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Wire arc additive manufacturing (WAAM) is successfully applied to the manufacturing of Cu-8Al-2Ni-2Fe-
2Mn nickel aluminum bronze alloy. The effects of deposited height on microstructure, tensile properties and
microhardness are investigated. Results show that the differences in mechanical properties are related to
microstructure anisotropy. The microstructure of the as-deposited condition mainly consists of dendrite,
cellular grains, columnar dendrites and equiaxed dendrites. With the increase in height of the deposited
wall, the width of the primary dendrite arm spacing successively increases. The microhardness and tensile
testing results are differently influenced by the microstructure with the change in positions. The tensile
properties, including the ultimate tensile strength and elongation, exhibit anisotropy in the horizontal and
vertical directions. The results are explained in detail through temperature field measurement and digital
image correlation system. The findings indicate that WAAM is a feasible method to obtain nickel aluminum
bronze alloys despite of that fact of anisotropic mechanical characteristics.
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1. Introduction

Nickel aluminum bronze (NAB) alloys have been widely
used as pipes, valves and pumps casing in marine, chemical and
transportation environments because of their high strength,
oxidation, corrosion resistance, wear and impact resistance (Ref
1, 2). These multicomponent alloys contain copper (Cu) as the
main element, with the addition of aluminum (Al), nickel (Ni),
iron (Fe) and manganese (Mn). As the major alloying element,
Al content will result in high strength, thereby improving the
corrosion resistance and working properties (Ref 2). Ni can
improve the corrosion resistance, strength and stability of the
microstructure. Fe refines grains and increases the alloy tensile
strength, and Mn eliminates brittle temperature range and
reduces melting point to improve weldability (Ref 2, 3). Typical
casting NAB alloys consist of copper-rich a-Cu phase, four
types of intermetallic j phases (iron-rich jI, jII, jIV and nickel-
rich jIII phases) and martensitic b phase (Ref 4). The
microstructure evolution under equilibrium state can be
approximately described as the following distinct stages (Ref
2, 4). The a-Cu phase starts from the b phase around the

temperature of 1030 �C. Around the temperature of 930 �C,
large precipitates (jI) are created in the b phase when the wt.%
of Fe is greater than five, and another intermetallic globular jII
phase forms with a low level of Fe weight. At 800 �C, the
remaining b phase is transformed into the intermetallic jIII
phase through a eutectoid reaction. In particular, the saturation
solubility of Fe (jIV phase) will precipitate in the a-Cu matrix
when the temperature falls at 860 �C. The martensitic b phase
may appear in the NAB alloys under quenching from 1020 �C
(Ref 5). NAB alloys are traditionally produced through casting,
where porosity and coarse microstructure are inevitable prob-
lems that reduce their physical properties and service perfor-
mance in seawater (Ref 3). Many methods, such as heat
treatment (Ref 6), friction stir welding (Ref 7, 8) or friction stir
processing (Ref 9) and shot peening (Ref 10), are used to
improve the microstructure and mechanical properties of NAB
alloys. However, these methods certainly result in increased
costs and long manufacturing cycle.

In recent years, wire arc additive manufacturing (WAAM)
has gained considerable interests because of its high deposition
rate, full density, efficiency and low equipment cost (Ref 11,
12). In WAAM, an electric arc is used as a heat source and
utilizes either gas metal arc welding (GMAW) (Ref 13, 14), gas
tungsten arc welding (GTAW) (Ref 15, 16) or plasma arc
welding (Ref 17) to melt the wire as the feed stock. Compared
with casting (casting: 10 K/s) (Ref 4), the cooling rates in
WAAM are substantially higher (WAAM: 102 K/s) (Ref 18) to
obtain fine microstructures. To date, some studies have
demonstrated that NAB alloys can be fabricated through
WAAM. Ding et al. (Ref 19) first reported the manufacturing of
NiAl bronze components using GMAW. They found that the
as-deposited metal predominantly contains Widmanstätten a
and fine martensite. Additional post-weld heat treatment can
refine the microstructure and improve its tensile strength and
hardness. Dong et al. (Ref 20) used a twin wire GTAW system
to fabricate Cu-Al alloy. Intermetallic phases, such as CuAl2
and Cu9Al4, are detected in the as-deposited condition, and the
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contents of intermetallics decrease after homogenization
annealing. Shen et al. (Ref 21, 22) obtained the mechanical
properties in longitudinal, transverse and normal directions of
the deposited Cu-9Al-4.5Ni-3.5Fe-1.3Mn alloy. The results
showed that the deposit exhibits higher strength in the
longitudinal and transverse directions than in the normal
direction. The isotropic microstructure and favorable mechan-
ical properties can be modified through quenching at 900 �C
for 2 h and tempering at 675 �C for 6 h. Dharmendra et al. (Ref
23) analyzed that Cu-9Al-4Fe-4Ni-1Mn alloy forms jII and jIII
phases in the interdendritic regions and precipitates jIV
particles within the a-Cu matrix. They also reported that the
WAAM samples in as-fabricated condition exhibit considerably
higher yield strength (YS) and percent elongation (El) com-
pared with the as-cast samples. The ultimate tensile strength
(UTS) is equal to the as-cast alloys. WAAM is suitable to
produce NAB alloys. However, no study is reported on the
effect of location on the microstructure and mechanical
properties of NAB alloys produced through WAAM.

In the present work, WAAM was used to fabricate NAB
alloy wall components for studying the effects of location on
the microstructure and mechanical properties. Microstructural
evolution was investigated in different deposited layers through
optical and scanning electron microscopy. The microhardness
at different locations was measured with a digital hardness
tester. Tensile properties, including the UTS, 0.2% offset YS
and El, were evaluated using a universal tensile tester, and the
fractured surfaces of the tensile samples were observed through
scanning electron microscopy. The microstructure variation and
mechanical properties in different regions were explained
through temperature field measurement and digital image
correlation (DIC) system. These results contribute to under-
standing the effectiveness of WAAM in producing NAB alloy
components.

2. Materials and Methods

The WAAM equipment mainly consists of a welding system
(Fronius Transpuls Synergic 2700 welding machines, Fronius,
Pettenbach, Austria), a three-dimensional numerical control
working table and inert protective gas. The deposition material
used in this study was NAB alloy wire with 1.0 mm diameter.
The chemical composition of the wire is listed in Table 1,
which is usually expressed as Cu-8Al-2Ni-2Fe-2Mn. The
substrate was a low-carbon steel plate with dimensions of
150 mm length, 100 mm width and 6 mm height. The substrate
surface was cleaned to remove grease and oil with acetone
before deposition. Some wall samples were deposited under the
parameters of arc current (97 A), arc voltage (10.3 V), welding
speed (0.48 m/min), wire feed speed (4.0 m/min), nominal
increment of Z axis (2.0 mm), nominal increment of Y axis
(3.0 mm) and argon flow rate (15 L/min). The deposition torch
tip to work distance was kept to 15 mm, and the contact angle

was 90� for all the experiments. The interlayer dwelling time
between each layer was kept at 30 s to enhance the deposited
layer. Thermal cycle was measured with a K type thermocou-
ple, and the measuring range of temperatures was between 0
and 1350 �C. Typical fabricated wall samples are presented in
Fig. 1(a) and (b). The welding path was alternated back and
forth (Fig. 1c and d). The single-bead walls were used to study
the effects of location on the microstructure and mechanical
properties.

The required specimens were machined with a wire electric
discharge machine. The specimens used for metallographic
observation and hardness test were cut from the center area (as
marked in the dotted line in Fig. 2a). A mixed solution of
5 vol.% ferric chloride, 20 vol.% hydrochloric acid and
75 vol.% distilled water was used to reveal the microstructure
of the samples after mounting, grinding and polishing. The
microstructures of deposited samples were examined with a
Zeiss Axio Scope A1 optical microscope (OM) (Carl Zeiss
Microscopy GmbH, Gottingen, Germany), Hitachi SU 1510
scanning electron microscope (SEM) (Hitachi, Tokyo, Japan)
and FEI Talos f200 9 transmission electron microscope (TEM)
(FEI, Hillsboro, OR, USA). X-ray diffraction (XRD) (Axs-D8
Advance, Bruker, Karlsruhe, Germany) analysis was conducted
using Cu target at diffraction angle (2h) from 20� to 90� to
identify the phases.

The tensile properties of the deposited wall were measured
in the horizontal (welding direction) and vertical directions
(deposition direction). The two orientations were referred to as
H and V, respectively. The locations and sizes of the tensile
specimens are shown in Fig. 2(a) and (b). The produced
specimens had the following dimensions: 50 mm overall
length, a gage section of 25 mm in length by 5 mm in width
and 3 mm in thickness. The tensile properties between the H
and V directions were compared. Considering the heteroge-
neous microstructure within the deposited wall (Ref 24), five
specimens were machined in different regions along the
deposition direction to reveal the effects of location on the
tensile properties (Fig. 2a). A reference as-cast NAB alloy
sample, which was close to the composition of the welding
wire, was used to test the tensile properties and analyze the
microstructure. The as-cast alloy specification corresponded to
unified numbering system C95220, and the nominal composi-
tion (wt.%) of this material was: Cu: 81% minimum, Al: 8.0-
10.5%, Ni: 2.5%, Fe: 2.0-4.0%, Mn: 0.5-2.0%. Tensile tests
were performed at room temperature with an extension rate of
0.5 mm min�1 using an Instron 8872 universal testing machine
(Instron Corporation, Norwood, MA, USA). The strain was
measured with an electronic extensometer. The strain evolution
of the sample was investigated using an optical system
incorporated with DIC system (iX Cameras, Shanghai, China).
The test samples were prepared with spray-painted black
speckles on a white paint layer providing a random speckle
pattern for the DIC system to follow. During the tensile test, the
deformation was recorded using the DIC system, and the
captured images were analyzed with the help of an in-house
software. The fracture surfaces were examined through SEM.
Microhardness was measured using a QNESS 10A + semiau-
tomatic Vicker tester with a test load of 50 g and a dwell time
of 10 s. Indentations were performed along the vertical
centerline (Z) in the cross section (X–Z plane) with an interval
of 1.0 mm. Microhardness was measured along the weld
direction (Y) in the longitudinal section (Y–Z plane) of the
deposited metal (Fig. 2c). Netzsch Sta 449F3 (Netzsch, Selb,

Table 1 Chemical composition of NAB alloy wire (wt.%)

Cu Al Ni Fe Mn

86 8 2 2 2
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Germany) differential scanning calorimetry (DSC) was used to
study the melting points of WAAM fabricated samples with a
heating rate of 10 �C/min.

3. Results

3.1 Microstructure Characteristics and Phase Constituents

The typical macrostructure of the cross section (Y–Z plane)
is shown in Fig. 3(a). Typical epitaxial growth of columnar
grains is oriented along the deposition direction, which is
opposite to the direction of heat flow. The growth direction of
the columnar grains is not strictly vertical to the substrate
throughout the sample. The cooling of the weld pool primarily
occurs via the substrate or previously deposited layer (Ref 25).
Hence, the growth direction of the columnar grains appears to
be an angle with the substrate. Regularly distributed interlayer
bands (ILBs) are uniformly spaced in the entire sample (as

shown in the insert pictures in Fig. 3a). The formation of ILBs
can be attributed to the partial remelting of the previously
deposited layers by WAAM. The two adjacent ILBs are
separated by approximately 2.0 mm, which correspond to the
average added layer height. The deposition height of the last
layer is more than 2.2 mm, making it convenient to explain that
the ILBs are remelted structure. Similar ILB structure has been
reported in laser melting deposition (Ref 26) and WAAM (Ref
27).

Figure 3(b) shows the microstructure of the bottom region
in the first-pass deposited layer (Y–Z plane). A region of planar
growth is found because of the high temperature gradient (G)
and slow growth rate (R) at the bonding interface and is
indicated by a black arrow (Fig. 3b). WAAM involves a larger
melt pool diameter and layer height than power bed technolo-
gies, thereby leading to a greater microstructural heterogeneity
(Ref 27). Kurz and Fisher indicated that the ratio of G/R
determines the growth morphology and G • R controls the
scale of formed microstructure (Ref 28). With the decrease in

Fig. 2 Schematic configurations of sample preparation: (a) position of tensile specimens, (b) dimensions of tensile specimens in mm, (c)
schematic of microstructure observations and microhardness test (blue points marked as hardness indentation) and (d) schematic of
microstructure observation position

Fig. 1 (a) and (b) Typical WAAM fabricated samples, (c) and (d) schematic of the welding path
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G/R from the bottom to the top of the molten pool, a dendrite
structure forms in the bottom of the molten pool (Fig. 3b) and
changes to cellular grains without secondary dendrite arms
(SDAs) in the middle of the first-pass deposited layer (Fig. 3c).

In the second-pass deposited layers, epitaxial cellular grains
without SDA growth oriented upward grow in the opposite
direction to the temperature gradient (Fig. 3d). Some equiaxed
grains are stuck in the ILB zone (Fig. 3e). A similar phe-
nomenon occurs in third-pass deposited layer (Fig. 3f and g).
This condition is probably because the thermal environment is
dynamic during additive manufacturing and equiaxed grains are
only formed when temperature gradients sufficiently decrease
to permit constitutional supercooling (Ref 29). After the
deposition of third-pass layers, the epitaxial columnar grains
form in the subsequent regions.

The changes in columnar grains are usually related to the
deposition height. Figure 4 shows the OM micrographs of the
microstructure between two adjacent ILBs in different
deposited heights (the Y–Z plane presents the grain morphology
in the bottom, middle and top regions of the columnar grains,
and the observation position is shown in the blue box in Fig. 2d
and 3a). The microstructure of the Cu-8Al-2Ni-2Fe-2Mn alloy
is mainly composed of abundant fine columnar dendrites
caused by high cooling during solidification in WAAM and
grows epitaxially along the deposition direction with some
equiaxed grains located at the sides of columnar dendrites, as
shown in Fig. 4(a1–a4, b1–b4 and c1–c3). The width of the
primary dendrite arm (PDA) spacing from the bottom to the top
region successively increases. The PDA spacings of the

measured near-substrate, middle and top regions are
14.5 ± 4.5, 23.6 ± 5.2 and 29.8 ± 5.5 lm, respectively. With
the dynamics of G/R in the weld pool, regular small SDA
formation can be observed in each deposited layer. The
secondary dendrites are nearly perpendicular to the primary
dendrites and serve as growth sites for the primary dendrites of
the next layer as they follow the heat flux direction. This
condition probably helps to maintain the growth direction of
primary dendrites in subsequent layers (Ref 30). In the last-pass
deposited layer, the grain morphology changes from columnar
dendrites to equiaxed dendrites because of the decrease in
temperature gradient and the increase in interface moving
velocity (Ref 31). No subsequent layers remelt the grains, and
only the top region shows this transition characteristic
(Fig. 4c4).

Metallographic examination indicates that similar columnar
dendrite change occurs in the X–Z plane (Fig. 5). With the
decrease in the G/R ratio from the bottom to the top of the
welding pool, the microstructure transforms to columnar
dendrites with secondary arms. The width of PDA spacing
increases with the deposited height.

The typical microstructure of the X–Y plane is shown in
Fig. 6. The microstructure appears as coarse primary columnar
grains at low magnification because it grows epitaxially along
the deposition direction (as shown by the dotted lines in
Fig. 6a). In the lower region (the observation location is
marked with a blue arrow in Fig. 2c), typical equiaxed grains
are found in the bottom of the welding pool, which is upper
than the ILB (as shown in Fig. 6b and d, the observation

Fig. 3 Morphology and microstructure in the Y–Z plane of deposited metal: (a) macrostructure morphology and ILB structure, (b)
microstructure in the bottom of first-pass layer, (c) dendritic transforms to cellular grains in the first-pass layer, (d) microstructure in the first ILB
zone (OM), (e) enlarged version of Fig. 3(d) (SEM), (f) microstructure in the second ILB zone (OM) and (g) an enlarged version of Fig. 3(f)
(SEM)
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location is marked with a blue arrow in Fig. 2d). The
microstructure transforms to dendritic structures because of
the development of SDA (Fig. 6c and e). With the accumula-
tion of heat, the grain size in the upper region is larger than that
in the lower region. The transition microstructure in the X–Y
plane demonstrates that the transformed dendrites are equiaxial
dendrites rather than the columnar dendrites along the welding
direction.

The results of XRD phase characterization in different
locations of deposited wall are shown in Fig. 7. The deposited
wall mainly involves the diffraction peaks of a-Cu phase and
small amounts of intermetallic phases (j phase) caused by
alloying elements, such as Al, Ni and Fe. Compared with
different deposited heights, the diffraction peak broadens in the
lower region, as indicated by red arrows in Fig. 4. This finding
can be attributed to fine grain structure in this region, which is
reported in a previous literature (Ref 32). The diffraction peak
in the bottom region does not accord with the regularity of the
columnar grains mainly because of the difference in microstruc-
ture.

OM examination did not reveal any intermetallic phases in
WAAM samples. Figure 8 shows the TEM image of the
WAAM Cu-8Al-2Ni-2Fe-2Mn alloy at high magnifications,
revealing some globular jII based on Fe3Al and lamellar jIII
based on NiAl in the interdendritic region (Fig. 8a and b).
Some amounts of fine jIV (rich-Fe, 5 nm to 10 nm in size)
precipitates are observed in the a-Cu matrix (Fig. 8c). These
small and disperse jIV phases may inhibit grain boundary
mobility, which is beneficial for improving strength (Ref 33).
The results are similar to those reported by other studies (Ref 4,
23). No evidence of retained b martensite or jI phases is
observed in the WAAM samples. The microstructural exami-
nation of the as-cast C95220 alloy found that a number of
intermetallic particles are dispersed in the relatively coarse a-
Cu matrix. As shown in the SEM micrograph in Fig. 8(d), the
intermetallic phases consist of large jI in rosette morphology,
jII in the form of small roughly globular particles, jIII in
lamellar morphology and jIV in the form of numerous fine
particles homogeneously precipitated within the a-Cu matrix
(Ref 4, 34).

Fig. 5 Effect of deposited height on the microstructure of the ILB region (X–Z plane): (a)-(d) represent the microstructure from the bottom to
the top region in the columnar grains

Fig. 4 Effect of deposited height on the microstructure between two adjacent ILBs in the columnar grains (Y–Z plane): (a1)–(a4), (b1)–(b4),
(c1)–(c4), representative of the microstructure from box 1-box 3 in Fig. 3(a), respectively
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3.2 Tensile Properties and Microhardness

Tensile properties are tested in the horizontal (H) and
vertical directions (V). The stress–strain curves for the H and V
directions in the WAAM samples and as-cast C95220 alloy and
the tensile properties determined from these curves are
compared in Fig. 9. All of the WAAM samples are found to
exhibit considerably higher YS and El compared with the cast
samples. Cast C95220 alloy has UTS than that of WAAM
samples because of its more contents of Al, Fe and Ni. In the
perspective of NAB component engineering design, YS is more
relevant than UTS. The stress–strain curves demonstrate that
although the nature of the flow curves of samples in the H and
V directions is similar, a marked difference is found in their
properties. The UTS of the H direction (424-458 MPa) is
higher than that of the V direction (401-405 MPa). The YS of
the V direction (192-193 MPa) is comparable to that of the H

direction (190-195 MPa). Regarding ductility, the El of the V
direction (43.32-47.11%) exhibits higher ductility than the H
direction (40.52-41.77%). The anisotropy of UTS and El exists
in the WAAM samples. The detailed results of the average
tensile properties (including standard deviation) in the vertical
and horizontal directions within the UTS, YS and El are listed
in Table 2.

The tensile properties at different heights along the depo-
sition direction are tested (the location of tensile specimen is
consistent with that of Fig. 2a) to study different locations
along the deposition direction on the tensile properties of the
deposited wall. The experimental results are shown in Fig. 10.
The location near the substrate section of the deposited wall
shows the highest UTS, YS and ductility because of the fine
cellular grains. The UTS and YS are sensitive to the locations,
and the PDA spacing increases with the increase in deposition
direction, as shown in Fig. 4, 5 and 6. Thus, the UTS and YS
values gradually decrease from the near-substrate to the top
region. Ductility exhibits minimal variation in different
deposited heights. These tensile test results are consistent with
the change in microstructure.

Figure 11 shows the SEM micrographs of the tensile
fracture surfaces for the WAAM samples and as-cast C65220
alloy. The WAAM samples in V and H directions and as-cast
C95220 alloy have extremely different fractures. For the
WAAM alloy sample in V direction, the dimples and slip
separation (marked by white arrow in Fig. 11a) are mixed. The
WAAM alloys of H1 sample are mainly dominated by dimples
in terms of fracture (Fig. 11b). Samples H2 to H5 show
extremely similar fracture, the fracture surface morphology
exhibits a transgranular ductile failure mode, the dimples are
found in the boundaries, and the PDAs are clearly observed
(Fig. 11c–e). The PDA spacing in the fracture increases with
different heights along the deposition direction, which is
consistent with the results of microstructure observation (as
shown in Fig. 4, 5 and 6). The fracture morphologies of tensile
specimens at different heights are consistent with the tensile
properties. The fracture surface of as-cast samples shows some

Fig. 6 Effect of deposited height on the microstructure in the X–Y plane: (a) low magnification of primary columnar grains, (b), (c)
microstructure of different locations in the same deposited layer at the lower region, (d), (e) microstructure of different locations in the same
deposited layer at the upper region and (f) microstructure in the transition region (the top of last layer)

Fig. 7 XRD patterns of WAAM Cu-8Al-2Ni-2Fe-2Mn alloy in
different deposited heights
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regions with flat fracture that adverse to the ductility (Fig. 11f),
the fracture mode shows a mixture of regions of small dimples
with the regions of cleavage facets.

The changes in microhardness values along the deposited
height in the X–Z and Y–Z planes are shown in Fig. 12.
Figure 12(a) displays the microhardness values from the
bottom region to the top region along the centerline (as shown
in the schematic graph in Fig. 2c). The hardness values near the
bottom region are higher than the middle and top regions. The
maximum microhardness values are found near the bottom
area, which can be attributed to the cellular grains near the
bottom region. The hardness fluctuation range of the columnar
grains and equiaxed dendrites is smaller compared with the
bottom region. Figure 12(b) shows the microhardness values of
columnar grains at different locations along the deposition
direction in the X–Z plane, with the corresponding locations of
testing lines marked in Fig. 2c. The mean hardness values of
the bottom, middle and top regions are 139.8 ± 1.7 HV,
135.4 ± 1.6 HV and 131.2 ± 1.9 HV, respectively. The

Fig. 9 Comparison of stress–strain curves of as-cast C95220 alloy
and WAAM samples (inserted pictures represent the relationship
between applying tension and grain direction in the samples, where
F denotes tensile force direction)

Fig. 10 Effect of location on the tensile properties and El of
deposited metal in different regions corresponding to Fig. 2

Table 2 Tensile properties of the WAAM samples

Direction UTS, MPa YS, MPa El, %

Horizontal 439.87 ± 11.81 192.53 ± 1.68 41.05 ± 0.43
Vertical 403.15 ± 1.55 193.08 ± 0.76 44.64 ± 1.74

Fig. 8 Intermetallic phases in NAB alloys: (a) and (b) TEM images of WAAM samples in the interdendritic regions, (c) TEM images of
WAAM samples in the a-Cu matrix and (d) SEM images of cast C95220 alloy
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microhardness tends to be relatively homogeneous along the
welding direction at the same height, that is, no difference is
observed in the microstructure along the welding direction at
the same height. For different deposition heights, the heat
accumulation of the deposited metal and the cooling rate are
different, thereby directly affecting the PDA spacing and
resulting in a large difference in the hardness between different
heights. The consistency of these microhardness measurement
results is in agreement with the tensile test.

4. Discussion

The microstructure transformation of Cu-8Al-2Ni-2Fe-2Mn
alloy in the deposited metal can be mainly affected by
solidification conditions. Temperature gradient G and growth
rate V dominate the mode of solidification (Ref 28). With the
variations in G and V, various microstructures, such as dendrite
morphology, cellular grains, columnar dendrites, secondary
dendrites and equiaxed dendrites, can be generated.

The typical thermal history measured in WAAM for a
sequence of 20 deposited layers is shown in Fig. 13. A type-K
thermocouple is buried 2 mm below the surface of the substrate

in a hole. After the deposition of the first- and tenth-pass layers,
the thermocouples are quickly plunged into the melt pool and
record the subsequent deposited layer thermal cycle. As shown
in Fig. 13(a), the substrate temperature reaches its maximum at
the fourth-pass layer with the increases in deposited height (the
black arrow in Fig. 13a). This finding shows that the substrate
has a great influence on the microstructure during the
deposition of the first third-pass layers. The cooling rate of
first third-pass layers near the substrate is quicker than those of
the subsequent layers. The region of dendritic structure forms at
the bottom of the molten pool in the first-pass layer because of
the high temperature gradient and slow growth rate (Fig. 3b).
Cellular grains are found in the upper region of the first-pass
layer and the second-pass deposited layer (Fig. 3c and d).
Cellular grains, which are usually ellipsoid-like crystals, grow
perpendicular to the heat flux direction (Ref 35). The spacing
among the cellular structure varies. The initial cellular mor-
phology can adjust itself to give an optimum growth (Ref 36).

Comparing the peak temperature of the first- and tenth-pass
layers, the peak temperature slightly increases with the increase
in deposited height (Fig. 13a). The arc heat does not have
sufficient time to transmit, and more heat accumulation occurs
in the upper layer, thereby reducing the temperature gradient
and increasing the PDA spacing. The peak temperature of the

Fig. 12 Microhardness distribution of the deposited WAAM metal: (a) Y–Z plane and (b) X–Z plane

Fig. 11 Fracture surfaces of tensile samples: (a) V3 sample, (b) H1 sample, (c) H2 sample (d) H4 sample (e) H5 sample and (f) as-cast sample
(the white arrow indicates the characteristics of slip separation)
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curve is extremely close to the melting point (1020.89 �C)
measured through DSC (Fig. 13b). Hence, we can predict that
the temperature of the arc melting pool is sufficiently high to
remelt the equiaxed dendrites (Fig. 4c4), and the SDAs help to
maintain the growth direction of primary dendrites in subse-
quent layers (Fig. 4a1-b4 and c1-c3) and form the epitaxial
growth.

The product of temperature gradient G and growth rate V
governs the mode of dendritic arm spacing. According to Kurz
and Fisher�s model (Ref 28), PDA spacing k can be expressed
as:

k ¼ 3DT0R
G

� �1
2

ðEq 1Þ

where DT0 is the non-equilibrium solidification range and R is
the dendrite tip radius. Dendrite tip radius R can be expressed
as:

R ¼ p
4DLC
KDT0V

� �1
2

ðEq 2Þ

where DL is the liquid diffusion coefficient, C is the Gibbs–
Thomson coefficient and K is the equilibrium diffusion
coefficient. PDA spacing k is identified as a function of G
and V and can be expressed as:

k ¼ 3p
G

� �1
2 4DLT0C

KV

� �1
4

ðEq 3Þ

In accordance with Eq 3, the lower the value of G 9 V is,
the greater the possibility of large dendritic arm spacing
formation will be. As previously described about temperature
field, the temperature gradient and cooling rate decrease,
accompanied by an increase in the PDA spacing, when the
deposited height increases. On the basis of this discussion and
the Hall–Petch relationship (Ref 37), large dendritic arm
spacing in the top region provides an explicit explanation for
the lower tensile strength and microhardness than that in the
middle and near-substrate regions.

The strain maps obtained under the tensile loading in the
horizontal and vertical directions are presented in Fig. 14. A
consistent scale ranging from quarter, half, three quarters and
final fracture is used to facilitate the comparison. Different
colors in the gauge section indicate different deformation
degrees. As indicated in the vertical sample, the deformation of

inhomogeneous microstructure in the columnar grains starts
with the elastic deformation stage (Fig. 14a1). With the
increase in tensile load, inhomogeneous deformation among
ILBs can be observed (Fig. 14a2). The strain concentrations
occur in the weak region of the sample. The large plastic strain
(red region) of 930 s indicates two possible regions where
necking may occur (Fig. 14a3). Fracture occurs in the necking
location (Fig. 14a4). The horizontal sample exhibits uniform
deformation during tension (Figs. 14b1 and b2). In the plastic
deformation stage, the fracture will eventually occur when a
large deformation is formed (Fig. 14b3 and b4). A previous
study showed that the strength is related to the growth of
columnar grains along the deposition direction (Ref 38). The
discrepancies in El and strength between H and V directions can
be attributed to the coarse columnar grains. The vertical
specimen contains many columnar grains, and the horizontal
specimen contains many columnar grain boundaries (as shown
in the insert test samples pictures in Fig. 9). Considering that
the strength caused by the grain boundaries is higher than the
strength from the grains themselves (Ref 39), the tensile load
perpendicular to the grain boundaries leads to a greater load to
separate the adjacent columnar grains (Ref 40). Thus, the
strength of the horizontal tensile specimen is higher than the
vertical one.

As shown in the inserted test samples pictures in Fig. 9, the
vertical samples show more obvious uniform El and necking
compared with the horizontal samples, indicating that vertical
samples have greater plastic deformation and lead to slip
separation and dimple on the fracture (Fig. 11a). The fractures
change to transgranular with dimples with the increase in
strength and decrease in El (Fig. 11b–e). The existence of
columnar grains and the width of the primary dendrite that
changes with position in the deposited metal are the primary
factors of anisotropy in tensile properties.

WAAM is successfully applied to NAB components with
complicated structure and shape. Compared with casting and
additive manufacturing methods, the mechanical properties of
as-deposited Cu-8Al-2Ni-2Fe-2Mn alloy display a combination
of UTS and ductility (Ref. 19–23, 41, 42) (Fig. 15). WAAM is
relatively low-cost technology, and NAB alloys can be
additively manufactured with designed different components
of welding wire to obtain the corresponding properties.
Although the proposed methodology is applicable to NAB
alloys, many studies should be conducted, especially for
corrosion behavior, wear, impact properties, fatigue properties

Fig. 13 (a) Temperature field for different regions and (b) DSC curve of the WAAM Cu-8Al-2Ni-2Fe-2Mn alloy
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and an excellent combination of improved ductility and high
tensile strength in the near future.

5. Conclusions

In this study, full-density Cu-8Al-2Ni-2Mn-2Fe alloy is
successfully produced through WAAM. The effects of location
on the microstructure and mechanical properties of the wall
component are systematically investigated. The major conclu-
sions the present study can be summarized as follows:

(1) The as-deposited walls can be divided into four distinct
regions along the vertical deposition direction. In the

near-substrate region, the microstructure mostly consists
of dendrite and cellular grains. In the third interlayer
bands and subsequent deposited layers, columnar den-
drites grow epitaxially along the deposition direction,
and the equiaxed dendrites form at the top of the depos-
ited layer.

(2) WAAM alters the microstructure, the alloy has an inter-
dendritic microstructure containing globular jII phase
based on Fe3Al and lamellar jIII phase based on NiAl,
and the jIV phase (rich-Fe) of precipitates is nucleated
in the a-Cu matrix. No jI and retained b phases are ob-
served in the WAAM alloy.

(3) The PDA spacings of the near-substrate, middle and the
top regions are 14.5 ± 4.5, 23.6 ± 5.2 and
29.8 ± 5.5 lm, which are consistent with the decrease
in tensile properties and increase in deposited height.
The tensile properties differ by approximately 8.3% in
the horizontal and vertical directions because of the ani-
sotropic microstructure in these orientations. Compared
with the vertical direction, the tensile strength tested in
the horizontal direction exhibits higher value but re-
duced ductility.

(4) The microhardness of the deposited alloy gradually de-
creases from approximately 175-130 HV with the in-
crease in distance away from the top surface. The
microhardness fluctuation range of the middle and top
regions is smaller compared with the bottom region.

(5) The fracture surfaces mainly exhibit typical ductile
mode fracture characterized with transgranular, dimples
and slip separation.

Fig. 15 UTS versus tensile El to failure for NAB alloys fabricated
via additive manufacturing and casting

Fig. 14 Strain maps obtained from the DIC measurements: (a) vertical direction sample and (b) horizontal direction sample (The black arrow
denotes fracture position. For interpretation of the references to color in this figure, the reader can refer to the web version of this article.)
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