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ABStRACTt

Inspired by biological gradient structure, Ti basic gradient heterogeneous allogomponent from TC11 alloyto TC4 alloy was fabricated by multwire arc
additive manufacturing (MWAAM). The chemical mixingphase and microstructure evolution, microhardnessdistribution and tensile property of Ti basic
gradient heterogeneous alloy were investigated through EDS, XRD, SEM, hardness tester and tensile tester. Thdtseindicated that the alloy elements
formed a longdistance 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 gradienégion had no obvious
change. Tl microstructure of MWAAM Ti basic gradient heterogeneous alloy wamainly consisted of lamellar Up, acicular Us, equiaxedUs and & matrix.
Different morphology of the Us phase was mainly attributed to the wetting state of the second solid phase angrain boundary. In addition, the microstructure
of Uphasein Ti basic gradient heterogeneousalloy was significantly changedby 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, whichwas closeto MWAAM TCd4alloy and reached approximately85% of MWAAM TC11alloy.

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 témology, it is gradually de@ening
from the aspects of design, manufacturing, materialsequipment,
various processes of process technology, and many fieldd industrial
application. At present, most of the molding materialsinvolved in
WAAM, especiallythe metal material system, are onlymanufactured
for a single homogeneous materia[4z6]. However, inthe 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 feifent
components in different service environments, combiningdifferent
materials into a single component is an effective solution t@xpand
the overall functional characteristics [7,8]. However, there are
many problems in the connection of heterogeneous metal
components, such as mismahed material combinations, poor in
terface bonding, and difficult to control performance [9712].
Therefore, it is necessary to optimize the connection structure of
heterogeneous metal materials.

Natural biological gradient gructures 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 hundmds of mik
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 TC11and TC4 alloy wires.
Al Mo Zr \% Si Fe C N (@) Ti
TC1l 6.52 339 174 Z 030 007 001 0.01 011 Bal
TC4 6.20 z Z 402 z 002 001 0.01 0.09 Bal
Table.2
The optimized MWAAM process parameters about this experiment.
TC11 TC4
Arc current (A) 150 144
Averagevoltage (V) 140 140
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 gasflow 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 -scalebionic 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 [16720]. Recently, the development and application of
dual titanium heterogeneous albys components also have been at
tracted more and more attention by researchers. Chen et &al/] had

deposited TC11 alloy samples on TC17 substrate by WAAM, and

studied the effects of different annealing temperatures on the m
crostructure and properties of TC1:TC17 double alloysamples. They
found that the hardnessof TC17increasedslightly after annealing at
560 3, but the tensile properties did not change significantly.
Moreover, the ductility was improved due to thewide Uphase and
uniform microstructure after annealing at 7003 and 8003 . Kemedy
et al. [15] reported the effect of alloy composition on phase
microstructure of the two high-performance dissimilar titanium
alloys (Ti-5Al-5V-5M0-3Cr and Ti6Al-4V) tailored components by
WAAM. The results showed that the change of alloy composition had
almost no obvious effect on th&-grain structure, but had a sigificant
effect on the transformation microstructure of the U phase. Liu et al.
[21] investigated the mechanical properties of laser additive
manufacturing TA15Ti2AINb 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 a|22] prepared a material transition
from TA15 to TC11 byWAAM.The results showedthat 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 hetegeneous
alloy component from Ti6.5AI-3.5M0-1.5Zr-0.3Si (TC11) to Ti6AI4V
(TC4) was designed by multwire arc additive manufacturing
(MWAAM) technology, which aims at the practical appation of
compressor blades and discs of aeroengines in aerospadedustry
[23]. The distribution of elenents, phase and micretructure
evolution, mechanical properties were experimentally characterized
to try to establish the relationship of processmicro-structure-
property in TC11-TC4 bionic gradient heterogeneous alloy
component. This knowledge canbe 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-
scalegradient heterogeneous alloy components.

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

In this experiment, TC11and TC4alloy wires with a diameter of
1.2 mm were used as raw materials. The nominal chemical compo
sitions of the TClland TC4 alloy wires is shown inTable 1 The
MWAAM system consists of a -@xis 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 whitcan move upvards
and downwards. The resistance heat power sources were usei
greatly reduce heat from the arc. The MWAAM environment was in
the enclosed atmosphere with 99.99% purity argon. The moreletail
of other fundamental modules of the MWAAM carbe 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 pararaters were shown inTable 2 At
first, the TC11 wire was deposited orTC11 alloy substrate to a height
of 60 mm. Subsequently, the TC4 wire was deposited on the-ds-
posited TC11 up to a total height of 120 mm. The schematic$ the
MWAAM Ti basic gradient heterogeneous alloy component and de
position scanning pattern are shown in~ig. 1
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Fig. 1. (a) Schematicsof the MWAAM Ti basic gradient heterogeneousalloy component, (b) deposition scanning pattern.
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Fig. 2. Shapeand dimensions (units: mm) of tensile specimens.
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Fig. 3. The distribution of compositions in the interface of MWAAM Ti basic gradient heterogeneousalloy.

2.2. Material characterization

After MWAAM process, the a$uilt specimens were spark cut for
microstructural characterization and mechanical test. The shape and
dimensions of tensile specimens are displayed iRig. 2 To investigate
the chemical gradientand phase formed in the transitionregion, the
energy-dispersive Xray spectrometer (EDS, JSM500A) and Xray
diffraction (XRD, D/Max 2500PC, Rigaku, CuUK were performed
normal to the layers. The grain morphology and micrstructure of
crosssection of specimen parallel to deposition diretion were
observed via optical microscopy (OM, ZEISScope Al) andscanning
electron  microscopy (SEM, JSNT500A) after standard
metallographic procedure of grinding, polishing, and etching with a
solution (1 ml HF, 6 ml HNG and 100 ml H:O) for 10 s

2.3. Microhardnessand tensile testing

The microhardness of crosssection of specimen was performed
using a Vickers automatic hardness tester (Huayin, HVI®00), with a
testload of 200 g and dwell time of 15 s. The position was tested every
0.5mm from TC11 alloy side to TC4 alloy side, and each position for
three times to take the average value toeduce the error. Tensile
properties at room temperature were conducted on a tensile testing
machine (Instron 1121). The constant displacement rate was thm/
min. The fracture morphologies of the failed specimens were ahaed
by the same SEM as statedbave and ultradepth of field 3D
microscope (VHX950 F) to evaluate the tensile failure mechanisms.

3. Results and discussion
3.1. Transition overviews

In order to study the chemical gradient formed during the trans
formation from TC11alloy to TC4alloy, EDSline scanninganalysiswas
carried out in the direction perpendicular to each layer. EDS maps for
interface regions are presented ir-ig. 3 The EDS results showed that
the alloy elements formed a longdistance gradient concentration
distribution during the deposition of TC4 on TC11. Driven by the
complexconvectionof liquid in the moving processof molten pool, the
solute between the new layer of wire deposition and the remelting
volume of the previous layer vas 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
alsoone of the important reasonsfor the formation of convection[25].
The temperature of the moltenpool liquid under the arcis 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 centerdue tothe increase of surface tension, which
will reduce the height of the liquid surface underthe arc and increase
the height of the liquid surface faraway from the deposition direction.
Aliquid gravity countercurrent will be generatedbelow the high liquid
level with the increase of this height difference, so that the liquid
countercurrent will return to the lower liquid level areabelow the arc,
asshownin Fig.4. Theconvectioncycleon the liquid surfacewill 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
TC4top 0 0 3.96

continuously when the arc moves,resulting in the dilution effectof the
previous layer on the newly addedlayer. TIGarc heat sourceis usedin
WAAM, and standard process parameters are optimized to avoid-fu
sion defects. This requires a remelting depth of about 0.fm, re-
sulting in a dilution level of 50z70% betweeneach 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)Gn, can ke simply
predicted using the following relationship[15]:

Gin = G o[Fd]" @

Where G o is the initial concentration of elementsin the base layer,
Fq 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 TC4alloy depositedon TC11alloy was 47% accordingto the results
of Table 2

In order to explore the microstructure evolution after the first
layer of TC4 deposited on TC11l 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 kng. 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 thenewly 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, #dough
the dilution degree was low. Meanwhile, violent componentiffusion
will occur due to high temperature in the lower part of the deposited
layer near the molten pool. Two diffusion zonesvill be formed when
depositing the first TC4 layer, and the content of Moand V elements
will changelinearly in the diffusion zone, as shown in Fig. & With
the repetition of this process, the elements in TC1bkedimentary layer
can be transferred upward through many subequent sedimentary
layers added later. As shown ir-ig. 7, the element diffusion decay
rate depends on the dilution level [15]. It can be seen fromFig. 7
that, the remelting depth was large at a highdilution level, and the
matrix elements can diffuse into more dposited layers. However, the
remelting depth was smadl at a small dilution level and the element
diffusion distance was short. In adition, the concentration of alloying
elements in the base alloy willdecay 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 telligent control of WAAM
deposition process parameters.

3.2. Phasecomposition

The phasecomposition analysis of the gradient region between
TC11 alloy and TC4 alloy was examined by-rdy 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 heterogeneousalloy: (a) Gradientregion; (b) Regionl; (c) Regionll; (d) Regionlll; (e) RegionlIV.
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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 Xay diffraction patterns of the asreceived Ti basic
gradient heterogeneous specimens are shown ifig. & All the spe
cimens exhibited a typical hexagonal close-packed (HCP) Uphase
and body-centered cubtc (BCC)a phase. It can be seen fronkig. &
that the intensity of diffraction peaks in the gradient region had no
obvious change. However, the intensity o) (100) peak andU (201)
peak in TC4 alloy andJ(103) peak in TC11 alloy were higher than
that of the diffraction peak in the gradient region. Moreover, the U
(101) diffraction peak of three gradient regions shifted to a higher
angle compared with theU(101) peak of TC11 and TC4 alloys, as
shown in Fig. &. This phenomenon can be attribute to that the mius
of V atom (0.132 nm) was smaller than that of Mo atom (0.136
nm). The lattice parameter of U-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 U 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 infable 4. It can be concluded that
the FWHM of specimens from T/F1 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 specimenfrom 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
changedin the FWHM of the diffraction peak [29,30].

3.3. Microstructure

For TC1land TC4titanium alloys,when the temperature is first
cooled below the a-phase transition point during the MWAAM
process, theU-phase mainly appears in two forms31z33]: (1) U
phasenucleateson a grain boundariesto form allotropes and single
variant Ucolonies (Widmandelstein); (2) Uphase nucleates ira grain
to form high aspect ratio laths in multi variant laths with inter-
locking basketmorphology. Sinceno new phaseis expectedto form
in the intermediate composition of the TC11TC4 heterogeneous
alloy system, it is expected that the microstructure will gradually
change betweenTC11 and TC4 during the gradient diffusioprocess
of the alloy. In order to investigate the microstructure changesof Ti
basic gradient heterogeneous alloy, the junction of the last layer of
TC11landthe first layer of TC4wastaken asthe central origin (x =0),
and six positions were observedparallel to the deposition direction
(from TC11lto TC4: x=M mm; x=M mm; x=M mm; x=0mm;
X =1 mm and x =2 mm). Fig. 9shows the different positions micro-
structure of Ti basicgradient heterogeneousalloy specimens|t can
be seen fromFig. 9that the microstructure showed a gradually
changeand the size of U precipitates showed a gradually increased
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Fig. 8. (a) XRDpatterns of MWAAM Ti basic gradient heterogeneousspecimensat different positions, (b) partial enlarged pattern of XRD.

Table4
XRDdata for MWAAM Ti basic gradient heterogeneousalloy.
Specimen Miller indices U(1200) U(002) U(101)
TC4 2e 35.799 38.861 40.699
FWHM 0.274 0.347 0.306
TT-3 28 35.701 38.959 40.900
FWHM 0.333 0.239 0.296
TT-2 28 35.700 38.938 40.919
FWHM 0.394 0.261 0.304
TT-1 2e 35.843 38.961 40.920
FWHM 0.379 0.279 0.342
TC11 28 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 ofU
nucleation to the dilution of a stabilizing elements [24]. Kennedy
et al. [15] reported the microstructural evolution of the Ti-5553 Ti-
64 alloy transition region. They found that the a-transition tem-
perature and the diffusion transformation kinetics will increase with
the decrease of molybdenum content during the transition from Fi
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 thei-transition temperature and
the diffusion rate of the partitioning elements increaseThis result is
consistent with the phenomenon observed in this experiment.
Moreover, Imagine J software was used to calculate the proportion of
the two phases oft-ig. %-f, and the results are shown inrable 5 The
results shows that the proportion of U phase increases gradually

during the microstructure transition from TC11 to TC4. TheUphase
proportion increased from 56.60% to 69.67%, while thea phase
proportion decreased from 43.40% to 3033%.

Fig. 10shows the microstructure at the bonding interface in the
gradient region of Ti basic heterogeneous alloys. It can be seen from
the Fig. 1Ca-b that there had obvious continuous tranformation in
the microstructure at the bonding interface. TheUstrip structure of
near TC11 alloyside was thinner than the side near TC4 alloy~ig.10c
is a partially enlarged view ofFig. 1(b. It can be seen that the mi
crostructure of near TC4 side was mainly composed of lamellar
primary Uphase (k) and intergranular &, and the microstructure of
near TC11 side was mainly composed of lamellar primary phase
(U) and transformed & phase @&r). This was due to that the me
lybdenum content in TC4 alloy was lower than that in TC11 alloy and
molybdenum was stable element ofi phase, thus the sizd)phase in
MWAAM TC4 alloy was larger than MWAAM TC11 alloy. Indition,
the a phase transition temperature of TC11 alloy was higher thamC4
alloy, resulting in the fraction of thea 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 Uphase in the & matrix was different on the
two sides of bonding interface, as shown in the€ig.11. It can beseen
that from Fig. 1la-b, no secondaryU phase was found in micre
structure of intergranular a region near the TC4 alloy side. The mi
crostructure of ar region near the TC11 alloy side was composed of
secondary Uphase (J) (including acicular secondary Uphase and
equiaxed secondaryUphase) anda matrix, as shown inFig. 1lc-d.
Different from the previously reported work [24], the equiaxedUs
phase wasfound in the preparation of MWAAM Ti basic gradient
heterogeneous alloys.
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Fig. 9. The SEMmicrostructure (X-Z plane) of different positions around the interface: (a) x=2 mm; (b) x=1mm; (c) x=0mm; (d) x=ML.mm; () x=M mm; (f) x=M mm.

Table 5
The phaseproportion of the MWAAM Ti basic gradient heterogeneousalloy.
X=2 X=1 X=0 X=M X=M X=Mo
U (%) 69.67 67.57 60.71 59.67 58.98 56.60
a (%) 30.33 32.43 39.29 40.33 41.02 43.40

The precipitation of Us phases is closely related tdhe 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 ifg. 12 When the
secondsolid phasewas completely wetted, the contactangleé =0°,
as shown inFig. 17a. The contact angle would change when the
second solid phase was not fully wetted (such a&= 30°, 90°) as
shown in Fig. 17b-c. In addition, Gornakova et all34] found that
changed in temperature and elements concentration can altehé
contact angle of secondphase.In the present study, the incomplete
wetting of &/ a grain boundaries plays a key role in the formation of
equiaxedUs under the condition of norrequilibrium solidification. As
we all know, Usphasepreferred at &/ & grain boundary precipitation
when cooling of the U+ & two-phase zone. Actuallythe phenomenon
of Us precipitated around &/ & grain boundary belongs to atypical
heterogeneousnucleation. The thermodynamic formula for the nu-
cleation of Us on grain boundaries canbe expressedasfollows [35]:

3&=\ﬂ:3‘GI+AJQUb'Abeb @)
where Wis the volume of Us nucIeus,anrepresentsthe free energy

released per unit volume ofa to Utransition, and o is interface energy
per unit area. ThelsD EA OA
classical nucleation theory can be described as follows [36]:

3G* = 3G f(d) ©)

f(d) = (2z3cosd + cosid) /2 G

T OAT A AGY EdcdrdindAté thed E

x E A Od remresents energy barrier of homogeneous nucleation. It
can be seen fromEqgs. (3) and (4)that the nucleation barrier in
heterogeneous nucleation is less than that in homogeneous cleation
for Us phase formation. In this case,the following equation is given
as[35]:

2cosd = 95 o/ 90 ()

Based on theEq. (5), the morphology of secondaryUphase was
determined by the ratio of 2 sand 255 When the interfacial energyd/
awas low and the 2y,was less thanog 5 the contact angle2 would be
0°. The morphology of secondanlJphase was mainly consisted of
lamellar and acicular. However, the temperature €lctuation 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 U & interfaces formed and the value obysincreased
[35,37]. When the 2yswas higher thanag 5 the contact angleg will
form a certain angle and the equiaxed secondaryjphase will also
appear. In addition, the heterogeneous nucleation at the dislocation
will also promote the morphology of Us changes from lamellar to
equiaxed due to the decrease of the nucleation barrier and the high
nucleation density[38].

3.4. Mechanicalproperties

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 heterogeneousalloy

pecimen is presented inFig. 12 Similar to the element distribution
e, the microhardness curve showed a gradient fluctuation
characteristic. The microhardness values on bottsides 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 inteyer
hardness value decreased greatly and the fluctuation rangecreased.
This phenomenon can be explained by the following two





















