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ABSTRACT

An approach to repairing surface defects of metal parts is proposed, which includes a combined application of
(i) groove machining, (ii) wire and arc additive manufacturing (WAAM), and (iii) finishing machining. The com-
pleted analysis revealed that (i) the inclination angle of the groove to be machined is strongly influenced by the
manufacturing parameters of the WAAM process, and (ii) the WAAM process models designed for fabricating
parts on a flat substrate are not appropriate for filling grooves. To overcome these issues, this research investi-
gated the range of variation of the proper inclination angle of the groove. A mathematical model was developed
to determine the manufacturing parameters of WAAM that result in a proper filling of the groove. The effective-
ness of the proposed fundamentals was investigated in a case study. The experimental results showed that using
the proposed approach and the chosen manufacturing parameters resulted in a complete filling of the machined
groove. The fabrication error of the main part of the repaired region before the finishing machining was less
than 0.3 mm, while the ‘buy-to-fly” ratio of the deposited material was 92.1%. The proposed approach for mor-
phological repair lends itself to a computer-aided automatic part repair process.

1. Introduction
1.1. Setting the stage

Millions of large-volume metal parts are fabricated and utilized in
the industry every year. Contrary to the applied advanced technolo-
gies, various defects may occur either in the fabrication of the parts
or be caused in operation by overload or heavy duty. Generally, two
types of defects can be differentiated, including ‘morphological de-
fects’ and ‘structural defects’. This study dealt with morphological de-
fects only, which typically include holes, cracks, segregation, inclu-
sions, surface marks, and notches (Wilby and Neale, 2009). Morpholog-
ical defects of parts may be caused by applied shape-forming process,
such as blowhole, sand burning, and sand inclusion defects on cast-
ing parts (Rajkolhe and Khan, 2017). Defects may also be produced in
the process of materials processing, such as pores and cracks created
by grinding and polishing (Zhang et al., 2006). Furthermore, Chen et
al. (2014) claimed that defects may be generated on auxiliary process
equipment, such as defects on forging dies. Morphological defects nor-

mally appear on the surface of parts (i.e. surface defects), which may re-
duce the performance of the parts in operation and may lead the parts to
be scrapped. For interplaying safety, economic, technological, and busi-
ness reasons, the need for part repair has emerged in the industry a long
time ago. Despite the long existing need, even nowadays, the manual re-
pair is still the most commonly used approach in the industrial practice.
For instance, worn parts are repaired by manual shield metal arc weld-
ing (Lant et al., 2001) and the superfluous material is removed by hand
grinding and polishing (Pikuta et al., 2017). Therefore, the development
of flexible, powerful and economic repair technologies and techniques
have become an important topic for scientific research as well as for in-
dustrial investigations (Yu et al., 2018).

1.2. Related works and results

Hybrid manufacturing (HM) was considered for part repair more
than ten years ago (Ren et al., 2007). HM combines subtractive man-
ufacturing (SM) processes, which were applied to remove undesirable
material from a part, and additive manufacturing (AM) processes,
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which were used for rebuilding the missing material of the part accord-
ing to its CAD model. Most of the existing HM-based part repair sys-
tems rely on laser-based AM technologies. For instance, Yilmaz et al.
(2010) proposed a methodology for repair and maintenance of aero-en-
gine components via reverse engineering, laser-based welding, and ma-
chining. Penaranda et al. (2017) reported an adaptive laser cladding ap-
proach for repairing blade tip. However, this type of systems did not
become widespread in the industry due to the expensive equipment and
the complex installation (Wang et al., 2002).

Wire and arc additive manufacturing (WAAM) has been recognized
as a promising solution for part repair owing to the simple and low-cost
equipment (Williams et al.,, 2016). As a technology, WAAM is able
to produce full-density components that are made of various materi-
als (Ding et al., 2015b). For instance, Xiong et al. (2017) proposed
a method for fabrication of inclined thin-walled steel parts by using
GMAW. The system implemented by Horgar et al. (2018) was able
to produce parts made of AA5183 aluminium alloy. Recently, Wu et
al. (2018) applied an inter-pass cooling process to fabricate Ti6Al4V
thin-walled structures by using GTAW. The typical disadvantages of us-
ing welding arc as the heat source in additive manufacturing have been
identified as local metallurgical changes, shape distortion, and residual
stress concentration (Knezovi¢ and Topi¢, 2018). Many innovative so-
lutions are reported in the literature to deal with these issues. For in-
stance, to reduce the amount of heat input in deposition, Chen et al.
(2018) implemented a cold metal transfer (CMT) welding - based sys-
tem to fabricate inclined aluminum parts. Bermingham et al. (2018) em-
ployed articulated post process treatments to enhance the mechanical
properties of WAAM fabricated components. Moreover, Honnige et al.
(2018) made use of vertical inter-pass rolling to eliminate distortions of
WAAM parts.

A number of WAAM-based HM implementations were brought to the
existence and used in the academic and industrial practice in the last
decade. For instance, Song et al. (2005) reported on a system that com-
bines gas metal arc welding (GMAW) and 3D milling to fabricate sim-
ple parts. Karunakaran et al. (2009) used a pulsed synergic GMAW ma-
chine and a commercial 3-axis CNC machine tool to automatically fab-
ricate complex metal parts with high geometric accuracy. Panchagnula
and Simhambhatla (2016) used a CMT welding machine and a CNC
milling center with 3-linear and 2-rotary axes to produce overhanging
metal parts. Ding et al. (2016) integrated WAAM and milling to fabri-
cate metal parts from CAD models in an automatic manner. An impor-
tant finding is that the majority of the currently known WAAM-based
HM implementations aims at direct fabrication of parts on a flat sub-
strate, but has not yet been tailored to part repairing. Consequently, the
solutions proposed so far have several limitations in repairing parts with
significant morphological defects such as surface cracks, deep pores, and
scale pits.

1.3. The objectives and contents of this paper

The objective of this paper is to elaborate on the fundamentals of re-
pairing metal parts with morphological defects concerning geometrical
requirements. As the first step in the repair process, the identified indi-
vidual or interrelated multiple surface defects should be removed from a
concerned part by using a dedicated material removal procedure, which
converts the arbitrarily shaped surface defects into one or more grooves
with a regular shape. Every groove is a minimum volume (concave) void
and is formed so as to facilitate the material depositing process. The de-
position involves positioning and laying multiple beads according to a
tailored process plan. Following the groove-filling procedure, the extra
deposited material should be removed and the nominal shape of the part
should be produced as precisely as possible or required.
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As mentioned above, WAAM was considered in the work as a
space-filling/material deposition technology. In this context, several
specific issues should be addressed and resolved. On the one hand,
geometries (e.g. inclination angle) of a groove should be determined be-
fore applying a machining operation. This fact implies a research ques-
tion regarding what geometries are able to support bead deposition/fill-
ing, and prevent the formation of voids between the groove and the de-
posited material. On the other hand, no mathematical model has been
proposed in the literature yet for planning the WAAM-based groove-fill-
ing process, and for calculating the manufacturing parameters for de-
positing in a groove. Likewise, no principles or rules have been pub-
lished concerning the morphological design of the groove and achieving
an optimal result in repair. Actually, these were the research challenges
for the partly theoretical, partly practical work reported in this paper.

The content of this paper is organized as follows: Section 2 pro-
vides a concise overview of the overall repair process. Based on this,
specific research questions are defined. Section 3 deals with the proce-
dural aspects of the proposed approach. The first sub-section discusses
the mathematical model for calculating the manufacturing parameters
of the WAAM-based deposition in a groove, whilst the second sub-sec-
tion analyses the allowed range (actually the end limits) of the inclina-
tion angle of the side surfaces of the groove considering its effect on the
bead formation. Section 4 presents the technical details of a case study
conducted with the aim of validation. Section 5 discusses the experi-
mental results of the case study and the major findings from the exper-
imental results. Finally, Section 6 proposes the conclusions of this re-
search.

2. An overview of the repair process of surface defects
2.1. Basic concepts and assumptions

Various kinds of grooves have been considered in the research pro-
jects reported in the literature with regard to metal part repairs, such as
circular truncated cones (Liu et al., 2014), V-shaped groove (Branza et
al., 2009) and U-shaped groove (Graf et al., 2012). Due to the possible
geometric diversity of parts to be repaired and to the complexity of pos-
sible defects, there is still no agreement in the literature regarding what
kind of concave groove (e.g. shape, geometries) is the best. For the sake
of simplicity, the investigation of this paper is based on the following
assumptions. Firstly, a rectangular base shape provides optimum condi-
tions for depositing weld beads. In addition, the groove generated by the
machining operations can be a pyramidal frustum with two rectangu-
lar bases. Based on these assumptions, three statements can be derived.
Morphological defects should appear on a flat surface of a part. The two
bases of the groove should preferably be parallel. And then, every layer
sliced from the groove can be of a uniform thickness. It is worth men-
tioning that the proposed assumptions are made because of a technical
simplification for investigating the fundamentals, rather than because of
a theoretical or methodological limitation. The technical solutions pro-
posed based on these assumptions are transferable and can be consid-
ered as a basis for complex cases.

Keeping the above considerations and preliminaries in mind, the
groove physically relevant to any surface defects has been conceptu-
alized as a pyramidal frustum with a flat bottom surface and slanted
side surfaces, and is symbolically described as a quintuple,
GO:{Lp, Wp,Dg,,f}, where: GO stands for a groove, and I, is the length
of the base plane of GO in the longitudinal direction, W}, is the width
of the base plane of GO in the transversal direction, Dy is the groove
depth measured between the upper and the lower base planes (the nom-
inal height of the void) of GO in normal direction, « is the acute tilt-
ing angle of the longitudinal side (lateral) surfaces relative to the sur-
face extension of the base plane, and f is the acute tilting angle of
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the traversal side surfaces relative to the surface extension of the base
plane. Apart from special cases, the assumption that « =p = 0 applies.
0 is the generic inclination angle of the groove.

2.2. The phases of a WAAM-centered repair process

Based on the above assumptions, the general workflow of repairing
parts by groove machining, WAAM and finishing machining is shown
in Fig. 1. There are three operational steps, including step 1 — using
machining operations to chip off the concerned defects from the target
part, based on which a pyramidal frustum (the groove) is formed; step 2
— using WAAM operations to deposit materials in a layer-by-layer man-
ner to fill the groove properly; and step 3 — using machining operations
again to remove the redundant materials in order to reduce the surface
unevenness and to increase the fabrication accuracy. In the literature,
many solutions have been reported to support step 3 (the finishing ma-
chining operations), such as the works surveyed in Flynn et al. (2016).
For the above reason, this paper focuses on steps 1 and 2, exclusively.

The basic requirement for the first machining operation is to form
a suitable concave groove for bead depositing by the WAAM system.
The suitability of the groove is considered from two aspects. On one
hand, the geometry of the groove should guarantee that the surface of
the groove is fully fused with the weld beads deposited in the WAAM
process. On the other hand, the weld gun used by the WAAM system
should be able to access the preplanned working positions in the groove.
As an implication of the proposed assumptions, the width and the length
of the lower base, as well as the depth of the groove, are normally deter-
mined according to the actual size of concerned defects (to be chipped
off). The inclination angle of the groove should be carefully designed to
satisfy the basic requirement.

Every layer deposited by WAAM in a groove should achieve a cer-
tain preplanned height. If a groove with a small inclination angle is ma-
chined, as shown in Fig. 2, in order to reach the expected height of
the layer, the weld bead deposited at the boundary of the lower base
should melt the lateral face with a relatively long distance. However,
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the weld bead is normally solidified from weld pool within a short pe-
riod of time and it may not have enough heat to melt a great amount of
material belonging to the groove. Accordingly, the actual toe of the de-
posited weld bead (i.e. the point E' in Fig. 2) may be lower than the po-
sition where it is expected to reach (i.e. the point E in Fig. 2). In this sit-
uation, an incomplete fusion is formed on the lateral face of the groove,
as indicated by the circle in Fig. 2. On the other hand, if a large inclina-
tion angle is applied to the groove, the weld gun may collide with the
part. In other words, since the weld gun has a volume, it may not be
able to reach the working positions. Therefore, the inclination angle of
the groove should be determined according to the manufacturing para-
meters of the WAAM process.

The basic requirement for the WAAM operation is to fill the ma-
chined groove as precisely as possible. The basis of planning can be a de-
scriptive mathematical model (e.g. beads-overlapping and layers-over-
lapping models). However, it is important to mention that the math-
ematical models used in the existing WAAM implementations are de-
signed for direct fabrication of parts on a flat substrate. For instance,
Li et al. (2018a) proposed a layers-overlapping model for fabrication of
multi-layer multi ~-bead (MLMB) cuboid parts. Li et al. (2018b) reported
a method for fabrication of inclined MLMB parts on a flat substrate.
Therefore, these descriptive models cannot be used directly in case of
part repair. The obvious reason is that the layers to be fabricated in a
groove have supportive lateral surfaces, while these are not considered
at depositing on a flat substrate. If the existing geometric and process
models are applied to deposit weld beads in a groove, as shown in Fig.
3, material shortage areas (MSAs) may be generated at the edges of the
layers. Although the generated MSAs could be compensated by deposit-
ing an additional amount of material for the weld beads belonging to
the upper layers, incomplete fusions may happen at the toes of the lay-
ers, as indicated by the circles in Fig. 3, for the reason that these places
are far away from the source of heat (i.e. the welding arc), as indicated
by the arrow in Fig. 3.

The definition of the research problems and the general descrip-
tion of the repair process entails that the manufacturing parameters for
AM operations and SM operations are interrelated. On the one hand, it
should be considered whether the inclination angle of the groove ma-

Surfiee Scale Pits
cracking
Chip off defects by
machining
A part with surface defects A concave groove is
shaped on the part
44 ; : Deposit materials
1 h
Repam:ﬁgfﬂ;ﬁeg;m e to fill the groove
by WAAM
-

Remove redundant
material by machining

The repaired part

The groove has been filled

Fig. 1. The workflow of repairing parts with surface defects based on machining and WAAM.
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Fig. 2. The technical issue caused by machining a groove with a small inclination angle.

chined by the chosen SM operation is suitable for deposition of weld
beads by the chosen AM operation. On the other hand, the manufactur-
ing parameters applied to specify the AM process should be determined
according to the geometries of the groove, which are shaped by the SM
operation. Therefore, the manufacturing parameters for both operations
should be jointly designed.

3. Construction of a mathematical model
3.1. Modeling the deposition of beads in a groove

As mentioned in the previous section, below a new mathematical
model for WAAM is proposed that facilitates the fabrication of layers
with supportive lateral surfaces. This model incorporates a rudimentary
model of the cross-sectional profile of a layer to be deposited in a groove
by WAAM, which is shown in Fig. 4. In the model, the geometries (i.e.
height and width) of the elementary weld beads were considered to be
the same in each layer. Then, the width of the bottom of the layer (or
the lower base of the groove) can be computed as follows:

Wy=(n — Ddy+2d, @D

where: Wy, is the width of the bottom of the layer, w is the width of a
single weld bead, dy, is the distance between adjacent weld beads in the
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layer, a is the step-over rate and dy, = aw, n is the number of weld beads
contained in the layer, d, is the offset distance between the boundary of
the bottom of the layer and the deposition position of the first bead (or
the last bead) in the layer.

The height of the layer, H, is defined as the average height of the
main body of the layer, which is the overlapped part of two adjacent
beads. As suggested in the literature, the cross-sectional profile of a
single weld bead can be represented by a symmetric parabola model
(Suryakumar et al., 2011). With this, the height of the layer can be cal-
culated by the following equation:

2
= 3_Wh _2h )
d, 3a

where: h is the height of a single weld bead.
Introduced in the previous section, if the inclination angle of the

groove is 0, then the horizontal distance between the boundary of the

bottom of the layer and the bottom of the layer above on one side can

be calculated as follows:

d, = H/tan® 3)
Then, the upper width of the layer (which can be considered as the
bottom of the layer above the concerned layer) can be calculated as:

W, = (0 — 1) aw + 2d,+2d, )

According to the requirement concerning the filling of the groove,
the height of the two edges of the layer (i.e. the left half of the first bead
and the right half of the last bead shown in Fig. 4) should be equal to
the height of the main body of the layer. Considering the first bead in
the model as an example, the area of the quadrangle OPQR should be
equal to the sum of the area S; and Sy, which can be calculated by the
following equation:

2h
Sopgr = 3a (dT + do) =5 +85, 5)

I vy ey e e,
MSA MSA
............ s o SRR S ST SRS, .
MSA IS MSA
o
5§
Sl o
22
e e Toe L M S b — sssgaewmtemiaMcasasasaasa B
MSA MSA
Weld
beads
Supportive Supportive
COITIPOHBH( component

Fig. 3. The technical issues caused by applying the existing process model for depositing materials in a given groove.
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Fig. 4. The cross-sectional profile of a layer to be deposited in a groove.
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where: S and S are calculated as:

S;=hd,/3a 6)
and,
S,=wh/3 %)

Taking Egs. (5)—(7) into consideration, the following equation can
be obtained:

d+2d,= wa ®
Based on Egs. (2), (3) and (8), the following equation can be ob-
tained:

—wa__h

d 2 3atand ©

Furthermore, based on Egs. (1) and (9), the following equation can

be obtained.
W, 4 2
W= b+ 3atanf (10)
na

Egs. (1)-(10) provide the information necessary to calculate the
process parameters for filling a groove by WAAM. For a given groove
(for which Wy, and tan6 are known), Eq. (2) can be applied to calcu-
late the height of an elementary bead in the layer when the step-over
rate between adjacent beads, a, and the height of a layer, H, are deter-
mined. Then, Eq. (10) can be used to calculate the relation between the
number of beads in the layer, n, and the width of the beads contained
in the layer, w. Since n is an integer, alternative widths can be calcu-
lated when different n are considered. This means that the most suitable
width should be selected from the alternatives that can be produced by
the WAAM system. After the width of the elementary weld in the layer
is specified, Eq. (9) can be applied to calculate the deposition position of
the first bead (and the last bead) in the layer. Then, the deposition po-
sitions of the rest weld beads in the layer can be calculated by applying
the specified step-over distance (d, =wa). After the concerned layer is
deposited, Eq. (4) can be used to calculate the width of the above layer
and the geometries of the elementary beads belonging to the above layer
are to be computed. In this way, the deposition of multiple overlapping
layers can be realized.

3.2. Determining the allowed range of inclination angle of the groove

It can be seen based on the process model developed for the WAAM
process that the inclination angle of the groove and the geometries of
the elementary weld beads are interrelated. This implies that the al-
lowed range of the inclination angle in the fabrication of the groove
is associated with the geometries of the beads. In the following part,
the lower limit and the upper limit of the inclination angle are dis-
cussed separately, which define the allowed range to be achieved by ma-
chining. The geometric model of the cross-sectional profile of the first
bead deposited in a groove is shown in Fig. 5. Based on the coordinate

Ay
w2
. J > A
T —
~ E ' al "’
&
S The
A" O B o  weld bead x
-t PRI The E100Ve
d, d,

Fig. 5. The lower limit of the range of the inclination angle of the groove.
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system used in this figure, the coordinates of point E, which is the toe
of the bead formed on the lateral face of the groove, are (Xg » yg). Since
point E is on the line BE, the following equation can be derived:

H
Ye= — 7 &e+dy) an

where: d.>0 and d,>0.
If the curve AE is simplified to be a straight line, as recommended by
Ding et al. (2015a), the equation of line AE is as follows:
- ~h
y _G=xp)(ye—h) tye

- (12)

Accordingly, the area enclosed by the points AEBO can be calculated
by the following equation:

d,yg — xgh
SaEBo = Sgi + Sipoa = % 13)
Since the area of AEBO is half of the area of a single weld bead, the
following equation can be derived:

dove = xeh _ wh

> 3 (14)
Then, based on Egs. (11) and (14), xi can be expressed as:
2awd,+2d,>
*E = TT0d,+3ad, as

If the weld bead is deposited on a flat substrate, then the cross-sec-
tional profile of the bead can be assumed to be represented by the
dashed line shown in Fig. 5. In this situation, the left toe of the weld
bead is located at point F. In the considered system of coordinates, the
position of point F is (—w/ 2,0). When the lateral face is taken into con-
sideration, the weld pool will melt some material of the lateral face. As
a result, a portion of the heat of the weld pool for shaping the weld bead
may dissipate through the lateral face. This heat dissipation in turn re-
duces the solidification time of the weld pool. For this reason, it can be
argued that the horizontal position of point E should be on the right of
that of point F. This relationship can be represented as an inequality of
the following form:

Xg> —w/2 (16)

Based on Egs. (15) and (16), the following result can be obtained.
4h

" 3aw(V2a+1—-3a2+a—1) a7

The upper limit of the range of the inclination angle of the fabricated
groove should consider the accessibility of the weld gun to the work-
ing positions. In this work, the flat-position deposition was considered
as the welding posture since it is the basis for using the symmetrical
parabola model to represent the cross-sectional profile of a single weld
bead. In this situation, the stick-out distance of the weld gun should be
considered, which is defined as the vertical distance between the weld
gun and the expected working positions in the groove. If the depth of
the groove is bigger than the stick-out distance, the weld gun should
be put into the groove to complete the deposition processes. The upper
limit of the range of the inclination angle of the groove is shown in Fig.
6. Based on the geometric relationships, the following constraint can be
derived:

tanf > tan6,

tan6 < tanf,, = 3

(18)

where: dgy, is the diameter of the weld gun, and dy, is the stick-out dis-
tance. According to the literature, the stick-out distance influences the
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The profile of
the groove

Fig. 6. The upper limit of the range of the inclination angle.

geometries of the deposited weld bead (Xiong et al., 2014). It means
that normally dg, and dgy, become definitive when the geometries of
the weld beads have been determined.
By combining Egs. (18) and (9), the following constraint can be de-
rived:
d,,—H

fand < -
anl _—
qun—Wa 19)

Therefore, the allowed fabrication range of the inclination angle of a
groove to be machined can be specified by the following constraints:

2h

4h 2dgo—-35;
— < tanf< —32 d <D
3aw(\/2a+1—3a21-1?—1) dgup—wa so="g (20
——— < tand d.,>D
3aw(y/2a+1-3a2+a—1) 50 g

where: Dy is the depth of the fabricated groove.

From Eq. (20) it can be seen that the lower limit of tand is associated
with the height to width ratio of the elementary weld bead, h/w, and
the step-over rate, a, applied to arrange the weld beads in the layer. In
order to reduce the unevenness of the layer surface, a is normally pre-
defined and constant. The h/w of the elementary weld beads is the only
factor that influences the lower limit of tand. As the h/w increases, the
lower limit of tan6 also increases. Similarly, the upper limit of tan in-
creases, if w increases and/or h decreases. What it means is that a rel-
atively low h/w should be considered at determining the geometries of
the weld beads for filling a groove. Should this be the situation, then the
lower limit of the fabrication range is relatively small, while the upper
limit of the fabrication range is relatively large. These together provide
more room for determining the actual inclination angle at shaping the
groove.

As an intermediate conclusion, Egs. (1)-(20) describe the fundamen-
tal principles of generating the parameters for groove machining as well
as for the WAAM process in the case of repairing parts having morpho-
logical (surface) defects. The details with regard to using these funda-
mental principles for designing the manufacturing parameters will be
presented in the next section through a real-life case study. The objec-
tive of conducting this case study was to validate the feasibility of the
proposed fundamental principles.

Table 1
Experimental setup values for the case study.

Journal of Materials Processing Tech. xx (3XXX) XXX-XXX

4. Application of the mathematical model in a case study
4.1. Introducing the experimental setup

The WAAM-based part repair was based on a robot-enabled GMAW
system. A detailed illustration of the basic constituents of the imple-
mented system can be found in (Li et al., 2018c). The specific settings
for this case study are shown in Table 1. To validate the proposed con-
cepts, specimens were produced for experimentation. Every specimen
was a cubic thick plate, on which a groove was machined by using a
Luzhong ZX6350D milling machine. According to the fundamental prin-
ciples presented above, the inclination angle of the groove was deter-
mined based on the geometries of elementary weld beads applied in the
deposition. It entailed that a set of basic experiments should be first
done to obtain information about the possible geometries (i.e. height
and width) of weld beads under varied experimental conditions. In the
basic experiments, single weld beads were deposited on a flat substrate
using the implemented WAAM system. The geometries of the flat-sub-
strate weld beads were measured by a structured-light sensor.

The measured geometries of the deposited single weld beads are
shown in Table 2. The symbol v stands for the wire-feeding speed and
vq for the deposition speed. The lower and upper limits of the inclina-
tion angle of the to-be-machined groove were calculated by Eq. (20).
The calculated results are shown in Table 2. It can be seen that, the
maximal value of tan® was 1.245, while the minimal value of tan®
was 1.337. Since the actually machined inclination angle of the groove
should satisfy the design requirements for most situations, tand was set
to 4/3 in the experimentation. The geometries of the specimen were de-
signed based on this, as shown in Fig. 7(a). The groove machined into
the specimen was designed according to the determined inclination an-
gle. The fabricated specimen is shown in Fig. 7(b).

4.2. Details of filling the groove by WAAM

4.2.1. Specifying the geometries of the layers and beads

The applied milling machine provided a specific machining accu-
racy. With a view to the realized accuracy, the geometries of the fabri-
cated groove were individually measured using the structured-light sen-
sor, as shown in Fig. 8. The descriptive data of the detected groove
geometries are shown in Table 3. For each parameter, 20 measurements
were taken and the average value was used as the detected value. The
groove with these data was regarded as the actual geometries of the
groove to be filled. Based on the measured geometries, 1.377 was calcu-
lated as the actual tanf,j, < tan6; < tan6,,x of the machined groove.

After these measurements, the geometries of the layers and the ele-
mentary weld beads in the layers were specified. The fabricated groove
was sliced into a total of four layers. The thickness of the lower three
layers was set to 2.50mm. The thickness of the top layer was de-
termined based on the depth of the groove and some practical con-
siderations. On the one hand, geometries of weld beads deposited by
WAAM may fluctuate. It causes geometric deviations between the val-
ues expected based on the mathematical model and the shaped weld
beads. In addition, no ideal flat surface could be realized at the joint
of two overlapped weld beads (Ding et al., 2015a). In order to fully
fill the groove, the total height achieved by the layers has to be bigger

Material of substrate Material of fed-wire Diameter of fed-wire

Shielding gas

Flow rate Diameter of weld gun Stick-out distance

Q235 HO8Mn2Si 1.2mm

95%Ar +5%CO0,

18L/min 21 mm 12mm
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Table 2
The calculated limits of tan® in different conditions.

No. Manufacturing parameters Geometries of beads Limits
uw) v¢ (m/min) vq (mm/s) a h (mm) w (mm) tan6® tan®
1 24.0 3.73 6.0 0.738 211 7.83 0.742 1.452
2 21.5 3.73 6.0 0.738 2.46 7.04 0.962 1.378
3 21.5 2.76 6.0 0.738 2.03 6.06 0.922 1.341
4 23.0 3.16 7.2 0.738 1.89 6.59 0.790 1.382
5 20.0 4.31 4.8 0.738 2.96 8.20 0.994 1.427
6 21.5 3.73 6.0 0.738 2.42 7.14 0.936 1.386
7 21.5 3.73 8.0 0.738 2.09 6.11 0.943 1.341
8 23.0 4.31 4.8 0.738 2.85 9.09 0.862 1.500
9 21.5 3.73 6.0 0.738 2.40 7.13 0.928 1.387
10 23.0 3.16 4.8 0.738 2.31 7.92 0.805 1.446
11 21.5 3.73 6.0 0.738 2.26 7.51 0.830 1.420
12 20.0 3.16 7.2 0.738 212 6.08 0.960 1.337
13 21.5 4.93 6.0 0.738 2.72 8.70 0.862 1.478
14 19.0 3.73 6.0 0.738 2.45 6.67 1.013 1.355
15 20.0 4.31 7.2 0.738 2.34 7.36 0.876 1.406
16 20.0 3.16 4.8 0.738 2.43 7.66 0.872 1.421
17 21.5 3.73 6.0 0.738 2.46 7.16 0.946 1.386
18 23.0 4.31 7.2 0.738 217 7.86 0.761 1.450
19 21.5 3.73 4.0 0.738 2.83 9.10 0.858 1.501
20 21.5 3.73 6.0 0.738 2.14 7.26 0.813 1.411
21 22.4 2.84 7.1 0.738 1.57 5.98 0.724 1.362
22 22.3 3.30 6.2 0.738 1.94 6.84 0.783 1.394
23 24.0 4.05 7.0 0.738 1.99 7.49 0.732 1.435
24 24.0 4.93 6.8 0.738 2.34 9.21 0.700 1.541
25 20.8 2.75 6.0 0.738 1.95 6.12 0.877 1.349
26 22.6 3.06 6.8 0.738 1.90 6.49 0.806 1.375
27 21.4 3.56 6.2 0.738 2.09 6.88 0.836 1.389
28 21.3 3.75 5.8 0.738 2.25 7.70 0.806 1.434
29 23.1 3.25 5.8 0.738 1.81 7.49 0.667 1.445
30 23.4 3.74 6.3 0.738 211 7.56 0.770 1.432
31 19.0 4.51 4.5 0.738 3.29 7.86 1.151 1.384
32 21.1 4.11 5.0 0.738 2.65 8.12 0.898 1.440
33 18.4 4.61 4.6 0.738 3.37 7.46 1.245 1.352
34 19.7 4.25 4.8 0.738 2.96 7.71 1.058 1.393
35 24.0 4.93 7.2 0.738 2.23 9.06 0.679 1.536
36 21.9 3.20 6.4 0.738 1.91 6.65 0.791 1.384
37 22.0 3.16 5.7 0.738 2.20 6.47 0.936 1.357
38 22.6 3.56 5.6 0.738 217 7.64 0.780 1.435
39 22.9 3.54 5.8 0.738 2.19 6.96 0.866 1.388
40 23.2 3.42 6.1 0.738 1.84 7.58 0.670 1.450
41 21.4 3.96 4.7 0.738 2.65 8.23 0.887 1.448
42 22.3 3.79 6.1 0.738 2.10 8.10 0.714 1.471
43 22.4 3.86 6.1 0.738 211 8.33 0.699 1.487
44 21.8 3.20 6.0 0.738 1.97 6.91 0.786 1.397
45 21.0 3.51 6.1 0.738 2.18 7.09 0.847 1.397
46 19.3 3.84 6.2 0.738 2.32 7.13 0.895 1.392
47 21.7 3.66 6.2 0.738 2.08 7.32 0.782 1.419
48 21.9 3.89 5.9 0.738 2.21 7.73 0.788 1.439
49 22.3 3.95 5.6 0.738 2.24 7.94 0.776 1.452
50 21.5 4.02 5.2 0.738 2.35 8.04 0.807 1.452
es_u__ 10
=] 1 f— - i ] ﬁ .
v
— 20
(a) (b)

Fig. 7. The specimen with a groove shaped by machining: (a) geometries of the specimen (unit: mm) (b) the fabricated specimen.
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Fig. 8. Obtaining the geometries of the groove by using the structured-light sensor.

Table 3
The measured geometries of the machined groove.

The
Width of Length of Width of Length of actually
the lower the lower Depth the upper the upper shaped
base (mm) base (mm) (mm) base (mm) base (mm) tan®
29.69 99.62 9.94 44.13 114.40 1.377

than the depth of the groove. The redundant height was regarded as
a manufacturing allowance. In this case study, the manufacturing al-
lowance was set to 0.5 mm. Therefore, considering the total depth of the
groove and the thickness of the previously deposited three layers, the
height of the top layer was set to 2.94mm. After the specification of the
layer thicknesses, the widths of the layers were determined. The calcu-
lated results are shown in Table 4.

Then, the geometries of the weld beads deposited in the layers and
the manufacturing parameters used for planning the deposition paths
were calculated. It also included the determination of the step-over rate
to be applied between adjacent weld beads. According to the findings
in the related work, the optimal step-over rate should be 0.738 to en-
able a stable overlapping of multiple layers (Ding et al., 2015a), and
it should be 0.667 to reduce the surface unevenness of a layer (Xiong
et al., 2013a). Therefore, the step-over rate for the lower three layers
was set to 0.738, while that of the top layer was set to 0.667. Using
the above-specified step-over rates, the heights of the elementary weld
beads contained in the layers were calculated by Eq. (2). As indicated
by Eq. (10), the width of the elementary weld beads in a layer depends
on how many beads are included in the layer. Alternative solutions for
forming the shape of the layers were calculated, which are shown in
Table 4. Actually, a solution should be selected from the alternatives

Table 4
Alternative solutions calculated to form the shape of the layers.
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and applied for fabricating the layers. The principles for the selection
can be explained as follows.

Firstly, for each of the solutions, the limits of tan6 should be cal-
culated. The inclination angle of the machined groove should be in
the interval calculated based on the geometries of weld beads (i.e.
tanOpin, < tand, < tanby,,y). For instance, the number of weld beads in
the first layer should not be chosen to be 6, since in this situation
tanByay > tand,. In addition, the selected geometries of weld beads
should be producible by using the implemented WAAM system. Accord-
ing to the parameters shown in Table 2, the fabrication range of the
width of a weld bead (that can be produced by the used WAAM sys-
tem) was specified as 5.98 mm <w <9.21 mm . It means that the selected
widths of the weld beads should be in this range. For instance, the num-
ber of weld beads in the first layer should not be selected as 4, since
the implemented system cannot deposit a weld bead with a width of
10.67 mm. Furthermore, to decrease the number of striking and distin-
guishing points of the welding arc, the number of weld beads in a layer
should be as small as possible. According to these principles, the num-
bers of weld beads from the bottom layer to the top layer were deter-
mined as 5, 6, 6 and 7, respectively. Based on the numbers of weld beads
in the layers, the widths of the weld beads in the layers can be specified.

4.2.2. Predicting manufacturing parameters for depositing the weld beads

After the geometries of weld beads were specified, the manufactur-
ing parameters applied for depositing the weld beads should be pre-
dicted. In this case study, the prediction was done based on an algorithm
implemented in the previous work. The algorithm contained a forward
artificial neural network model and a reverse artificial neural network
model. A detailed explanation with regard to the algorithm can be found
in (Xiong et al., 2013b). Based on the algorithm, the predicted manufac-
turing parameters are shown in Table 5.

Then, the predicted manufacturing parameters were validated. The
validation experiments were done by using the predicted parameters to
deposit single weld beads on a substrate, as shown in Fig. 9. The ac-
tual geometries of the deposited single weld beads were measured by
using the structured-light sensor. A comparison between the expected
geometries of the weld beads for the repairing work and those of beads
deposited by using the predicted manufacturing parameters is shown in
Table 5. It can be seen that the maximum error of width was 0.35mm
(3.83%), while that of height was —0.13mm (—4.69%). Therefore, the
predicted manufacturing parameters can be applied for the repair work.

4.2.3. The deposition process
The calculated manufacturing parameters were applied for deposit-
ing weld beads in the machined groove, in order to validate the

No. of layer Geometries of the layers Alternative parameters for planning the deposition paths Alternative geometries of weld beads Limits of tan6
W (mm) tan® H (mm) a d; (mm) n do(mm) w (mm) h (mm) tan6 tan®
1 29.69 1.377 2.50 0.738 1.82 4 3.03 10.67 2.77 0.715 1.638
5 2.24 8.54 2.77 0.894 1.463
6 1.72 7.11 2.77 1.074 1.365
2 33.30 1.377 2.50 0.738 1.82 5 2.60 9.52 2.77 0.802 1.538
6 2.02 7.93 2.77 0.963 1.419
7 1.60 6.80 2.77 1.122 1.345
3 36.91 1.377 2.50 0.738 1.82 5 2.96 10.49 2.77 0.728 1.621
6 2.32 8.75 2.77 0.872 1.478
7 1.86 7.50 2.77 1.018 1.390
4 40.52 1.377 2.94 0.667 2.14 6 2.49 10.66 2.94 0.827 1.516
7 1.98 9.14 2.94 0.965 1.413
8 1.60 7.99 2.94 1.103 1.344
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Table 5
Validating the predicted manufacturing parameters.
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No. of layer The expected geometries of beads The predicted manufacturing parameters Geometries of the deposited beads Errors
wp (mm) hp (mm) uWw) vf (m/min) v4 (mm/s) Wy (mm) hy (mm) erry (%) erry, (%)
1 8.54 2.77 21.5 4.19 4.66 8.66 2.80 1.41 1.08
2 7.93 2.77 20.2 4.25 4.98 8.07 2.87 1.77 3.61
3 8.75 2.77 23.0 4.12 4.96 8.61 2.64 -1.60 —4.69
4 9.14 2.94 22.5 4.67 4.61 9.49 2.87 3.83 -2.38

Fig. 9. The single weld beads deposited using the predicted manufacturing parameters.

feasibility of the proposed fundamentals. In addition to the calculated
manufacturing parameters, the details with regard to the practical de-
position process were presented as follows.

Weld beads were deposited in parallel paths, as a simplified situa-
tion to validate the proposed model. The simplification was made since
the cross-sectional profiles of complex paths, e.g. contour and zig-zag
paths, are as the same as the applied parallel paths. The overlapping of
multiple weld beads is the focus of the validation, rather than the order-
ing of them. For every weld bead, the start position of deposition was
determined according to the strategy presented in Fig. 10. The deposi-
tion started from half of d, on the lateral face of the groove, in order
to ensure the volume equivalence between the amount of the deposited
material and that is needed in the groove. The same strategy was ap-
plied for determining the end positions of the depositions. Particularly,
the start positions and the end positions of the weld beads belonging to
the top layer were extended for 10 mm along the deposition direction,
respectively. The reason for applying this strategy was to facilitate a suf-
ficient fusion of the front and the tail boundaries of the groove with the
deposited weld beads.

After a weld bead was deposited, the system waited for 2min to
prevent the part from overheating. When a layer was deposited, the
beads in the next layer were deposited with a 180° rotation. It means

The start position of

deposition
The direction of
H deposition
I
| 0
—t -
v d/2
d

Fig. 10. The start position of arc at the front (or tail) of the groove.

that both the deposition order and the deposition direction of the weld
beads were opposite to those applied in the previous layer. Due to the
excavation effect of the welding arc, a weld bead in the arc striking area
is high and wide, and the height of the same in the arc extinguishing
area is low (Xiong et al., 2016). The reason for reversing the deposition
direction was to counteract the excavation effect of the arc by overlap-
ping the arc extinguishing areas and the arc striking areas. In addition,
the reason for reversing the deposition order of the weld beads was to
alleviate the residual stress concentration and to reduce the deformation
of the groove as much as possible.

By using the carefully planned manufacturing parameters, the ma-
chined groove was filled. The appearance of the deposited layers is
shown in Fig. 11. It can be observed that the forming appearance of
the layers was reasonably good. The weld beads in the layers were uni-
formly distributed. The lengths of the weld beads in the layers were suit-
able to the length of the groove. The lateral faces of the groove were
well fused with the deposited beads.

5. Discussion of the results

An image of the fabricated part is shown in Fig. 12(a), while its
cross-sectional profile at the position indicated in Fig. 12(a) is presented
in Fig. 12(b). It can be seen from the cross-sectional profile that the weld
beads in the groove were evenly distributed. A good arrangement of the
weld beads was achieved. In addition, the weld beads fused well with
the boundary of the groove. No inclusion or infusion can be observed.
Particularly, the two weld beads shaped at the two edges in the top layer
were higher than the upper base of the groove. No gap can be observed
at the edges of the upper base of the groove.

The structured-light sensor was used to detect the surface geome-
tries of the part after the groove was completely filled. The results of the
measurements are presented in Fig. 13. It can be seen that the height of
the deposited material was higher than the height of the upper base of
the groove. It means that the machined groove was fully filled. In addi-
tion, in the parameters planning phase, the sum of the planned heights
of the layers was 0.5 mm bigger than the depth of the groove. It means
that the expected height of the surface to be achieved by WAAM was
planned to be 0.5mm higher than the surface of the part. The planned
height is indicated by the dashed line in Fig. 13.

It can be observed that the actual height with regard to the main
body of the surface was lower than the expected height. Except for
the starting and the ending sections, the fabrication error of the main
body part was less than 0.3mm. The errors with regard to the height
of the deposited layers mainly come from three sources. Firstly, as in-
dicated by the validation results of the predicted manufacturing para-
meters (shown in Table 5), the heights of the elementary weld beads
belonging to the third and fourth layers were smaller than the expected
values. This implies a fact that using the predicted parameters will re-
sult in a shortage of height. Secondly, the model used for predicting
the manufacturing parameters of elementary weld beads was built by
depositing single weld beads on a flat substrate in the room temper-
ature. However, due to the continuous depositions of the weld beads
for filling the groove, the heat-dissipation conditions of the actually de-
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(b)

(c)

(d)

Fig. 11. The forming appearance of (a) The first layer, (b) The second layer, (c) The third layer, and (d) The fourth layer.

(a)

Fig. 12. The repaired part: (a) An overall view of the groove filled by WAAM, (b) The cross-sectional profile of the fabricated part.

—— Average height of the surface after deposition
_| = - = Height of the surface of the part

’é‘ The planned height to be
= 04 achieved with deposition
S
=
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0 50 100 150
Positions along the length of the groove (mm)

Fig. 13. The result of measurements on the surface of the part after deposition.
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posited weld beads were different from the condition in which the
model was built. Thus, the solidification time of the actually deposited
weld beads was longer than that of the beads in the model. This is
the reason why the heights of the actually deposited weld beads were
lower than the expected heights. Last but not least, during the deposi-
tion process, splash may always happen, which accidentally caused the
loss of the fed material.

Another important finding from the experimental results was that
the deposition process caused a deformation in the part. A bow-like
warping distortion perpendicular to the surface of the part can be ob-
served from Figs. 12(a) and 13. The out-of-plane distortion along the
length of the part over 135mm was 1.2 mm, approximately. The defor-
mation was mainly caused by the shrinkage of weld beads and adja-
cent base metal during cooling. Since the groove to be filled by WAAM
is on a side of the part (asymmetrical structure), the welding-induced
stresses are not evenly distributed along the thickness direction of the
part. As a result, the warping distortion causes surface unevenness of
the repaired part. In addition, due to the deformation, the preplanned
paths for conducting the finishing machining operations may become
invalid. For these reasons, the generated deformation should be elim-
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inated as much as possible before the finishing machining operations
can be applied. Possible solutions may include interpass rolling, heat
treatment, etc.

If the buy-to-fly ratio of the fed material is defined according to the
following formula:
Ve
Ve +V,

Ry = 21
where Vg is referred to as the volume of the groove, V; is the volume
of the redundant material that needs to be removed through the af-
ter-process machining operations. In this case, the ratio of material uti-
lization was calculated as 92.1%. Therefore, due to the careful planning
of the manufacturing parameters, a relatively high material utilization
was achieved.

Furthermore, preventing the formation of voids between the part
and the fed material is one of the major requirements for part repair
using WAAM. To validate the effectiveness of the proposed fundamen-
tals concerning this aspect, an X-ray radiographic inspection was taken
on the repaired part, which is a nondestructive examination approach.
In the test, the supply voltage was 210kV and the exposure time was
2min. The photographic film showing the result of the inspection is
presented in Fig. 14. In the image quality indicator (IQI) presented at
the lower right corner, the diameter of the metal wire for W10 was
0.40 mm, while that for W16 was 0.10 mm. The metal wire with the di-
ameter of 0.32mm (W11) can be seen from the figure, which means that
the required resolution for inspecting a steel plate with the thickness of
200 mm is met according to the technical standard GB/T3323-2005.

It can be observed from the result that no weld porosity, incom-
plete fusion or crack was produced in the part. The fusion between the
striking and distinguishing areas of the welding arc and the machined
groove is reasonably good. In addition, several small slag inclusions can
be seen, which are randomly distributed in the main body of the groove
among weld beads. The quality level of the repaired part can be evalu-
ated as Grade I (the highest grade) according to GB/T3323-2005 stan-
dard. It requires that the number of circular defects in any 10*30 mm
area should be less than 6 concerning a welded component with a thick-
ness of 100 mm or more. The examination result proved that the funda-
mentals proposed in this paper effectively achieved a good repair qual-
ity concerning the fusion between the part and the fed material.

The main reason for the generated inclusions might be the low
heat-input applied for depositing the weld beads. Increasing the heat-in-
put in deposition, such as using a large current or a low speed of de-
position, may facilitate the fusion of weld beads. However, significant
heat-induced distortions will be generated at the same time. The im-
plication is that the manufacturing parameters of WAAM for part re-

Several small inclusions

Boundary of the groove

Fig. 14. The result of X-ray radiographic inspection applied on the repaired part.
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pair should be articulated according to the practical needs, in which
trade-off considerations are required to be made.

6. Conclusions and future work

With the objective to support repairing parts with surface defects by
machining and WAAM, both theoretical fundamentals and experimental
validations are proposed in this paper. Based on the conducted research,
the conclusions have been drawn as follows:

e To enable a sufficient fusion between the lateral faces of a groove
to be machined on the surface of a worn part and the weld beads
deposited by WAAM, the inclination angle of the machined groove
should be purposefully calculated. The lower limit of the fabrication
range of the inclination angle depends on the height to width ratio of
the concerned weld beads, and the step-over rate applied to arrange
weld beads in the layers, while the upper limit of the fabrication
range depends on the geometries of the weld beads, the diameter of
the weld gun, and the applied stick-out distance of the same.

e A mathematical model for WAAM of layers with supportive lateral
surfaces was proposed. The relation between the geometries of a
given groove (e.g. depth, width of the base surface and inclination an-
gle) and the geometries of beads (i.e. height and width) used for the
filling was carried out. Based on the conducted case study, the model
was proofed to be feasible for calculating manufacturing parameters
for filling a machined groove by using WAAM.

e The experimental results showed that the manufacturing parameters
calculated based on the proposed fundamentals (the criteria and the
model) achieved a good repair quality of an assumed worn part. De-
spite a deformation in the repaired part was caused, high fabrication
accuracy and material utilization were achieved. Automatic repairing
by integration of machining and WAAM can be realized.

Future research proposals may consider the following aspects.
Firstly, based on the proposed fundamentals, an automatic repairing sys-
tem is about to be implemented. In addition, due to the geometrical
deviations of the deposited weld beads to the expected ones, a process
control mechanism will be applied to adjust the manufacturing parame-
ters in order to increase the fabrication accuracy. Thirdly, microstruc-
ture and mechanical properties of the repaired part will be focused and
the impact of different deposition strategies (e.g. different path patterns)
will be investigated. Last but not least, in this research, the shape of
the groove was assumed to be a pyramidal frustum with two rectangu-
lar bases. The design principles for determining the optimal shape of
the groove concerning different practical requirements need further re-
search investigations.
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