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Abstract
This study investigates the mechanical properties of the wire + arc additively manufactured Inconel 625 thin wall. The first part of
this study focused on the microstructural features of the material after time-based annealing. This second part discusses the tensile
strength and microhardness of thematerial after the same annealing procedure (980 °C, hold time 30min, 1 h, and 2 h). It is found
that the annealing procedure improved the ultimate tensile strength by 5%. Although the yield strength remains unchanged up to
1-h of annealing, it increases after 2-h of heat treatment. The presence of strengthening elements and precipitation of secondary
phases seem to control the tensile strength of the additively manufactured Inconel 625. On the other hand, the average micro-
hardness does not show any significant trend for time-based heat treatment. However, the layer-specific variation of microhard-
ness was observed in the sample, which may have caused high standard deviation in the as-deposited sample. Overall, the
annealing procedure with a 2-h hold time presents the best mechanical properties of the Inconel 625 so far. Nevertheless, further
improvement in strength and hardness may require a comprehensive study with location-specific microstructure and mechanical
properties analysis before and after the heat treatment procedure.

Keywords Metal additivemanufacturing .Wire+arcadditivemanufacturing . Inconel625 .Heat treatment .Mechanicalproperty
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1 Introduction

Inconel 625 is a nickel-based superalloy, popular for its ben-
efits of high load-bearing capacity, applicability at extremely
elevated temperatures, and extraordinary corrosion resistance
[1, 2]. These unique properties make its application possible

to critical industrial scenarios. To reduce the material wast-
age for valuable materials like Inconel, additive manufactur-
ing can be highly beneficial. There are several already com-
mercialized techniques for additive manufacturing of Inconel
based on powder feedstock, such as laser powder bed fusion
and selective laser melting [3, 4]. However, for fabricating
large-sized parts, these processes have some areas to im-
prove, such as powder processing, high cost of powder ma-
terials, low deposition rate [5], low energy efficiency, and
low fatigue life due to possibility of pores in large-scale parts
[6]. Powder-fed directed energy deposition (DED) provides
good alternatives to the powder bed technologies in terms of
build rate and size. However, even with improved nozzle
design, the powder feeding system still experiences a loss
of 25% powder [7] which increases the final cost of the
product. On the other hand, wire-fed arc-based additive
manufacturing techniques can be a possible solution in this
circumstance due to its prospect in fabricating a pore-free
large-scale structure with a high deposition rate and almost
no loss of raw materials.
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Wire + arc additive manufacturing (WAAM) using cold
metal transfer (CMT) technology is in its early stages of devel-
opment. This method uses a CMT power supply to melt a solid
wire and a robotic or computer numerically controlled (CNC)
system for conforming to the desired shape. A CMT system
offers high energy efficiency and low spatter when maintaining
improved weld bead quality to other gas metal arc welding
methods [8–11]. Thus, the fabrication of large-sized parts using
this technique can be highly beneficial regarding efficiency in
energy and optimizing material wastage while maintaining bet-
ter part quality. Therefore, several researchers have investigated
WAAMof Inconel 625 [12–18]. However, it is very difficult to
find out studies that used the CMT-WAAM technique for ad-
ditive manufacturing of Inconel 625 and further improvement
of its properties. This paper is the second part of an effort to
improve the metallurgical characteristics of Inconel 625 thin
wall fabricated using the CMT-WAAM technique. The first
part of this research presented the microstructural features of
the material in as-deposited and heat-treated conditions [19].
This next part will discuss the effect of microstructural trans-
formation on the mechanical properties (i.e., tensile strength
and hardness) of the material.

Inconel 625 falls in the category of solid solution strength-
ened superalloys [2]. The unique sustainability of this material at
critical environments comes from the strengthening of its Ni-Cr
matrix by a solid solution of Nb and Mo [20]. The amount of
solid solution strengthening elements highly controls the me-
chanical properties for this superalloy [21]. However, precipita-
tion of secondary phases such as the Laves phase, δ phase, and
metal carbides (MC, M6C, M23C6) which were formed due to
melting, remelting, or heat treatment [22] can also influence the
mechanical performance of the Inconel 625 favorably [1, 23] or
unfavorably [14, 24, 25]. Among them, the Laves and MC
carbides can be formed just after solidification of the weld metal
[26–28]. Formation of the Lavesmay deteriorate themechanical
strength of the material by locally depleting the solid solution
strengthening elements (Nb, Mo) from the Ni-Cr matrix [22]
and subsequently acting like a crack nucleation zone [14]. On
the other hand, MC carbides located at grain boundaries can
strengthen the material by transforming the grain boundary to
a zigzag shape during solidification [1]. Nevertheless, the overall
strength is found to be deteriorated due to containing Laves
phases [14, 22, 29]. Standard annealing procedure at 980 °C
usually recrystallizes the secondary phases of the material by
transforming Laves particles [30]. However, another secondary
phase-delta (δ) can be formed for long-term exposure at high
temperature during annealing [23]. The formation of this phase
can be detrimental to the ductility [31] of the material but is
believed to increase overall tensile strength [32] and hardness
[31]. The improvement of the tensile strength of Inconel 625 due
to the precipitation of the δ phase is related to the slip system of
the material. The plate-like δ particles inhibit cross-slip between
the dislocation substructures. As a consequence, tensile strength

increases significantly for materials having a high percentage of
δ phases [32].

Therefore, heat treatment can significantly improve the me-
chanical characteristics of Inconel 625 by recrystallization of the
secondary phases. A well-researched heat-treating guideline ad-
dressing several issues, such as stress-relieving effect on built
parts and step-by-step recrystallization process with time-
temperature dependence should be adopted. For additively
manufactured Inconel 625 parts, several researchers have studied
the effect of heat treatment. Xu et al. investigated the microstruc-
ture andmechanical properties of Inconel 625 samples fabricated
by the pulsed plasma arc deposition (PPAD) method by incor-
porating three steps of heat treatment. They found that Laves
phases in the as-built condition have been completely dissolved
after homogenization heat treatment at 1080 °C [15–17].
Marchese et al. did extensive work on heat treatment of additive
manufacturing of Inconel 625 samples fabricated using the laser
powder bed fusion (L-PBF)method by studying 28 conditions of
heat treatment in total. They found improved tensile strength for
direct aging at different temperatures and hold time but at the
expense of ductility lower than the required minimum [33]. Fang
et al. tried to characterize texture and grain boundary of Inconel
625 fabricated by the selective laser melting (SLM) process after
heat treatment for stress relieving (870 °C), annealing (980 °C),
and complete recrystallization annealing (1150 °C) [34, 35].
Cardozo et al. used the same procedure of heat treatment obtain-
ed by Xu et al. (F. Xu, Lv, Liu, Xu, et al., 2013) to see the
difference in the mechanical and microstructural properties of
Inconel 625, deposited by plasma transferred arc (PTA) method
for using two different feedstocks (powder and wire). Secondary
δ phases observed to be formed after heat treatment for both
powder and wire cases following a decline of hardness in their
study [12]. Laser-aided directed metal deposition (DMD) with
Inconel 625 was investigated by Dinda et al., emphasizing on the
thermal stability of the dendritic morphology of the material
under several annealing procedures [36].

In brief, numbers of heat treatment practices have been
already investigated for additively manufactured Inconel
625. However, to our knowledge, heat treatment of Inconel
625 manufactured by CMT-based WAAM is still unexplored
by the researchers. This study tries to fill up this knowledge
gap emphasizing more on property-microstructure correlation
after heat treating. The outcome of this study may be used to
build a complete heat-treating guideline for Inconel 625 fab-
ricated using the CMT-WAAM system.

2 Experimental procedure

The square wall fabricated during part 1 of this study is used
here for further study of the strength of this material [19]. In
the previous study, the separated three of the square walls
were heat-treated at 980 °C with varying time (i.e., 30 min,
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1 h, and 2 h), followed by water quenching [19]. The as-
deposited one wall and the three heat-treated walls are then
machined down to separate four tensile samples using wire
electrical discharge machining from each of the walls as
shown in Fig. 1a. ASTM E8 standard for subsidized sample
dimension is followed during machining (Fig. 1b). To remove
stress concentration due to electrical discharge machining
(EDM) cut, the tensile samples are polished with 100 grit
polishing cloth afterward. The tensile test was conducted at
room temperature in an MTS servo-hydraulic machine with a
3-mm/min strain rate.

The images of the fractured surface were taken with
Hitachi SU8020 and Quanta FEI 200 scanning electron mi-
croscopes (SEM). The energy dispersive spectroscopy (EDS)
was performed with the energy-dispersive X-ray spectroscopy
(EDAx) equipped with the SEM. For measurement of micro-
hardness, a Micromet-II microhardness tester with diamond
indentation was used, with a force parameter of 500 gf and a
10-s hold time. A Nikon Epiphot-II inverted microscope was
used for the evaluation of the microhardness for the different
microstructures involved.

3 Results

3.1 Mechanical strength

As the microstructural parts are already discussed in part 1 of
this study [19], only the mechanical properties will be present-
ed and analyzed in this part. The sample-specific tensile result
is shown in Table 1. The difference in tensile strength and

elongation for different samples designates a high location-
based anisotropy for all the heat treatment conditions. Still,
the tensile results are averaged to plot in a binary graph of
strength and elongation vs. heat treatment conditions plot, as
shown in Fig. 2a. The average values of tensile strength are
compared with the original dataset for each heat-treating con-
dition to find the best match of the tensile test result to plot
engineering stress vs. strain curve. The ultimate tensile
strength (UTS) increases proportionally with the heat-
treating hold time. However, the yield strength (YS) decreases
for 30 min and 1-h heat-treating hold time. However, a sub-
stantial increase in YS is found for the 2-h hold time. The
elongation (%El) also follows the same path as YS.
However, for 1-h heat treatment, the ductility decreases more
than the 30-min heat treatment. The mechanism of this behav-
ior of UTS, YS, and %El will be discussed later in this study.

3.2 Microhardness

The measurement of microhardness of the Inconel 625 parts
was carried out in three ways: microhardness along the (1)
longitudinal (y-axis) direction, (2) longitudinal in a single layer,
and (3) transverse (x-axis) direction. Figure 3 a–c schematically
describes how the microhardness is measured for all the cases.
Figure 4 presents the result of the microhardness for longitudi-
nal and transverse directions. The overall transverse and longi-
tudinal microhardness do not show any significant trend; see
Fig. 4a–b). The microhardness seems to vary in a range (220–
240 VHN approximately) without following any trend (in-
creasing or decreasing). The anisotropic microstructure even
after heat treatment found in previous studies can cause this

Fig. 1 Tensile sample dimensions
and locations for cutting
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behavior. However, a more rigorous study tracking microhard-
ness and microstructural phases in a single image is needed to
understand this behavior. Also, for the longitudinal case, the
standard deviation of the average hardness seems to be de-
creased gradually for the increased heat-treating hold time. A
preliminary study (case 2 measurement) suggests the interface
of two layers showing higher hardness in an as-deposited con-
dition and may get relieved due to heat treatment (Fig. 5).

3.3 Fracture analysis

Figure 6 shows the fractured surfaces of the tensile test per-
formed. The fractured surfaces were analyzed under SEM to

investigate the fracture mode. Figures 7–12 show the fracture
surface analysis for the as-deposited and heat-treated
conditions.

3.3.1 As-deposited

The fractography result of the as-deposited sample of Inconel
625 is shown in Fig. 7. The overall fractured surface (Fig. 7a)
seems to consist of shear lip and fibrous regions only, due to
the inherently ductile nature of the material [31]. The surface
also consists of river-like patterns at the lower part of the
fractured surface (Fig. 7a). These patterns designate that the
crack nucleates from the bottom of the shown fractograph.

Table 1 Tensile test result for different heat treatment conditions

Heat treatment conditions Sample no Tensile strength, σu σu,avg Yield strength, σy σy,avg (MPa) Elongation Average elongation
(MPa) (MPa) (MPa) (%) (%)

As-deposited 1 660 658 ± 4 377 373 ± 5 52 56 ± 4
2 660 377 59

3* 658 372 58

4 652 367 53

30-min heat treated 1 677 669 ± 7 365 363 ± 10 50 48 ± 2
2* 664 369 49

3 674 371 45

4 660 345 48

1-h heat treated 1 668 672 ± 8 360 360 ± 11 45 43 ± 1
2 685 378 43

3* 670 353 42

4 664 348 43

2-h heat treated 1 682 688 ± 4 408 397 ± 15 41 46 ± 3
2* 690 377 50

3 689 414 46

4 690 390 47

*Nearest to the average tensile strength. Plotted in Fig. 2b

Fig. 2 a Tensile strength, yield strength, and elongation evolution depending on post-processing conditions. b Engineering stress vs. engineering strain
[37]
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The top right corner of the overall fractured surface (spot 1
Fig. 7a) is dominated by dimple structures, well organized in a
narrow path. Between the two narrow paths, a darker zone,
with the oval shape of dimples, can be observed (arrows of
Fig. 7c). This shape has a well-identified boundary and does
not show any crack nucleus or striations, rather a flat fractured
surface. The same shapes with dark color tones can also be
seen in Fig. 7d. Spot analysis on these spots shows that they
contain more Nb and C when compared with the typical wire
and Ni-Cr matrix composition. Now, going back to the micro-
structure analysis of the first part of this research [19], the as-
deposited microstructure contained interdendritic spaces filled
with secondary Laves phases, as well as low concentration of
Ni-Cr matrix. This may have made the interdendritic spaces
less strong to the deformation. Furthermore, the dark dimples
are comparatively bigger from the dimples adjacent to the
brighter zone. Thus, it is evident that these parts showed less
resistance to the fracture, which resulted in larger dimples at
the fracture zone. The dark color may be due to the lower
height of the location of the dimples. Therefore, it can be
reasonably assumed that the darker parts can be the less duc-
tile detrimental phases (NbC or Laves) found during micro-
structural analysis. Some microvoids are also detected in the

same micrograph for the middle region (Fig. 7d). However,
they were not observed in the previous microstructural study.
The presence of secondary phases may also influence the for-
mation of voids during ductile failure [38]. The middle region
also contains a dimple structure that confirms ductile
transgranular type fracture occurred during the tensile test.

3.3.2 30 min heat-treated

Figure 8 represents the fracture surface characteristics due to
the heat treatment for 30 min of hold time. The fracture again
seems to be of a transgranular type resembling the as-
deposited sample. However, deep cracks are visible on the
fractographs (Fig. 8b). Magnifying more on the crack (Fig.
8c) reveals a high energy slip band created at the top side of
the crack. This specific pattern designates the cross-over of
grain boundaries. Microvoids are seen over the fractured sur-
face. Some of them are also arranged in an array as shown in
Fig. 8d, which causes an elliptical-shaped dimple in the frac-
tured surface. The dark-colored dimples are also observed in
the fractured surface similar to the as-deposited sample; see
Fig. 8e–f. The bigger dimples also sometimes contain block-
shaped particles inside them, which resemble the shape of Ti-

Fig. 4 aAverage longitudinal microhardness with standard deviation for different post-processing conditions. bAverage transverse microhardness with
standard deviation for different post-processing conditions [37]

Fig. 3 Microhardness measurement procedure. a Longitudinal (y-direction) 0.5-mm interval. b Longitudinal (y-direction) between 10 layers with 0.25-
mm interval. c Transverse (x-direction)
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based MC carbide as found in the first part of this research
[19].

3.3.3 1-h heat-treated

The shear lip and the final fracture zone designate predomi-
nantly ductile failure (Fig. 9a). The right corner region con-
tains disconnected dimples (spot 1—Fig. 9b). Going toward
the negative x-direction changes the disconnected morpholo-
gy to the connected transgranular nature of the dimples (Fig.
9b–e). However, the disconnected morphology of the dimples
may be correlated to the dendrites found in the microstructural
study [19]. A thick crack associated with river patterns in Fig.
9c denotes high energy fracture in that region. Some smooth-
shaped inclusions in the fractograph (Fig. 9d) designates brit-
tle fracture characteristics. EDS spot analysis could not iden-
tify these inclusions to be of any different phases. In Fig. 9d, a
circular cross-section of a column or sphere-like shape can be
identified. This shape has shown an isolated fracture boundary
with a separate fracture nucleus. EDS spot and line analysis
were carried out on this shape to identify it. The compositional

analysis on this spot was similar to the typical wire composi-
tion and Ni-Cr matrix [19]; see the table in Fig. 10. The line
analysis also did not show any anomalies with the surrounding
phases of the unidentified object, only showing an isolated
characteristic by being surrounded with a boundary (see 301
Fig. 10).

The line and spot analysis in conjunction represent that this
object can be due to the isolation of any phase of this micro-
structure from the surrounding phases. On the other hand, as-
deposited and heat-treated microstructure both contained
elongated dendrites at different locations. These dendrites
were found in a group covering multiple weld layers in some
cases [19]. Therefore, it can be reasonably assumed that this
specific and separate fracture can be due to the failure of the
group of dendrites in isolation from the surrounding matrix.
However, this assumption requires further investigation to
validate.

3.3.4 2-h heat-treated

The overall fracture surface represents similar characteristics
of predominant ductile failure like other of heat-treated and as-
deposited cases (Fig. 11a). Several granular thick cracks are
observed on the fractured surface (arrows in Fig. 11b). The
fracture near the crack is flatter than the other zones of failure
as previously seen in the other annealed parts. A thick irregu-
lar oval-shaped inclusion is found on the fracture surface (Fig.
11c). The surface near the boundary of this inclusion contains
dimples denoting ductile fracture. The elongated hole recom-
mends that this part has been removed without any breakage
of the inclusion. As no inclusion of size as this big was found
during the microstructural study, this can be just the separation
of smaller dendrites found all over the microstructure in the
previous study [19]. Nevertheless, the overall fracture is duc-
tile type as denoted by the dimples shown in Fig. 11d–e. The
higher magnification result shows that the dimpled surface

Fig. 5 Microhardness of an (a) as-deposited sample and a (b) 2-h heat-treated sample

Fig. 6 Fracture location of the samples at different conditions
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consists of a localized fracture region with a separate nucleus
(yellow arrow Fig. 11e). Additionally, there exists an irregular
shape on the surface of Fig. 11e (white arrow). These shapes

are also found scattered over the fractured surface of the 2-h
heat-treated sample. Elemental mapping is carried out to iden-
tify these shapes.

Fig. 7 Inconel 625 as-deposited
fractured surface. a Fractured
surface at low magnification. b
Spot 1 of (a). c Higher
magnification view of red
designated area of (b). d Higher
magnified view of spot 2 of (a).
Yellow arrows denoting features
similar to (c)

Fig. 8 Fractured surface of a 30-
min heat-treated sample. aWhole
fractured region. b Spot 1 on (a). c
Higher magnification micrograph
of (b). d Spot 2. e Spot 3. Arrows
denoting flat-brittle fracture at
some areas. f Higher
magnification view of designated
part of (e)
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The presence of blocky shapes is more apparent in Fig.
12a. The blocky shapes are mostly present on the dimple
boundary and are observed to resist the dimpling process.
The elemental map in Fig. 12b–c shows that the blocky shapes

contain more Nb and Ti. In the author’s previous study [19],
these blocky shapes were denoted as Ti-based MC carbides,
which were found only after heat treatment for a longer hold
time. Furthermore, these blocky carbides were previously
found to resist tensile failure by strengthening the grain
boundary in the case of selectively laser-melted Inconel 625
[1]. Therefore, it can be reasonably assumed that these blocky
shapes are Ti-based carbides along the grain boundary.

4 Discussion: correlation of mechanical
properties, microstructure, and WAAM
process

The presence of Laves phases in the microstructure of the as-
fabricated sample [19] may have impacted the ultimate tensile
strength of WAAMed Inconel 625. Laves phases are respon-
sible for impeding dislocation motion as well as act as a
source of crack nucleation zone [39]. This may cause tensile
strength to decline. The gradual increase of UTS can also be
correlated to the effect of this detrimental phase. With a rising
heat treatment time, Laves phases were decreased in the

Fig. 9 Fractured surface of 1-h
heat-treated sample. a Overall
fracture zone. b Spot 1 of (a). c
High magnification view of (b).
Orange arrows denoting river
patterns. Yellow arrows denoting
microvoids. d Spot 3. Arrows
denoting smooth-shaped
unidentified inclusions. e Spot
2—arrow denoting an isolated
part in the fractography from the
surrounding matrix [37]

Fig. 10 Line scanning along with the possible elongated dendrite group
of Fig. 9e
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microstructure [19], which may have facilitated a sign of a
rise in UTS. However, the fractured surface results may sug-
gest another reason contributing to the increased UTS. The
dimples in the fractured surface of the 2-h heat-treated sample
contained Ti-based blocky carbides (see Fig. 12 and
Section 3.3.4). These particles at the grain boundary may
improve the strength by reshaping the grain boundary to a
zigzag outline [1]. As Ti-based MC carbides were found in
abundance for the 2-h heat treatment case, it can also be a
reason for the increased UTS.

The YS remains unchanged after 30-min and 1-h of heat
treatment, despite a sign of decline in the average (3–4% de-
crease). However, 2-h of heat treatment rather provides a sign
of increase (6–7% for average YS). The possible reason for
this phenomenon can be correlated to two important changes
in the microstructure during heat treatment, such as (1) evolu-
tion of strengthening elements (Nb & Mo) due to heat treat-
ment and (2) precipitation of secondary phases and their evo-
lution observed in the first part of this study [19].
Strengthening elements were found more dispersed over the
microstructure in the as-deposited condition [19]. These

Fig. 11 Fractured surface of 2-h
heat-treated sample. a Overall
fracture zone. b Spot 1 of (a).
arrows denoting granular cracks.
c Spot 2 of (a). The darker oval-
shaped area was assumed to be
separated as one part. d Spot 3. e
High magnification view of spot
3. White arrow denotes irregular-
shaped NbC [37]

Fig. 12 a Blocky particles throughout the fractured surface of the 2-h heat-treated sample. Elemental map of the rectangular area: b Elemental map of
Nb. c Elemental map of Ti
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dispersed particles could anchor the dislocations thereby
preventing them to move [40]. The strengthening elements
tend to accumulate into smaller particles rather than spreading
over the microstructure when heat treatment was employed.
Subsequently, secondary phases (δ and MC carbide) start to
precipitate from the accumulated clusters of strengthening el-
ements. The amount of δ and MC carbide precipitation grad-
ually increases due to the increased heat-treating hold time
(1.26% and 4.30% for the δ phase).

This evolution might have affected the YS in the heat-
treated condition. Although, due to loss of strengthening ele-
ments, less dislocation could be anchored, the secondary
phase precipitation compensates for that. These phases let
the dislocations to multiply and entangle which impede dislo-
cation movement again [41]. However, the amount of precip-
itation may not be enough to compensate for the accumulation

of strengthening elements. At 2-h heat treatment, the precipi-
tation gets doubled and the subsequent anchoring of disloca-
tions could compensate for the reduction of strengthening el-
ements. As a result, YS at this point shows a sign of increase
than the as-deposited sample.

Table 2 showcases the CMT-WAAM result with other ad-
ditive manufacturing (AM) methods obtained in previous
studies. In the case of UTS, the as-deposited result is lower
than all the other AMmethods. However, after heat treatment,
the UTS has shown a sign of increase which can be investi-
gated in the future for further improvement. Furthermore, the
fractography of all the samples although designates predomi-
nantly ductile, but areas of different fracture behavior. This
proves the presence of high anisotropy in the microstructure as
found in the previous study [19]. Nevertheless, YS of the 2-h
heat-treated sample is within 10% of most of the AMmethods

Table 2 CMT-WAAM comparison with other manufacturing methods in terms of mechanical strength

Process Tensile strength, MPa Yield strength, MPa % Elongation, % References

CMT-WAAM As deposited 658 ± 4 373 ± 5 56 ± 4 Table 1
30 min of heat-treated 669 ± 7 363 ± 10 48 ± 2

1 h heat treated 672 ± 8 360 ± 11 43 ± 1

2 h heat treated 688 ± 4 397 ± 15 46 ± 3

EBM As built 750 410 44 Lewandowski and Seifi [42]
HIP 770 330 69

Laser powder bed fusion 892 524 54

Pulsed plasma arc deposition 721 438 49 Xu et al. [15–17]

Laser rapid manufactured 925 ± 12 568 ± 20 46 ± 2 Paul et al. [43]

Gas tungsten arc welded 684 ± 23 40.13 ± 3.7 Wang et al. [14]

Cast 710 350 48 Xu et al. [15–17]

Laser metal deposition 882 ± 7 480 ± 20 36 ± 5 Rombouts et al. [44]

Selective laser melted 900 380 58 Rivera et al. [45]

Fig. 13 Different heat transfer mechanisms caused by deposition sequence. aHigher heat transfer rate at a new layer deposition right after the interval. b
Lower heat transfer rate after continuous three-layer depositions
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(EBM, PPAD, SLM). The percentage elongation found for
the as-deposited CMT-WAAM case is higher than most of
the manufacturing processes. Only hot isostatically pressed
(HIPed) EBM and as-deposited SLM shows higher elongation
than the as-deposited condition for this study.

The heat treatment procedure seems to gradually homoge-
nize the microhardness of the Inconel 625 fabricated by the
CMT-WAAM technique. This trend can be either due to the
homogenization of phases due to heat treatment. Evidence of
higher hardness at the interface of two weld layers is also
found in previous studies [18, 46, 47]. A temperature
difference-based hypothesis can be formulated for this hard-
ness behavior.

During the deposition, ten metal layers were deposited
sequentially which is followed by an interval to cool off the
heated layers. The subsequent start of ten deposition then
remelt the previous layer and the liquid weld metal at the
interface experience a high cooling rate due to the low tem-
perature of the previous layers (Fig. 13a). However, when
the deposition continues up to ten layers, the weld metal is
deposited on the hot recently solidified metal layers
(Fig. 13b). As a result, the cooling rate is lower at the
remelted interface of these layers. The faster cooling rate
makes the hardness at this point to be higher than the other
layer interfaces [46]. However, Yangfan et al. found vary-
ing microhardness in Inconel 625 as the result of varying
dendrite morphology and density. Therefore, further study
with location-specific phase analysis is required to find out
the specific reasons behind this behavior.

Overall, the tensile strength of the Inconel 625 fabri-
cated by the CMT-WAAM method is closely related to
the secondary phases it contains and the strengthening
elements. A process temperature-dependent microhard-
ness behavior is hypothesized which will be studied fur-
ther in the future.

5 Conclusion and future works

A comprehensive analysis is performed on the mechanical prop-
erties of wire + arc additively manufactured Inconel 625 parts.
The microstructural study that was previously done is success-
fully correlated to the mechanical properties. Several significant
conclusions can be drawn from this study as follows:

1. The UTS is highest for 2 h of annealing among the heat
treatment conditions performed. The ductility and associ-
ated yield strength are also comparable with other AM
studies for this case. Therefore, the 2-h annealing at
980 °C temperature can be denoted as the best condition
for the heat treatment of wire + arc additively
manufactured Inconel 625.

2. The microstructural evolution of strengthening elements
(Nb and Mo) and precipitation of secondary phases may
have controlled the yield strength of the material.

3. The gradual increase of ultimate tensile strength is due to
the precipitation and subsequent increase of the δ phases
and MC carbides at the grain boundaries.

4. The fractured surfaces designate mostly transgranular
type ductile failure of the material. The effect MC carbide
on the tensile strength seems to be verified by the frac-
tured surface results. The fractured surface seems to con-
tain deep long cracks in the heat-treated condition. The
presence of these cracks may affect the tensile strength of
the material which may need further investigation.

5. The average microhardness of the material does not
change significantly due to heat treatment. However,
location-specific varied microhardness has been observed
and needs further study.

Although the material performance is comparable with
wire-based additive manufacturing, it needs more investiga-
tion to be up to the strength level of powder-based methods.
Solution treatment may further increase the strength level of
this material and is recommended for future investigation.
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