the shape of the cross slide. Post-
processing of the repaired specimen was performed with the same speci�cations as those for the original
parts. Finally, the repair was successfully carried out on the original parts.

In this study, the repair of machine tool parts made of gray cast iron was successfully conducted using
WAAM with nickel wire. Machine tools have various parts made of gray cast iron, e.g., cross slides, beds,
and headstock bodies. The results of this study can be applied to various such parts, as well as to
machine tools.
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Figures

Figure 1

Life cycle of a product for remanufacturing
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Figure 2

Speci�cation of test specimen

Figure 3

Deposition path used in experiments for parameter determination
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Figure 4

Example of the damaged parts in the lathe
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Figure 5

Experimental setup
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Figure 6

Results of preliminary experiments. a Current: 100 A, Travel speed: 5 mm/s, b Current: 100 A, Travel
speed: 6 mm/s, c Current: 180 A, Travel speed: 5 mm/s, d Current: 180 A, Travel speed: 6 mm/s, e Current:
260 A, Travel speed: 5 mm/s, and f Current: 260 A, Travel speed: 6 mm/s
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Figure 7

Repaired test specimens. a Current: 180 A, Travel speed: 6 mm/s, Voltage: 14.6 V, Wire feed speed: 5.2
m/min, and b Current: 260 A, Travel speed: 6 mm/s, Voltage: 16.5 V, Wire feed speed: 8.2 m/min
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Figure 8

Results from digital microscope in preliminary experiment
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Figure 9

Results from digital microscope in repaired test specimens
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Figure 10

Results regarding microstructure and chemical composition. a Current: 180 A, Travel speed: 6 mm/s,
Voltage: 14.6 V, Wire feed speed: 5.2 m/min, and b Current: 260 A, Travel speed: 6 mm/s, Voltage: 16.5 V,
Wire feed speed: 8.2 m/min
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Figure 11

Results of hardness measurements

Figure 12

Schematic diagram of specimen for veri�cation
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Figure 13

Repair of damaged part with surface defects using machining and wire arc additive manufacturing
(WAAM)

Figure 14

Results of veri�cation experiment


