Microstructure and mechanical properties of Ti basic bionic gradient
heterogeneous alloy prepared by multi-wire arc additive manufacturing
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ABStRACt

Inspired by biological gradient structure, Ti basic gradient heterogeneous alloy component from TC11 alloy to TC4 alloy was fabricated by multi-wire arc
additive manufacturing (MWAAM). The chemical mixing, phase and microstructure evolution, microhardness distribution and tensile property of Ti basic
gradient heterogeneous alloy were investigated through EDS, XRD, SEM, hardness tester and tensile tester. The results indicated that the alloy elements
formed a long-distance gradient concentration distribution during the transition between two different titanium alloys due to dilution, remelting, and
convective mixing in the molten pool. The intensity of diffraction peaks of Ti basic gradient heterogeneous alloy in the gradient region had no obvious
change. The microstructure of MWAAM Ti basic gradient heterogeneous alloy was mainly consisted of lamellar ap, acicular as, equiaxed as and B matrix.
Different morphology of the as phase was mainly attributed to the wetting state of the second solid phase and grain boundary. In addition, the microstructure
of a phase in Ti basic gradient heterogeneous alloy was significantly changed by the gradient distribution of alloy composition. The gradient heterogeneous
alloy component manufactured in this work had high bonding strength. The average UTS of MWAAM Ti basic gradient heterogeneous alloy was
793.14 MPa, which was close to MWAAM TC4 alloy and reached approximately 85% of MWAAM TC11 alloy.

1. Introduction

Wire arc additive manufacturing technology (WAAM) is a tech-
nology that uses arc as heat source to deposit materials layer by
layer to directly manufacture large metal components [1,2]. It is
widely concerned because of its high deposition rate, high material
utilization, and relatively low production and equipment costs [3].
Since the development of WAAM technology, it is gradually deepening
from the aspects of design, manufacturing, materials, equipment,
various processes of process technology, and many fields of industrial
application. At present, most of the molding materials involved in
WAAM, especially the metal material system, are only manufactured
for a single homogeneous material [4-6]. However, in the fields of
national defense and military, aerospace, biomedicine,
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green energy and other industries, there is little research on the
manufacturing additive technology of heterogeneous metal with
significant application value and innovative advantages.

For aerospace components, in order to meet the needs of different
components in different service environments, combining different
materials into a single component is an effective solution to expand
the overall functional characteristics [7,8]. However, there are
many problems in the connection of heterogeneous metal
components, such as mismatched material combinations, poor in-
terface bonding, and difficult to control performance [9-12].
Therefore, it is necessary to optimize the connection structure of
heterogeneous metal materials.

Natural biological gradient structures in nature provide the most
perfect solution for the design of heterogeneous metal functional
structures [13]. For example, the bones and teeth of animals and the
bamboo in plants have evolved and optimized for hundreds of mil-
lions of years. They have already developed into heterogeneous
objects composed of a variety of functional materials. Their material
composition and structural characteristics have gradient differences
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Tablel
The nominal chemical compositions of the TC11 and TC4 alloy wires.
Al Mo Zr \ Si Fe C N 0 Ti
TC11 6.52 339 174 - 030 0.07 001 001 011 Bal
TC4 6.20 - - 4.02 - 0.02 0.01 0.01 0.09 Bal

Table.2
The optimized MWAAM process parameters about this experiment.
TC11 TC4

Arc current (A) 150 144
Average voltage (V) 14.0 14.0
Wire feed velocity (cm/min) 200 200
Hot-wire current (A) 120 120
Moving speed (mm/min) 360 360
Layer thickness (mm) 15 15
Shielding gas flow rate (L/min) 20 20

in spatial distribution, which has the outstanding advantage of
multi-functional optimization integration [14,15]. With the help of
multi-dimensional and multi-scale bionic gradient structure design
and additive manufacturing technology, the integrated manu-
facturing of functional modular heterogeneous metal parts can be
realized.

Titanium alloy plays an important role and strategic position in
aircraft structure due to its excellent mechanical and physical
properties [16-20]. Recently, the development and application of
dual titanium heterogeneous alloys components also have been at-
tracted more and more attention by researchers. Chen et al. [7] had
deposited TC11 alloy samples on TC17 substrate by WAAM, and
studied the effects of different annealing temperatures on the mi-
crostructure and properties of TC11-TC17 double alloy samples. They
found that the hardness of TC17 increased slightly after annealing at
560 °C, but the tensile properties did not change significantly.
Moreover, the ductility was improved due to the wide a phase and
uniform microstructure after annealing at 700 °C and 800 °C. Kennedy
et al. [15] reported the effect of alloy composition on phase
microstructure of the two high-performance dissimilar titanium
alloys (Ti-5Al-5V-5Mo-3Cr and Ti-6Al-4V) tailored components by
WAAM. The results showed that the change of alloy composition had
almost no obvious effect on the B-grain structure, but had a significant
effect on the transformation microstructure of the o phase. Liu et al.
[21] investigated the mechanical properties of laser additive
manufacturing TA15-Ti2AINb bimetallic components. The TA15-
Ti2AINb bimetallic structures presented excellent tensile properties
in this work, and the average tensile strength was 1025 MPa and

elongation was 7.3%. Wang et al. [22] prepared a material transition
from TA15 to TC11 by WAAM. The results showed that the strength at
the interface was higher than the longitudinal strength of TA15, and
the transverse elongation at the interface was higher than TA15 and
TC11. Although there have been some reports on the fabrication of
dual titanium heterostructures components with additive manu-
facturing, the research on the microstructure and functional prop-
erties of the transition region is still lacking.

In this study, a large size of Ti basic bionic gradient heterogeneous
alloy component from Ti-6.5A1-3.5Mo-1.5Zr-0.3Si (TC11) to Ti6Al4V
(TC4) was designed by multi-wire arc additive manufacturing
(MWAAM) technology, which aims at the practical application of
compressor blades and discs of aeroengines in aerospace industry
[23]. The distribution of elements, phase and microstructure
evolution, mechanical properties were experimentally characterized
to try to establish the relationship of process-micro-structure-
property in TC11-TC4 bionic gradient heterogeneous alloy
component. This knowledge can be used to help control the range
and performance of the transition region in the Ti basic gradient
heterogeneous alloy structural parts. In addition, the research in this
paper provides a certain theoretical basis for the MWAAM large-
scale gradient heterogeneous alloy components.

2. Material and methods
2.1. Multi-wire arc additive manufacturing

In this experiment, TC11 and TC4 alloy wires with a diameter of
1.2 mm were used as raw materials. The nominal chemical compo-
sitions of the TC11 and TC4 alloy wires is shown in Table 1. The
MWAAM system consists of a 6-axis ABB robot arm with a IRC5
controller, a shielding gas unit and wire feeders. The tungsten inert
gas (TIG) torch is installed on the ABB robot which can move upwards
and downwards. The resistance heat power sources were used to
greatly reduce heat from the arc. The MWAAM environment was in
the enclosed atmosphere with 99.99% purity argon. The more detail
of other fundamental modules of the MWAAM can be found in
previous work [24]. The Ti basic gradient heterogeneous alloy
component (about 200 mm long, 60 mm wide and 120 mm high)
from TC11 to TC4 was deposited on TC11 substrate by MWAAM. The
optimized MWAAM process parameters were shown in Table 2. At
first, the TC11 wire was deposited on TC11 alloy substrate to a height
of 60 mm. Subsequently, the TC4 wire was deposited on the as-de-
posited TC11 up to a total height of 120 mm. The schematics of the
MWAAM Ti basic gradient heterogeneous alloy component and de-
position scanning pattern are shown in Fig. 1.
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Fig. 1. (a) Schematics of the MWAAM Ti basic gradient heterogeneous alloy component, (b) deposition scanning pattern.



P.F. Jiang, X.R. Li, X.M. Zong et al.

17

39

v

Deposition direction
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Fig. 3. The distribution of compositions in the interface of MWAAM Ti basic gradient heterogeneous alloy.

2.2. Material characterization

After MWAAM process, the as-built specimens were spark cut for
microstructural characterization and mechanical test. The shape and
dimensions of tensile specimens are displayed in Fig. 2. To investigate
the chemical gradient and phase formed in the transition region, the
energy-dispersive X-ray spectrometer (EDS, J[SM-IT500A) and X-ray
diffraction (XRD, D/Max 2500PC, Rigaku, Cu Ka) were performed
normal to the layers. The grain morphology and microstructure of
cross-section of specimen parallel to deposition direction were
observed via optical microscopy (OM, ZEISS-Scope Al) and scanning
electron  microscopy  (SEM, JSM-IT500A) after standard
metallographic procedure of grinding, polishing, and etching with a
solution (1 ml HF, 6 ml HNO3 and 100 ml H20) for 10s

2.3. Microhardness and tensile testing

The microhardness of cross-section of specimen was performed
using a Vickers automatic hardness tester (Huayin, HVS-1000), with a
testload of 200 g and dwell time of 15 s. The position was tested every
0.5 mm from TC11 alloy side to TC4 alloy side, and each position for
three times to take the average value to reduce the error. Tensile
properties at room temperature were conducted on a tensile testing
machine (Instron 1121). The constant displacement rate was 1 mm/
min. The fracture morphologies of the failed specimens were analyzed
by the same SEM as stated above and ultra-depth of field 3D
microscope (VHX-950 F) to evaluate the tensile failure mechanisms.

3. Results and discussion
31 Transition overviews

In order to study the chemical gradient formed during the trans-
formation from TC11 alloy to TC4 alloy, EDS line scanning analysis was
carried out in the direction perpendicular to each layer. EDS maps for
interface regions are presented in Fig. 3. The EDS results showed that
the alloy elements formed a long-distance gradient concentration
distribution during the deposition of TC4 on TC11. Driven by the
complex convection of liquid in the moving process of molten pool, the
solute between the new layer of wire deposition and the remelting
volume of the previous layer was mixed in the molten pool, and then
retained with the solidification process. There are relatively many re-
lated literatures reported the molten pool circulation driven by arc
force convection, but the surface tension gradient of liquid metal is
also one of the important reasons for the formation of convection [25].
The temperature of the molten pool liquid under the arc is the highest
and the surface tension of the liquid is the lowest. The surface tension
of the liquid increases when the temperature of the liquid decreases
away from the arc center. The liquid far from the arc center will pull
away from the arc center due to the increase of surface tension, which
will reduce the height of the liquid surface under the arc and increase
the height of the liquid surface far away from the deposition direction.
A liquid gravity countercurrent will be generated below the high liquid
level with the increase of this height difference, so that the liquid
countercurrent will return to the lower liquid level area below the arc,
as shown in Fig. 4. The convection cycle on the liquid surface will move
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Fig. 4. The flow pattern of thin liquid layer with surface tension gradient on the
surface.

Table3
Average layer compositions measured from the EDS data for the MWAAM specimen
base alloys and 3 layers after deposition of the new alloy.

Specimen Layer Mo (wt%) Zr (Wt%) V (wt%)
TC11 bottom 3.34 1.69 0

1 1.75 0.82 0.34

2 0.78 0.36 0.84

3 0.24 0.16 2.02
TC4 top 0 0 3.96

continuously when the arc moves, resulting in the dilution effect of the
previous layer on the newly added layer. TIG arc heat source is used in
WAAM, and standard process parameters are optimized to avoid fu-
sion defects. This requires a remelting depth of about 0.7 mm, re-
sulting in a dilution level of 50-70% between each layer [15,26]. For
WAAM, if another alloy wire is added to the previously deposited
substrate, and then the effect of dilution on element concentration (if
this element does not exist in the new alloy wire) Cy », can be simply
predicted using the following relationship [15]:

Cx, n = Cx, o[Fa]™ (@8]

Where C;, o is the initial concentration of elements in the base layer,
Fa is the dilution of the added new alloy, and n is the number of
deposition layers. Thus, it can be estimated that the average dilution
of TC4 alloy deposited on TC11 alloy was 47% according to the results
of Table 3.

In order to explore the microstructure evolution after the first
layer of TC4 deposited on TC11 alloy, OM observation at lower
magnification was carried out. The OM results indicated that the
microstructure of the interface between the first TC4 alloy layer and
the last TC11 alloy layer changed obviously, as shown in Fig. 5. After
deposited the first layer of TC4 alloy, the microstructure below the
bonding zone gradually coarsened from TC11 layer to TC4 layer.
When the first TC4 layer was deposited on the last TC11 layer, the
alloy elements in the newly deposited TC4 layer and the elements in
the TC11 remelting zone will be completely mixed in the whole new
melting zone due to the complex heat flow cycle in the molten pool.
Therefore, part of the deposited layer as a new remelting zone will
be diluted again during the deposition of the next TC4 layer, although
the dilution degree was low. Meanwhile, violent component diffusion
will occur due to high temperature in the lower part of the deposited
layer near the molten pool. Two diffusion zones will be formed when
depositing the first TC4 layer, and the content of Mo and V elements
will change linearly in the diffusion zone, as shown in Fig. 6. With
the repetition of this process, the elements in TC11 sedimentary layer
can be transferred upward through many subsequent sedimentary
layers added later. As shown in Fig. 7, the element diffusion decay
rate depends on the dilution level [15]. It can be seen from Fig. 7
that, the remelting depth was large at a high dilution level, and the
matrix elements can diffuse into more deposited layers. However, the
remelting depth was small at a small dilution level and the element
diffusion distance was short. In addition, the concentration of alloying
elements in the base alloy will decay to a very low level when it
exceeded the third deposition layer. Therefore, a certain width of
gradient diffusion region will be formed during the preparation of
WAAM dissimilar alloys, and the width of the gradient diffusion
region can be determined in advance by intelligent control of WAAM
deposition process parameters.

3.2. Phase composition

The phase composition analysis of the gradient region between
TC11 alloy and TC4 alloy was examined by X-ray diffraction test.
Three positions were tested (named T/T-1, T/T-2 and T/T-3) in the

Fig. 5. OM microstructure (X-Z plane) of MWAAM Ti basic gradient heterogeneous alloy: (a) Gradient region; (b) Region I; (c) Region II; (d) Region III; (e) Region IV.
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Fig. 7. The theoretical composition profile of an alloy element through multiple
added layers of a dissimilar alloy wire with different dilution ratios (adapted from
Kennedy et al,, 2021).

gradient region parallel to the deposition direction from TC11 alloy
to TC4 alloy. The X-ray diffraction patterns of the as-received Ti basic
gradient heterogeneous specimens are shown in Fig. 8. All the spe-
cimens exhibited a typical hexagonal close-packed (HCP) a phase
and body-centered cubic (BCC) B phase. It can be seen from Fig. 8a
that the intensity of diffraction peaks in the gradient region had no
obvious change. However, the intensity of a (100) peak and a (201)
peak in TC4 alloy and a (103) peak in TC11 alloy were higher than
that of the diffraction peak in the gradient region. Moreover, the a
(101) diffraction peak of three gradient regions shifted to a higher
angle compared with the a (101) peak of TC11 and TC4 alloys, as
shown in Fig. 8b. This phenomenon can be attribute to that the radius
of V atom (0.132 nm) was smaller than that of Mo atom (0.136
nm). The lattice parameter of a-Ti was reduced with the

increase of V element content. According to the Bragg equation, the
decreased of lattice constant will increase the diffraction angle, and
then the diffraction peak will shift to the higher angle [27,28]. The
main a diffraction peak angles and full width at half maximum
(FWHM) of each specimen were calculated by Jade 6 analysis soft-
ware, and the results are shown in Table 4. It can be concluded that
the FWHM of specimens from T/T-1 to T/T-3 in the gradient region
was gradually decreased, and the FWHM of TC11 alloy specimen was
larger than that of the TC4 alloy specimen from Table 4. This might
be due to the high content of element solute in the gradient region,
which resulted in the deformation of crystal structure and further
changed in the FWHM of the diffraction peak [29,30].

33 Microstructure

For TC11 and TC4 titanium alloys, when the temperature is first
cooled below the B-phase transition point during the MWAAM
process, the a-phase mainly appears in two forms [31-33]: (1) a
phase nucleates on  grain boundaries to form allotropes and single
variant a colonies (Widmandelstein); (2) o phase nucleates in B grain
to form high aspect ratio laths in multi variant laths with inter-
locking basket morphology. Since no new phase is expected to form
in the intermediate composition of the TC11-TC4 heterogeneous
alloy system, it is expected that the microstructure will gradually
change between TC11 and TC4 during the gradient diffusion process
of the alloy. In order to investigate the microstructure changes of Ti
basic gradient heterogeneous alloy, the junction of the last layer of
TC11 and the first layer of TC4 was taken as the central origin (x = 0),
and six positions were observed parallel to the deposition direction
(from TC11 to TC4: x=-3mm; x=-2mm; x=-1mm; x=0mm;
x =1 mm and x = 2 mm). Fig. 9 shows the different positions micro-
structure of Ti basic gradient heterogeneous alloy specimens. It can
be seen from Fig. 9 that the microstructure showed a gradually
change and the size of a precipitates showed a gradually increased
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Fig. 8. (a) XRD patterns of MWAAM Ti basic gradient heterogeneous specimens at different positions, (b) partial enlarged pattern of XRD.

Table4
XRD data for MWAAM Ti basic gradient heterogeneous alloy.
Specimen Miller indices a (100) a (002) a (101)
TC4 20 35.799 38.861 40.699
FWHM 0.274 0.347 0.306
T/T-3 20 35.701 38.959 40.900
FWHM 0.333 0.239 0.296
T/T-2 20 35.700 38938 40919
FWHM 0.394 0.261 0.304
T/T-1 20 35.843 38961 40.920
FWHM 0.379 0.279 0.342
TC11 20 35.584 38.781 40.760
FWHM 0.279 0.422 0.368

during the transition from TC11 alloy to TC4 alloy. This progressive
microstructural change was mainly due to the insensitivity of a
nucleation to the dilution of B stabilizing elements [24]. Kennedy
et al. [15] reported the microstructural evolution of the Ti-5553—Ti-
64 alloy transition region. They found that the B-transition tem-
perature and the diffusion transformation kinetics will increase with
the decrease of molybdenum content during the transition from Ti-
5553 alloy to Ti-64 alloy due to the low transformation temperature
and diffusivity of molybdenum. Therefore, the microstructure gra-
dually coarsens in morphology as the B-transition temperature and
the diffusion rate of the partitioning elements increase. This result is
consistent with the phenomenon observed in this experiment.
Moreover, Imagine ] software was used to calculate the proportion of
the two phases of Fig. 9a-f, and the results are shown in Table 5. The
results shows that the proportion of a phase increases gradually

during the microstructure transition from TC11 to TC4. The a phase
proportion increased from 56.60% to 69.67%, while the B phase
proportion decreased from 43.40% to 30.33%.

Fig. 10 shows the microstructure at the bonding interface in the
gradient region of Ti basic heterogeneous alloys. It can be seen from
the Fig. 10a-b that there had obvious continuous transformation in
the microstructure at the bonding interface. The a strip structure of
near TC11 alloy side was thinner than the side near TC4 alloy. Fig. 10c
is a partially enlarged view of Fig. 10b. It can be seen that the mi-
crostructure of near TC4 side was mainly composed of lamellar
primary o phase (ar) and intergranular B, and the microstructure of
near TC11 side was mainly composed of lamellar primary a phase
(ap) and transformed B phase (Br). This was due to that the mo-
lybdenum content in TC4 alloy was lower than that in TC11 alloy and
molybdenum was stable element of B phase, thus the size a phase in
MWAAM TC4 alloy was larger than MWAAM TC11 alloy. In addition,
the B phase transition temperature of TC11 alloy was higher than TC4
alloy, resulting in the fraction of the B phase in TC11 alloy was higher
than TC4 alloy. This result is consistent with the change trend of
phase distribution proportion in Fig. 9 above. However, it can be
found that secondary a phase in the  matrix was different on the
two sides of bonding interface, as shown in the Fig. 11. It can be seen
that from Fig. 1la-b, no secondary a phase was found in micro-
structure of intergranular B region near the TC4 alloy side. The mi-
crostructure of Br region near the TC11 alloy side was composed of
secondary a phase (as) (including acicular secondary a phase and
equiaxed secondary o phase) and B matrix, as shown in Fig. 11c-d.
Different from the previously reported work [24], the equiaxed as
phase was found in the preparation of MWAAM Ti basic gradient
heterogeneous alloys.
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Fig. 9. The SEM microstructure (X-Z plane) of different positions around the interface: (a) x=2 mm; (b) x=1mm; (c) x=0mm; (d) x=-1mm; (e) x=-2 mm; (f) x=-3 mm.

Table 5
The phase proportion of the MWAAM Ti basic gradient heterogeneous alloy.
X=2 X=1 X=0 X=-1 X=-2 X=-3
a (%) 69.67 67.57 60.71 59.67 58.98 56.60
B (%) 30.33 3243 39.29 40.33 41.02 43.40

The precipitation of as phases is closely related to the complete
and incomplete wetting of grain boundary by the second solid
phases [34]. The schematic diagram of polycrystals with different
wetting angles of the second phase is shown in Fig. 12. When the
second solid phase was completely wetted, the contact angle 6 = 0°,
as shown in Fig. 12a. The contact angle 8 would change when the
second solid phase was not fully wetted (such as 6 = 30°, 90°) as
shown in Fig. 12b-c. In addition, Gornakova et al. [34] found that
changed in temperature and elements concentration can alter the
contact angle of second phase. In the present study, the incomplete
wetting of B/B grain boundaries plays a key role in the formation of
equiaxed as under the condition of non-equilibrium solidification. As
we all know, as phase preferred at /B grain boundary precipitation
when cooling of the a +  two-phase zone. Actually, the phenomenon
of as precipitated around /B grain boundary belongs to a typical
heterogeneous nucleation. The thermodynamic formula for the nu-
cleation of as on grain boundaries can be expressed as follows [35]:

AGs = VAGy + AagYap - ApgYes )
where V is the volume of a nucleus, AG ,represents the free energy

released per unit volume of  to a transition, and y is interface energy
per unit area. The as phase nucleation barrier AGs* according to the
classical nucleation theory can be described as follows [36]:

AGs* = AGy f(6) 3

f(6) = (2-3cosB + cos36) /2 @)

where AGh represents energy barrier of homogeneous nucleation. It
can be seen from Eqs. (3) and (4) that the nucleation barrier in
heterogeneous nucleation is less than that in homogeneous nucleation
for as phase formation. In this case, the following equation is given
as [35]:

2c0s6 = Vg / Vap (5)

Based on the Eq. (5), the morphology of secondary a phase was
determined by the ratio of ypg and y,s. When the interfacial energy a/
B was low and the 2y,s was less than ypg, the contact angle 6 would be
0°. The morphology of secondary o phase was mainly consisted of
lamellar and acicular. However, the temperature fluctuation of the
molten pool increased due to the TC11 and TC4 alloys had a long
element concentration gradient in the bonding region, resulting in
the incoherent a/f interfaces formed and the value of yqg increased
[35,37]. When the 2yqs was higher than ygs the contact angle 6 will
form a certain angle and the equiaxed secondary a phase will also
appear. In addition, the heterogeneous nucleation at the dislocation
will also promote the morphology of as changes from lamellar to
equiaxed due to the decrease of the nucleation barrier and the high
nucleation density [38].

34 Mechanical properties

The microhardness distribution of the gradient area from bottom
region (TC11 alloy) to the top region (TC4 alloy) in the cross-sec-
tional plane of the MWAAM Ti basic gradient heterogeneous alloy
specimen is presented in Fig. 13. Similar to the element distribution
curve, the microhardness curve showed a gradient fluctuation
characteristic. The microhardness values on both sides of the spe-
cimen fluctuated within a certain range, and the change was not
obvious. With the deposition of TC4 alloy on TC11 alloy, the interlayer
hardness value decreased greatly and the fluctuation range increased.
This phenomenon can be explained by the following two
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Fig. 10. The SEM microstructure (X-Z plane) at the bonding interface in the gradient region of MWAAM Ti basic heterogeneous alloy.

reasons: (1) Solute elements decreased resulting in lattice distortion
decreased with the deposition of TC4 alloy. Under the action of ex-
ternal force, lattice deformation became easier. (2) The coarsening of
microstructure reduced the proportion of phase boundary and pro-
moted local crystal sliding.

Fig. 14 shows the tensile stress-strain curves of MWAAM TC11,
TC4, and Ti basic gradient heterogeneous alloy specimens (T-T-1, T-T-
2, and T-T-3) at room temperature. The results of tensile test are
listed in Table 6. The yield strength (YS) of T-T-1, T-T-2, and T-T-3
specimens were between TC11 and TC4 alloy specimens, indicating
that TC4 alloy specimen began to yield earlier and plastic de-
formation was easier than other specimens. The average YS of Ti
basic gradient heterogeneous alloy specimens was 770.89 MPa. The
average total elongation (EL) of Ti basic gradient heterogeneous alloy
was 5.42%, which was smaller than that of TC4 and TC11 alloy spe-
cimens. From the stress-strain curve, it can be seen that the ultimate
tensile strength (UTS) of Ti basic gradient heterogeneous alloy specimens
was 774.78 MPa ~ 819.08 MPa, and the average tensile strength was
similar to that of TC4 alloy. The maximum tensile strength of Ti
basic gradient heterogenous alloy reached 88% of that of the Ti-6Al-
4 V/Ti-6.5A1-3.5Mo0-1.5Zr-0.3Si graded structural material deposited
by laser melting deposition [23]. Three Ti basic gradient
heterogenous alloy specimens all fractured on the side of

TC4 alloy. Overall, Ti basic gradient heterogenous alloy specimens
had good tensile properties at room temperature due to that the
good metallurgical bonding with high strength was obtained in the
gradient region. It was notable that the UTS of some gradient het-
erogeneous specimens was higher than that of TC4 alloy specimen in
this work. This may be related to the formation of a longer chemical
concentration gradient in the bonding region of the two hetero-
geneous alloy materials. This special structure can maintain the
coordination and uniform deformation between TC11 and TC4 alloy,
promote the uniform deformation within the gauge distance, and
delay the development of necking [39]. In addition, the secondary a
phase generated in the gradient region will form lattice distortion
and increase the interface energy. These factors lead to the increase
of the resistance of dislocations passing through the grain boundary,
and the dislocations moving to the grain boundary will be pinned at
the grain boundary, forming high-density dislocations. With the
progress of loading, the density of dislocations will continue to in-
crease, and the mutual delivery of dislocation movement will in-
tensify, resulting in dislocation pile-up group, entanglements and
other obstacles to hinder the further movement of dislocations, thus
strengthening the pinning effect of dislocations [23]. Therefore, the
UTS of Ti basic gradient heterogeneous alloy specimens was im-
proved. Moreover, the T-T-1, T-T-2, and T-T-3 specimens showed
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Fig. 11. High magnification SEM (X-Z plane) of microstructure at the bonding interface in the gradient region of Ti basic heterogeneous alloys: (a) and (b) near the TC4 alloy side;
(c) and (d) near the TC11 alloy side.
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Fig. 12. Schematic diagram for second solid phase nucleation at grain boundary with three different wetting angles. The 0¢s and Os. are free energies of the unit area of surface
GBs and liquid-solid interface, respectively.
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Fig. 13. The microhardness value of MWAAM Ti basic gradient heterogeneous alloy
along the compositional gradient.
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Fig. 14. The engineering stress-strain curve of different MWAAM specimens.

Table 6

Tensile properties (room temperature) of WMAAM specimens.
Specimen UTS (MPa) YS (MPa) EL (%)
TC11 934.00 = 6.09 854.59 + 11.49 11.83 + 1.27
TC4 783.90 + 6.02 727.96 + 18.89 8.14 + 1.58
T-T-1 774.78 755.54 5.28
T-T-2 819.08 789.66 5.44
T-T-3 785.57 767.46 5.54

strain hardening after the beginning of plastic deformation from
Fig. 14. Then, the strain hardening rate decreased. The specimens
would begin to strain soften until it broke when a certain strain was
reached. The strain hardening rates of the other two types of spe-
cimens (TC4 and TC11 alloys) were almost the same and constant in
the plastic deformation zone. The fracture strain of TC11 and TC4
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alloy specimens was higher than that of Ti basic gradient hetero-
geneous alloy specimens. Therefore, Ti based gradient heterogeneous
specimens may need post-treatment, such as heat treatment or
interlaminar rolling, to achieve improved ductility.

Tensile fracture can further understand the influence of micro-
structure on mechanical properties. The fracture morphologies of
MWAAM TC11, TC4 and T-T-1 specimens after the room temperature
tensile test as shown in Fig. 15. The ductile fracture surface with
elongated necking was observed in the macro morphology of the
fracture surface of the three specimens, as shown in Fig. 15a-c. The
higher-magnification SEM images of the MWAAM TC11, TC4 and T-T-1
specimens are shown in Fig. 15d-f. It can be seen from the Fig. 15d that
the surface fracture morphology of TC11 alloy specimen included
typical river patterns and smooth dimples. However, the dimples of
TC4 and T-T-1 specimens were relatively shallow and large compared
with TC11 specimen. The small and deep dimple shape indicated that
the toughness was better during tensile deformation [40,41]. As we all
know, the plastic deformation resistance of the a and B phases is
different in dual-phase titanium alloys. The a phase was HCP structure
and B phase was BCC structure. Generally, BCC structures had stronger
plastic deformation resistance than HCP structures. As can be seen
from Table 5, the proportion of B phase was the highest on TC11 alloy
side and the lowest on TC4 alloy side. Therefore, TC11 alloy specimen
can withstand greater plastic deformation. This phenomenon was
consistent with the highest elongation of TC11 specimen in all tested
specimens. Meanwhile, the surface fracture morphology of T-T-1 alloy
specimen was similar to the TC4 alloy specimens due to the fracture
position of T-T-1 specimen was at TC4 side. Zhang et al. [42] had in-
vestigated the effect of microstructure on the tensile property of
TC21G titanium alloy. They found that the increase of the size and
content of acicular o phase in  matrix will lead to the increase of the
degree of crack deflection during the tensile process, resulting in more
tortuous and longer growth path of cracks, thus improving the alloy
plasticity. Therefore, adjusting the microstructure of the Ti basic
gradient heterogeneous alloy prepared in this paper by heat treat-
ment is expected to further improve the plasticity of the gradient
heterogeneous alloy specimens.

Fig. 16 illustrates the representative fracture surfaces in the crack
growth zone of tensile fracture of the as-built MWAAM Ti basic
gradient heterogeneous alloy (but not in all specimens). As shown in
Fig. 16a-b, two kinds of parabolic crack propagation paths were
observed, one was that there were microcracks around the defect,
and the other was that there were no microcracks around the defect.
The cracks can produce two kinds of parabolic propagation when the
main crack encountered defects in the tensile process. The reason for
the formation of two kinds of parabolic propagation can be explained
as following: when there were microcracks around the defect, the
main crack would preferentially merge with the microcrack to form
the first type of parabolic, as shown in Fig. 16a and c. However, when
there were no microcracks around the defect and the main crack
cannot pass through the defect during the propagation process, the
propagation direction of the main crack would deflect around the
defect to form the second type of parabolic, as shown in Fig. 16b and
d. Therefore, reducing the crack growth rate by controlling was
beneficial to improve the mechanical properties of the alloy. Similar
conclusions had also been reported by Cui et al. [43]. In addition,
they concluded that the difference of crack location had a greater
influence on the mechanical properties of the alloy than the crack

type.
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Fig. 15. (a)-(c) The low-magnification images of the fracture surfaces of MWAAM TC11, TC4 and T-T-1 respectively; (d)- (h) The high-magnification SEM micrographs of the tensile
fracture surfaces of MWAAM TC11, TC4 and T-T-1 respectively.

v’
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.

Fig. 16. Crack propagation regions of failed specimens: (a) and (c) MWAAM T-T-1 specimen; (b) and (d) MWAAM T-T-3 specimen.
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4. Conclusions

(1) The alloy elements formed a long-distance gradient concentration
distribution during the transition between two different titanium
alloys due to dilution, remelting, and convective mixing in the
molten pool between the TC11 alloy and TC4 alloy. The surface
tension gradient of liquid metal promoted the dilution of alloy
elements in MWAAM process. The a (101) diffraction peak of
three gradient regions shifted to a higher angle compared
with the a (101) peak of TC11 and TC4 alloys due to that the
lattice parameter of a-Ti was reduced with the increase of V
element content.

The size and proportion of a precipitates showed a gradually
increased during the transition from TC11 alloy to TC4 alloy. The
microstructure of MWAAM Ti basic gradient heterogeneous alloy
was mainly consisted of lamellar ap, acicular as, equiaxed as and
B matrix. Different morphology of the secondary a phase was
mainly attributed to the wetting state of the second solid phase
and grain boundary.

With the deposition of TC4 alloy on TC11 alloy, the interlayer
microhardness decreased gradually. The average UTS and YS of
MWAAM Ti basic gradient heterogeneous alloy were 793.14 MPa
and 770.89 MPa respectively. The average UTS of MWAAM Ti
basic gradient heterogeneous alloy was close to MWAAM TC4
alloy, and reached approximately 85% of MWAAM TC11 alloy.
Such enhancement in the tensile strength can be ascribed to the
formation of a longer chemical concentration gradient in the
bonding region of the two heterogeneous alloy materials.

The surface fracture morphology of MWAAM Ti basic gradient
heterogeneous alloy was similar to the MWAAM TC4 alloy spe-
cimens due to the fracture position was at TC4 side. MWAAM Ti
basic gradient heterogeneous alloy was mainly ductile fracture.
The tensile crack propagation zone was characterized by brittle
fracture, occasional parabolic striations.

(2)

(3)

4)
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