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Abstract

The nature of the chemical mixing and microstructure gradients that occur across the interface
transition, when manufacturing tailored components with the two high-performance dissimilar titanium
alloys (Ti-6Al-4V (Ti-64) and Ti-5Al-5V-5Mo-3Cr (Ti-5553)) by the wire-arc additive manufacturing
process, are reported. It has been shown that a relatively long-range chemical gradient occurs during
the transition between layers produced with the two different titanium alloys, due to convective mixing
in the melt pool between the substrate layers and new alloy wire. This resulted in a stepwise
exponential decay composition profile normal to the layers, the width of which can be described by a
simple dilution law, with steep local composition gradients seen within the boundary layers at the
fusion boundary of each individual layer. The alloy-alloy composition gradients had little effect on the
B-grain structure. However, they strongly influenced the transformation microstructure, due to their
effect on the parent B-phase stability and the B — a transformation kinetics and reaction sequence.
The microstructure gradient seen on transitioning from Ti-64 — Ti-5553 was significantly more abrupt,
compared to when depositing the two alloys in the reverse order. Under WAAM thermal conditions, Ti-
64 appears to be more sensitive to the effect of adding B-stabilising elements than when Ti-5553 is
diluted by Ti-64, because at high cooling rates, stabilisation of the B phase readily suppresses a
nucleation when cooling through the B transus, and the normal Ti-64 lamellar transformation
microstructure is abruptly replaced by finer scale a laths generated by precipitation during subsequent
reheating cycles.
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1. Introduction

Additive manufacturing (AM) [1] is becoming an increasingly attractive option for the low-volume
production of titanium components in the aerospace sector [2], due to the greater design flexibility and
shorter lead times it offers, as well as the greater efficiency of material utilisation made possible by its
near-net-shape capability. Of the many AM technologies currently being investigated, wire-arc additive
manufacturing (WAAM) — by which parts are built using a wire fed into a translated melt pool formed
by a plasma arc [3] — is particularly suited to the production of large-scale titanium components
because of its high deposition rate, low cost, and unrestricted build envelope [4]. In addition, by
exploiting layer-by-layer fabrication, AM processes can be readily adapted to produce titanium
components that have tailored microstructures and graded compositions [5]-[12]. This can include: i)
simply varying aspects of the microstructure with a single alloy (e.g. the B-grain size and a inter-
lamellar spacing) by managing the thermal conditions [12]; or ii) grading the alloy composition within a
component by using two or more feed sources [6]-[11]; or iii) alternating the alloy for each melt track
to produce ‘alloy-alloy composites’ (AACs) [5]. For example, the WAAM process has been previously
utilised [5] to deposit an AAC that combined alternating tracks of commercially pure titanium (CP-Ti)
with Ti-6Al-4V (Ti-64), to produce the first ‘metal composite’ example of this technique. However, in
this work, it was shown that because mixing occurred in the melt pool, where the new wire was alloyed
with the remelted previous layer, distinct tracks of intermediate alternating composition were produced
comprised of enriched CP-Ti alloyed with V and Al, and diluted Ti-64 alloyed with CP-Ti.

Although AACs and graded materials can have interesting fracture properties [5]-[11], the composition
gradients formed between dissimilar titanium alloy tracks produced by chemical mixing can affect the
grain structure and will also create gradients in the a transformation microstructure [8]. The sharpness
of such transitions would be expected to have a significant impact on mechanical performance [5], [8],
[13]. To produce more efficient titanium components, it is therefore of interest to extend this work
further to improve understanding of some of the fundamental challenges involved in using AM
processes to achieve tailored, or site specific, properties. Combining Ti-64 with a much stronger
material, like the near-p alloy Ti-5Al-5V-5Mo-3Cr (Ti-5553) [14], [15], provides an ideal pair of alloys
for studying such an approach, as this combination will potentially allow site-specific properties
ranging from very high strength to high damage tolerance. To date, little research has been conducted
on the transition between these two materials when deposited by a melt-pool AM process.

Currently, the majority of titanium AM process development has focused on the a + B alloy Ti-64, as it
is the most commonly used titanium-based material in aerospace. More recently, other B-stabilised
alloys have been investigated [15]-[19], including Ti-5553, Ti-10V-2Fe-3Al, and Beta-C because of
their attractive specific properties. The higher strength of B-stabilised alloys, like Ti-5553, arises from
the controlled decomposition of the metastable B phase, through solution and ageing treatments, to
produce a uniform distribution of fine a-phase precipitates. However, due to the greater concentration
of B-stabilising elements (e.g. V, Mo, Cr), and in particular, slow diffusing elements like molybdenum,
diffusional phase transformation kinetics in Ti-5553 are much slower than in Ti-64 [14], [20], [21]. In
addition, metastable-f solid solutions can potentially decompose by multiple transformation pathways
that are highly dependent on the cooling rate and subsequent thermal conditions (e.g. heating rate)
[14], [19]-[21]. In the as-deposited state, a greater level of micro-segregation is also expected within
the parent B grains in this alloy than in Ti-64, due to the greater deviation of the partition coefficients of
the main alloying elements Mo and Cr from unity [22]-[24]. As a result, the AM microstructures of as-
deposited B-stabilised alloys and Ti-5553 can be considerably different to those found for Ti-64, and
are highly dependent on the cyclic thermal conditions experienced during a particular AM process [14],
[15], [20], [25].

Of particular interest to the mechanical performance of a dissimilar alloy AM component is the alloy-
alloy transition composition gradients that will occur by definition within the material and the effect this



will have, when combined with the unique cyclic thermal history in an AM process, on the final
microstructure. During AM, the deposited material is reheated multiple times by the passage of the
heat source, with much faster heating and cooling rates (~500°C and ~30°C s™, respectively in WAAM
[26]) than seen in conventional heat treatments. When depositing Ti-64 in the WAAM process, the last
~5 added layers are typically reheated above the B transus temperature (~980°C [26], [27]) and
transform to a during cooling, so each added layer in Ti-64 experiences several § — a — B phase
transformations [26]. In comparison, Ti-5553 has a lower B-transus temperature (~850°C [14], [25],
[28]) and the B phase is stable enough to prevent diffusional transformation during cooling at these
high rates [15], [19], [29], although athermal reactions can occur (e.g. w phase [14], [30], [31]). In
addition, with Ti64, there is a temperature interval below the B transus where rapid coarsening of the
transformed a can occur as the B fraction increases on reheating, which is in the range of the B
approach curve. This leads to the appearance of HAZ bands that appear in the microstructure as a
locus of the peak temperature rise in the range ~750 — 1000°C within the thermal field generated by
the moving heat source [26]. However, with Ti-64 when subsequent layers are added, little further
microstructural change occurs as the peak temperatures experienced by the material drops below
700°C [26]. In comparison, in Ti-5553, because the metastable B phase is stable at lower cooling rates
than experienced in AM processes [32], a forms by precipitation during reheating rather than on
cooling [14], [30]-[32]. This results in a microstructure transition between the fully-f top part of a build
and the onset of heterogeneous a precipitation, before the ‘steady-state’ region of the deposit is
reached where no more precipitation occurs, as the peak temperature rise becomes too low to have
any further influence [15], [19], [29]. Given the multiple heating cycles that occur in AM processes, and
the steep local temperature gradients experienced by the material under the translated heat source, it
is encouraging that in Ti-5553 these heterogeneous thermal conditions are still reported to result in a
relatively uniform density of a precipitates, similar to that seen in a conventional ‘overaged’
microstructure [33].

To improve current understanding of the constraints imposed by producing large dissimilar alloy-alloy
tailored components with high deposition rate processes like WAAM, the main aim of the work
presented here was thus to investigate the extent and distribution of chemical mixing that occurs
across dissimilar Ti-5553 < Ti-64 alloy transitions, when co-depositing these two materials, and to
determine the impact this can have on the microstructure gradients created, once steady state is
achieved; i.e. when sufficient layers have been added such that no more thermal effects are
experienced. This knowledge can then be used to help design future, more-complex tailored
components using this, or similar alloy combinations. Since, in WAAM, chemical mixing with the
previously deposited material is substantial [34], [35], and the effect of the B-phase stability on the
transformation microstructure is known to be important and sensitive to the thermal history, two Ti-
5553/Ti-64 transitions were created: one where layers of Ti-64 were deposited first before adding Ti-
5553, and one where the order of addition was reversed. The chemical mixing across the alloy
transition was investigated using electron probe microanalysis (EPMA) and energy dispersive X-ray
spectroscopy (EDS), and the microstructure and macro-variation in a inter-lamellar spacing was
investigated using a combination of high resolution scanning electron microscope (SEM) backscatter
electron (BSE) imaging and electron backscatter diffraction (EBSD). The complex material behaviour
observed is discussed as a function of the molybdenum-equivalent B-phase stability and the response
of the local compositions to the rapid thermal cycles experienced in the WAAM process.

2. Experimental Methods

To investigate Ti-5553 < Ti-64 alloy layer transitions with the WAAM process, model samples were
built using two feed wires, comprised of multiple layered sections of Ti-5553 and Ti-64. A cross-wall
oscillation path build strategy was implemented [36], [37] with a 12 mm width, to build samples
representative of typical wide section parts (see Fig. 1). The Ti-64 wire was deposited first to a build



height of 40 mm, after which the wire feed was changed to Ti-5553 and a further 65 mm was
deposited, and finally the wire was changed back to Ti-64 before the top 40 mm was deposited. This
sample design was employed to allow characterisation of a transition from both Ti-64 — Ti-5553 and
the reverse sequence of Ti-5553 —Ti-64, with sufficient layers added with each material to ensure
steady state conditions were reached in each transition. Deposition was carried out using the standard
WAAM parameters provided in Table 1, and the reference frame layer normal direction (ND) wall
length (WD) and transverse directions (TD) and sample dimensions are defined in Fig. 1. After
deposition, the samples were removed from the substrate and ND-TD cross sections were cut from
the centre of the wall for metallographic characterisation.

Table 1. WAAM deposition parameters.

WAAM build parameters
Travel Speed 5(mms’)
Current 170 (A)
Wire Diameter 1.2 (mm)
Layer Height ~1.5 (mm)
Plasma Gas Flow 0.013(Ls™)
Wire Feed Speed 2 (mmin™)
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Figure 1. Test sample schematic showing the oscillating heat source path, reference frame, and
location of cross sections taken for metallographic investigation. The sample reference directions are
defined as: WD = heat source travel, or ‘welding’ direction, TD = transverse direction, and ND = build
height, or ‘normal’ direction.

Samples were prepared for metallographic examination using silicon carbide grinding papers and
subsequently polished with a 0.25 ym colloidal silica suspension (OPS), containing 5% hydrogen
peroxide. After etching samples with Kroll's Reagent, optical microscopy was performed with a Zeiss
Axio Imager 2, with automated stage scanning to produce large-area high-resolution stitched images.
SEM-BSE imaging was conducted on an FEI Magellan FEG-SEM, using an accelerating voltage and
probe current of 5 kV and 0.4 nA, respectively, and micrograph tile ‘line scans’ were acquired for
automated image analysis using the FEI MAPS image stitching software. Through this approach, 300
— 400 by 3 wide image tile strips with a width of 15 um were acquired, automatically and at high
resolution, so the a inter-lamellar spacing in the Ti-64, the a lath dimensions in the Ti-5553, and the
mixed a + B microstructures in the alloy transitions could be quantified using an in-house batch
processing image analysis routine. For this analysis, micrographs were pre-processed by first applying



a homomorphic high-pass Gaussian filter to normalise image intensity [38]. The optimal threshold for
image segmentation was then selected via Otsu's method [39], which iteratively searches the
normalised image intensity histogram for the threshold which maximises the between-class variance.
Each image was then binarised according to its optimal threshold, such that pixels containing the a
phase are assigned a value of 1 and the B phase a value of 0. Finally, area closing [40] was used
conservatively to remove the fine-scale mislabelled 3 matrix from the a laths. A Python script was
written following ASTM 1382-97 [41] to determine the average inter-lamellar spacing. 200 random line
scans were performed on each frame and a histogram of chord lengths intersecting a laths was
constructed. This enabled the variance to be quantified. The B-phase fraction was quantified simply as
the ratio of black to white pixels in the binarised images. The Python script used is available on GitHub
[42].

EBSD and EDS mapping was carried out simultaneously on an ultra-high speed EBSD platform
comprised of a Thermo Fisher Apreo C FEG-SEM, integrated with an Oxford Instruments’ Symmetry 2
EBSD detector, AZtec acquisition software, and an Ultim Max EDS detector. EBSD mapping was
performed using an accelerating voltage of 20 kV, and large low-resolution and smaller high-resolution
maps were acquired using probe currents of 51 and 1.6 nA, a stage tilt of 70 and 75°, and a step size
of 20 and 0.1 um, with data collected at 3000 and 45 Hz, respectively. EBSD maps were processed
with Oxford Instruments’ AZtec Crystal software and are displayed in inverse pole figure (IPF)
colouring relative to the build-height direction (ND). B-phase EBSD maps of Ti-64 were reconstructed
from the collected a phase data using software developed by Davies and Wynne [43], [44] where a 2°
misorientation maximum from a particular a variant was accepted, and up to a 3° divergence from the
BOR was considered part of the same parent B grain. All textures are depicted in contoured pole
figures and scaled in multiples of random density (MRD). For the EDS maps, only results for Al and
Mo are presented, since the X-ray peak overlaps of Ti, V, and Cr could not be reliably resolved in the
EDS spectra. Higher chemical sensitivity analysis was achieved by using a JEOL JXA-8530F FEG-
EPMA equipped with 4 wave-dispersive spectrometers (WDS), enabling all the elements of interest to
be quantified. The EPMA line scans were acquired using an accelerating voltage of 15 kV, a current of
100 nA, and a step size of ~70 um; and counts for Al (K4) were collected on a TAP diffraction crystal,
Mo (Lq1) on a PET crystal, and Fe (Kq1), Cr (Kq1), and V (Kq1) on a LiFL crystal.

3. Results

3.1. Alloy-Alloy Transition Overviews and Bulk Textures

Optical images showing overviews of the Ti-64 < Ti-5553 alloy-alloy transitions sectioned in the
normal-transverse plane (ND-TD) are provided in Fig. 2. The regions with a precipitation in the Ti-5553
alloy etch more aggressively and appear dark in the macrographs [15]. At this magnification, from the
etching contrast, relatively sharp and curved fusion boundaries can be seen between the two
materials for the Ti-64 — Ti-5553 transition, when the first layer was deposited with the new alloy (Fig.
2a), whereas a more step-like gradation in the etching contrast can be seen for the Ti-5553 — Ti-64
transition (Fig. 2b). The etching profiles of the layer bands are consistent with that expected for the
fusion boundary in the WAAM process [26], [45]. HAZ bands can also be seen in the Ti-64 deposited
material, appearing as near-horizontal lines of dark-to-light contrast, which are equally similar to those
found in monolithic Ti-64 samples built with the same oscillation strategy (e.g. [26], [36], [46]-[50]). In
comparison, no HAZ bands can be seen in the Ti-5553 material, but instead narrow curved bands of
lighter contrast can be observed following each fusion boundary. The origin of this second type of
banding has been previously discussed in ref. [26] and is caused by transient solute partitioning, which
takes place when the solidification velocity first accelerates from the fusion boundary. These fusion
boundary ‘transient segregation’ bands are much more pronounced in the Ti-5553 than the Ti-64 alloy,
due to the greater deviation of the partition coefficients (k) from unity of Mo and Cr, compared to Al
and V. During solidification, Mo and Cr in the Ti-5553 alloy also micro-segregate in inverse directions,
with Mo, k = 2 [22], [24], concentrating in the dendrite cores, and Cr, k = 0.81 [23], in the interdendritic



regions. Due to the shorter etching time employed because of the greater reactivity of the a
precipitated regions in the Ti-5553 alloy, the weaker transition segregation bands are not as visible in
the Ti-64 layers, where in prior work they have been attributed to Fe segregation [26]. The presence of
B-grain boundaries (GBs) and evidence of a very coarse columnar B-grain structure can also be seen
in the optical images for both transition regions (Fig. 2).

Ti-5553

Figure 2. Optical macrographs from etched samples, showing the transition regions between the two
alloys when deposited in alternate order: (a) for Ti-64 — Ti-5553 and (b) Ti-5553 — Ti-64. The images
are from normal-transverse (ND-TD) cross sections.
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Figure 3. Macro-scale large area EBSD ND-TD maps from the Ti-64 — Ti-5553 transition sample,
showing: (a) an orientation map of both a and 8 phases in inverse pole figure colouring with reference
to the build-height direction (ND), (b) the B-phase grain structure (recombined using reconstruction for
the undiluted Ti-64 base region) and (c) a phase indexing colour map. Low angle (> 5°, < 15°) grain
boundaries and high angle (> 15°) grain boundaries are highlighted as white and black lines,
respectively, in (a) and (b).



In Fig. 3, large area EBSD maps are provided across the Ti-64 — Ti-5553 alloy-alloy transition in Fig.
2a, showing: (a) the texture of the a and 3 phases, (b) the B-phase grain structure only, and in (c) an a
+ B phase map. It should be noted that in Fig. 3b, due to the low residual B volume fraction in the Ti-64
base layers, the B-phase orientations had to be reconstructed from the indexed a phase data and this
was merged with that for the Ti-5553 region where the B phase could be directly indexed. As expected,
the phase map (Fig. 3c) shows that the un-diluted Ti-64 bottom section is dominated by the a phase
and the Ti-5553 top layers by B. However, it should be noted that, at this coarse scale, the a + 3
microstructure detail in the transition region is missed due to the large EBSD step size employed and,
as indexing of the fine a precipitated in the Ti-5553 and the residual B in the Ti-64 rich regions is very
poor, the phase map is artificially dominated by the matrix 3 and the transformed a, above and below
the alloy-alloy transition, respectively.

In Fig. 3b, it can be further seen that the large columnar B grains present exhibit strong (001)g
alignment with the build-height direction (ND) and most of their boundaries are relatively ‘low angle’,
being less than < 15° in misorientation (highlighted white). If a conventional 15° misorientation
threshold is used to distinguish high angle grain boundaries (HAGBs: highlighted black in Fig. 3b), this
strong texture therefore means that the effective ‘grain size’ is very large, with the columnar gains
being ~ 2 — 5 mm wide. For example, the top (Ti-5553) part of the wall only contains 3 ‘grains’ across
its entire width, mutually misorientated by > 15°. In addition, the Ti-5553 alloy has developed an
exterior casing of finer more randomly orientated grains that have grown aligned towards the wall
surfaces, which are not seen in the Ti-64 lower section of the sample. Although, after deposition, the
lower Ti-64 section was dominated by the a phase, in Fig. 3a the a micro-texture variation, and the
presence of single-variant grain boundary a colonies in the EBSD data, highlights the parent B-grain
boundaries [36], [51] and confirms that the 3-grain structure has been accurately reconstructed in the
merged map shown in Fig. 3b. From this composite B orientation map, it is apparent that the columnar
B grains (both low and highly misorientated) have grown epitaxially from the fusion boundary in each
pass [46], [52], [53] and continued uninterrupted through the alloy-alloy transition region, despite the
changes in melt-pool composition, to go on to span the entire height of the sample area.

(a) {100} {110} {11},

Max: 14.9 MRD

(b)

Max: 21.1 MRD
(0001), {1120}, {0110},

(c)

WD

L%

20

O

Max: 11.7 MRD
MRD



Figure 4. Pole figures depicting the textures from the EBSD maps shown in Fig. 3: (a) the top Ti-5553
section B phase, (b) the reconstructed B phase of the base Ti-64 layers, and (c) the as-indexed a
phase of the base Ti-64 layers.

Pole figures obtained from the maps in Fig. 3 are shown in Fig. 4, where it can be seen that the
texture from the lower section Ti-64 layers in the reconstructed B phase pole figures (Fig. 4b) closely
matches that of the directly indexed B phase in the upper section of the Ti-5553 alloy (Fig. 4a),
consistent with the columnar 3 grains growing continuously from the Ti-64 base section into the Ti-
5558 rich layers. Although the texture data was collected from a limited number of columnar B grains,
overall, the B-phase pole figures (Fig. 4a and b) show strong (001)4 || ND alignment, which is common
in titanium alloys with columnar grain structures produced by DED-AM [15], [53], [54]. For the top Ti-
5553 region, the weaker non-(001)4 || ND orientations in the {100} pole figure originate from the finer
surface grains seen in Fig. 3a. These orientations appear with lower strength in the pole figures
because they contribute a relatively small area to the EBSD map, but still dilute the intensity of the
dominant (001)4 || ND component relative to that seen for the Ti-64 section of the wall (Fig. 4b). In
addition, since the Ti-64 base layers contain a highly textured columnar 3-grain structure, the a-phase
transformation texture (Fig. 4c) from this region is also relatively strong, with a maximum of 11.7 MRD,
which is again comparable to that found in a typical Ti-64 monolithic WAAM deposit [53], [55].

3.2 Composition Gradients

To investigate the chemical gradients formed when producing the alloy-alloy transitions, relatively
coarse step size (~70 um) electron probe micro-analysis (EPMA) line scans were performed normal to
the layers (i.e. in ND). From Fig. 5, it is immediately apparent that long-range chemical mixing
occurred during deposition of the WAAM samples. The overall chemical transition between the two
alloys spanned up to ~4 mm for both build sequences and varied in a ‘stepwise’ exponential profile,
comprised of near-constant composition ‘ledges’ across each added layer, with abrupt steep gradients
near the fusion boundaries between individual layers. The nominal composition of the second alloys
were also not approached until at least the third layer was deposited with the new wire, and trace
amounts (< 0.2 wt.%) of residual alloy elements were still found to be carried forwards into the fourth
and fifth layers with the new alloy (e.g. Mo and Cr when Ti-64 was deposited on Ti-5553; Fig. 5b). This
long range, step-wise, exponential decay in the average composition of each new added layer is
consistent with the alloy-alloy composition transition profiles being dominated by melt-pool dilution,
and resulted in the greatest change in composition occurring when the first layer was added with the
alternative wire. It can also be noted, that in the EPMA measurements, the composition within each
individual layer was not always uniform, suggesting full melt-pool mixing had not always occurred, as
can be seen most clearly from the local variation in the Mo and Cr concentrations across layers 1 & 2
in Fig. 5a.

The average compositions measured for the base alloys and each added layer (averaged over the
composition steps) across the transition regions obtained from the EPMA data are summarised in
Table 2, along with their ‘molybdenum equivalence’ index (Mo.,) [14]. This empirical measure of B-
phase stability can be seen to increase sharply by a factor of Moeq = 7 when the Ti-5553 alloy was first
deposited on Ti-64, but changed less severely by Mogq = 4.9 in the first new layer when the alloys
were deposited in the opposite order. Depositing Ti-5553 on Ti-64 thus created a more rapid change
in the B-phase stability index than with the reverse order.
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Figure 5. Electron probe micro-analysis line scan composition profiles across the interfaces of (a) Ti-
64—Ti-5553 and (b) Ti-5553—Ti-64. (c) and (d) show the respective first new layers at a higher
magnification.

Table 2. Average layer compositions measured from the EPMA data for the WAAM sample base
alloys and 4 layers after deposition of the new alloy. The B-phase fraction (Br) measured by
backscatter electron image analysis is also provided, as well as the molybdenum equivalence (Mog)
determined from the compositions [14].

Sample Layer Al Vv Mo Cr Fe Bf Mo,
[Wt .O/o] [Wt .O/o] [Wt _cyo] [Wt _cyo] [Wt c °/o] [OA)]
Ti-64 bottom 0 5.51 3.81 0.00 0.01 0.04 10.9 -2.8
1 4.93 4.39 2.96 1.61 0.24 34.2 4.2
2 4.74 4.64 3.92 2.17 0.32 40.4 6.7
3 4.63 4.79 4.48 2.53 0.37 43.6 8.2
4 4.57 4.82 4.64 2.60 0.37 471 8.5
Ti-5553 top 4.52 4.94 4.86 2.70 0.38 9.1
Ti-5553 bottom 4.52 4.72 4.88 2.75 0.40 49.7 9.1
1 4.93 4.34 2.82 1.57 0.31 34.7 4.2
2 5.30 3.96 1.12 0.65 0.23 19.6 0.2
3 5.34 4.08 0.53 0.32 0.22 13.7 -0.9
4 5.45 3.95 0.20 0.11 0.20 -1.8
Ti-64 top 5.48 3.92 0.10 0.06 0.18 -2.1




3.3 Microstructure Transition Gradients

Higher resolution investigation by SEM, EDS, and EBSD revealed complex transitions had occurred in
the transformation microstructure within the composition gradients between the two alloys, which
depended on the order of deposition (i.e. Ti-64 — Ti-5553, or Ti-5553 — Ti-64). Backscatter electron
(BSE) micrographs of the microstructure found within each (layer) composition step (Fig. 5), after Ti-
5553 was deposited on Ti-64, are shown in Fig. 6. The steep local microstructure gradient seen
across the fusion boundaries between the undiluted Ti-64 sample base and the first layer, and the first
and second layers, added with the new Ti-5553 wire are also shown at higher magnification in Fig. 7.

The transformation microstructure in the undiluted Ti-64 base layers, before Ti-5553 was deposited,
can be seen in Fig. 6a and is characteristic of a normal monolithic WAAM Ti-64 sample manufactured
with the oscillation build strategy, which produces slower cooling rates than in a single-pass-wide wall
[36]. It consists of a relatively coarse lamellar a microstructure (inter-lamellar spacing ~1 pm) with a
‘basketweave' morphology, formed by packets of interpenetrating single-variant a laths, and contains
thin ~100 nm residual films of ~10% retained B. From Fig. 6, it can be seen that the a transformation
microstructure becomes substantially finer through the next 3 subsequently added layers (Fig. 6b — f)
as the Ti-64 alloy becomes progressively enriched with the Ti-5553 wire, which increases the
concentration of B-stabilising elements (Table 2, Fig. 5a). However, the most dramatic change
occurred across the fusion boundary in the first layer deposited with the Ti-5553 wire (Fig. 6a — b);
and by the third layer (Fig. 6f), the a lath size and morphology is comparable to that seen for a
precipitation in a monolithic Ti-5553 AM build [15].
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Figure 6. SEM backscatter electron micrographs showing representative changes in microstructure
across the first 3 new added layers of Ti-64 to Ti-5553 transition, with their location shown on the
corresponding optical macrograph.



The microstructure gradients seen across the fusion boundaries after the first Ti-5553 layer was added,
and between the first and second layers, are shown at higher resolution in Fig. 7a and b. An abrupt a-
lath scale and morphological transition clearly occurs within the compositional boundary layer formed
at the base of the first new Ti-5553 rich melt track, which resulted in a sudden reduction in the a lath
size. When the first Ti-5553 layer was added, the a laths reduced in width and aspect ratio from ~1 to
~0.4 ym and > 20:1 to 5:1, over a relatively short distance of ~50 ym. In comparison, the next fusion
boundary microstructure gradient was less severe when the second Ti-5553 layer was added and
resulted in a further reduction in lath size to ~ 0.3 uym in width (Fig. 6-7). Fig. 7a also shows that the
area fraction of B phase (lighter contrast) increased over a relatively short distance from the fusion
boundary, as the Ti-64 base composition was diluted and enriched with a greater concentration of -
stabilising elements in the first Ti-5553 added layer.

Moving up from the first fusion boundary produced with the Ti-5553 alloy, the coarse a laths seen in
the Ti-64 base layer appear to first develop more branches — dividing repeatedly into finer multiple
parallel a lamellae (Fig. 7c) before suddenly evolving into a bimodal distribution comprised of longer a
laths, embedded in a matrix of apparently much smaller, lower aspect ratio laths that contains a larger
fraction of retained B (Fig. 7d). Finally, the remaining larger high aspect ratio laths disappear to be
replaced completely by the much finer, low-aspect-ratio, a laths and the overall size distribution
becomes more homogeneous. As the dilution of Ti-64 by Ti-5553 increases, this same finer a
microstructure is then seen to continue across all of the subsequent layers and there is a
progressively smaller, but still noticeable, reduction in the scale of the a laths across each subsequent
fusion boundary with the second and third Ti-5333 added layers (Fig. 7b).

The variant orientations seen across the first severe microstructure gradient from the fusion boundary
— when the Ti-5553 alloy was initially added — are shown in the high resolution EBSD maps in Fig. 8;
where Fig. 8a-e depicts ~0.7 mm above the fusion boundary (white dotted line), which is over half the
layer thickness (~1.2 mm), and Fig. 8f and g provide magnified views across the first ~100 pum that
contains the initial steep composition gradient. In the lower magnification phase map in Fig. 8a, the
area fraction of B indexing can be seen to rapidly increase with distance in ND. However, there are
also two bands of higher B volume fraction above the fusion boundary that correspond to more
concentrated regions of molybdenum in the EDS map in Fig. 8e. This provides additional evidence of
the local effect of incomplete mixing near the base of the melt pool, after which, with greater build
height, the solute distribution and phase fractions are seen to become more uniform. The B-phase
orientation data in Fig. 8b demonstrates that the map region in Fig. 8 consisted of a single B
orientation, which was part of one of the large columnar grains seen in Fig. 3b. Within this single
parent B orientation, the areas of locally higher B-phase fraction seen in Fig. 8a correspond to regions
of significant a orientation variant selection — shown in the a-phase orientation map in Fig. 8c — where
in region (i) there are dominant (0111),, || ND variants (purple, 2/12 of possible BOR orientations) and
(iii) is dominated by (0110),, (1120),, and [0001],|| ND variants (blue, green, and red, respectively;
6/12 of possible variants). However, farther away from the interface, where the a laths are much finer,
the a variants become more randomly distributed.

The additional higher magnification EBSD maps in Fig. 8f and g provide orientation data that can be
correlated to the rapid a morphological transition seen in the SEM images in Fig.7. Immediately below
the fusion boundary of the first Ti-5553 layer, in the undiluted Ti-64, the transformation microstructure
is considerably coarser and can be seen to contain larger single-variant a colonies, comprised of high-
aspect-ratio laths. (It should be noted that these colonies contain parallel a lamellae with the same
orientation, so that the individual lath boundaries are not discernible in the EBSD map). On
transformation during cooling below the B transus, some of the larger a laths that formed these
colonies (see ref. [56]) have grown further up into where the melt pool became richer in Mo and Cr, to
form the very large high-aspect-ratio laths seen in the bimodal a distribution found in the SEM images
taken of the microstructure transition seen in Fig. 7d. In the map area studied, these remaining coarse



laths had a single variant orientation ((1120),, || ND) and penetrated ~30 um into the transition region
at a 47° angle to ND. However, without more data, it is not known if this is significant and it may just
reflect the particular orientation of a specific a colony that formed in the Ti-64 alloy closest to the
fusion boundary with the first Ti-5553 layer, within this local map area. Farther up from the fusion
boundary, above where these large laths cease, a second distribution of much finer a laths can be
seen to have formed, grouped in multi-variant colonies consisting of 3 or more a variants [36] and the
microstructure became more uniform. In the bimodal-lath-size transition between these two
transformation microstructures, the second distribution of much finer a laths have ‘illed-in’ the matrix
between the coarser high aspect ratio laths that continued to grow out from the coarse single variant
colonies that developed in the Ti-64 base layer.
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Figure 7. SEM backscatter electron micrographs showing: (a) the initial steep fusion boundary
microstructure transition when the first Ti-5553 layer was deposited on Ti-64, and (b) the second
microstructure gradient between Ti-5553 layers 1 and 2 (Fig. 6d — €). The y-axis is the distance from
the first fusion boundary with the Ti-5553 alloy. (c-d) show the morphological changes at higher
magnification across the sharp transition gradient seen at the first fusion boundary (from areas
highlighted in (a)). Typical baseline Ti-64 and Ti-5553 microstructures are provided in (e) and (f) for
comparison.
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Figure 8. High resolution EBSD maps obtained across the fusion boundary transition from Ti-64 into
the first Ti-5553 added layer, with respect to the build-height direction (ND): (a) shows the indexed a
and B-phase distributions, (b, f) and (c, g) show B and a phase orientation maps, respectively, in IPF //
ND colouring; and (d) and (e) show EDS maps of Al and Mo, respectively. Regions (i-iv) correspond to
B-phase fractions of 38.6, 37.4, 38.1, 34.9%, measured by backscatter electron image analysis (see
Fig. 12). In (f) and (g), high magnification B and a IPF orientation maps are provided of the abrupt
transition seen in the a morphology across the first fusion boundary.

Overall, it can thus be concluded that when layers of Ti-5553 were deposited on Ti-64, the
microstructure transition seen in the transformation structure developed in a stepwise fashion and was
particularly abrupt at the first fusion boundary formed with the new alloy (Fig. 6). In comparison, a
more gradual microstructure transition was found when the alloys were deposited in the opposite order
(Ti-5553 — Ti-64). An overview of this ‘reversed’ transition gradient is shown in Fig. 9 and the first 100
pum above the first fusion boundary with the new alloy is shown at higher magnification in Fig. 10. The
typical WAAM microstructure of the undiluted Ti-5553 alloy below the transition is depicted in Fig. 9a
and consists of very fine 0.1 uym-thick a laths that have precipitated in small tri-variant colonies [36]
with about 50% retained B and an a lath aspect ratio of ~3:1. Across the fusion boundary with the first
new layer added with Ti-64 (Fig. 9b & 10d), there is a rapid increase in the a phase fraction (darker
contrast) and the B-phase volume fraction dropped to ~30%, but the change in size of the laths was
relatively small compared to the more abrupt transition seen before the alloy deposition order was
reversed (Fig. 6). The average a lath aspect ratio also only increased from 3:1 to ~5:1 from the Ti-
5553 substrate into the first added Ti-64 layer. In contrast to with the Ti-64 — Ti-5558 transition, the
higher resolution BSE images of the microstructure gradient in Fig. 10a show this more gradual
change in a lath size took place without any major morphological transition. In addition, between the
first deposited Ti-64 layer (Fig. 9c-d), and layers 2 (Fig. 9e), and 3 (Fig. 9f), the microstructure
evolution became progressively even more gradual and, with reducing concentrations of B-stabilising
elements, the a laths simply slowly increased in size across each new layer boundary (Fig. 5b) until
they converged with the coarser basketweave Ti-64 parent microstructure after approximately 3 more
added layers.
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Figure 9. SEM backscatter electron micrographs showing representative images of the microstructure
transition from Ti-5553 to Ti-64. Their location is shown on the accompanying optical macrograph.
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Figure 10. SEM backscatter electron micrographs of the reverse Ti-5553 —Ti64 alloy transition: (a)
across the initial fusion boundary, when the first layer Ti-64 was deposited on Ti-5553, and (b) the
second microstructure transition between layers 1 and 2 (Fig. 9d — e). The y-axis is the distance from
the fusion boundary with the first Ti-64 layer fusion boundary. (c-d) show the different a lath sizes and
the change in B-phase fraction during the first fusion boundary transition gradient (areas highlighted in
(a)). Ti-5553 and Ti-64 base microstructures are again provide in (e) and (f) for comparison.
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Figure 11. EBSD maps of the transition across the fusion boundary from Ti-5553 into the first Ti-64
added layer, with respect to the build-height (ND): (a) shows the indexed a and B-phase distributions,
(b, f) and (c, g) show B and a phase orientation maps, respectively, in IPF // ND colouring; and (d) and
(e) show Al and Mo EDS maps. In (f) and (g), high magnification B and a IPF orientation maps are
provided of the transition seen in the a phase near the fusion boundary. Note: the very fine scale of
the Ti-5553 microstructure seen at the bottom of the map is beyond the limit for reliable EBSD
indexing and pattern overlap may cause biasing of the indexed orientations.
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To more accurately quantify the microstructure differences across the alloy-alloy layer transitions, the
average a lath widths and phase volume fractions were extracted using automated image analysis
from high resolution SEM-BSE image maps (as detailed in §2) to create distance profiles. The
resultant data sets in Fig. 12 show a stepwise behaviour mimicking the chemical line scans in Fig. 5.
Across both transitions, the B-phase fraction varied from ~10% in the Ti64 to 50% in the Ti-5553 base
alloys, and the average phase fractions for each layer have been added to Table 2. Similarly, the a
lath thickness changed from ~0.1 — 0.9 um in steps across each layer, with the finest laths occurring in
the Ti-5553 microstructure. Therefore, there will be a stepwise gradient in yield strength across each
alloy-alloy transition, which would be expected to increase and decrease across the Ti-64 — Ti-5553
and Ti-5553 — Ti-64 transitions, respectively. Additionally, the plots in Fig. 12 again show the
influence of incomplete solute mixing within each added layer. This is exemplified in Fig. 12c, where
there are two peaks in the B-phase fraction (also identified in the EBSD map in Fig. 8a) that
correspond to varying levels of B-stabilising solute elements (Fig. 5), particularly the molybdenum
concentration (Fig. 5 and 8e).
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Figure 12. Measurements of the average a lath thickness and B-phase volume fractions across (a) the
Ti-64 — Ti-5553 and (b) Ti-5553 — Ti-64 transitions. (c) shows the area highlighted in (a) at higher
magnification, which correlates to the region of B-phase instability shown in the EBSD map in Fig. 8a i-
ii.

Finally, Fig. 12 further confirms that the a lath size was influenced by the temperature gradients
experienced during WAAM deposition as well as the local composition. In Ti-64 WAAM builds, this
typically leads to a ‘saw-wave’ coarsening pattern within the HAZ bands in the build-height (ND)
direction [26], [57], [58]. To date, the microstructure homogeneity of monolithic Ti-5553 WAAM builds
has not been quantitatively characterised in such detail. Nevertheless, the a lath thickness found
across the Ti-64 < Ti-5553 alloy transitions would also be expected to be influenced by thermal
gradients caused by the periodic passage of the heat source. Although it was difficult to
unambiguously separate such thermal effects from the stronger influence of the compositional
gradients, variations in the a lath size were observed that could not be attributed to local composition



fluctuations. For example, in the Ti-5553 — Ti-64 transition distance profile (Fig. 12b), there is a
steady increase in a lath size across the second layer, but a sudden peak occurs at the boundary with
the third layer, where there is no sudden change in composition; as shown in the EPMA and EDS
maps in Fig. 5d and 11d-e, which suggests it was caused by a higher peak temperature experienced
during the local thermal history.

4. Discussion

The EPMA results showed that, when building tailored components with the WAAM process,
extensive long-range chemical mixing can be expected during the transition between two different
titanium alloys. This occurred in a stepwise exponential profile normal to the added layers (e.g. Fig.
5a-b), caused by re-melting, dilution, and mixing in the melt pool, with short-range and steep
composition gradients close to the fusion boundary for each new layer (e.g. Fig. 8d-e and Fig. 11d-e).
In the alloy combination studied, the change in composition across the alloy transitions had
surprisingly little effect on the parent B-grain structure that formed during solidification, which
continued to develop as coarse columnar grains that regrew epitaxially from the fusion boundary
uninterrupted up through each new layer. This probably occurred because the solidification conditions
were too far away from the columnar to equiaxed transition (CET) boundary in both alloys [59], in
terms of the solidification front growth rate (R) relative to the liquid thermal gradient (G,), to see any
influence of changes in the partition coefficients, and growth restriction factor (Q) [22], [23] on the
primary grain structure. However, the effect of greater solute partitioning in the Ti-5553 alloy was
apparent from the observation of the formation of a skin of finer B grains on the sample surfaces, and
this situation might therefore be expected to change if the process parameters were modified to
reduce the G//R ratio [59]. In contrast, the alloy-alloy transition composition profiles strongly influenced
the transformation microstructure seen for the a phase, though their effect on the parent p-phase
stability, B — a transformation kinetics, and reaction sequence, was not symmetric; i.e. the a
microstructure gradient seen when transitioning from Ti-64 — Ti-5553 was significantly different when
performed in the reverse order.

4.1 Mixing and Dilution

The long range, stepped, concentration profiles seen across the dissimilar alloy-alloy layer transitions
in Fig. 5 can be attributed to liquid phase mixing of solute in the melt pool in each deposition track
between the new added wire and the remelted volume, driven by convection, which is subsequently
trapped during solidification. In comparison, solid-state diffusion distances, estimated by a simple v/Dt
[60] calculation using the slowest (Mo) and fastest (Al) elements present, for a representative rapid
AM thermal cycle near the melting temperature of Ti-64 (~1500°C [20], t ~5 s), are only ~ 0.7 — 2.2
um, which is over three orders of magnitude smaller than the width of the transition regions in Fig. 5.
The composition steps also coincided with the average layer height in the alloy-alloy transition regions,
which were ~1.35 mm for Ti-64 — Ti-5553 and ~1.25 mm for Ti-5553 — Ti-64, under the deposition
parameters used. In WAAM, with a plasma-arc heat source, the standard process parameters used in
this initial study have been optimised to avoid lack of fusion defects, which requires a substantial
remelt depth of ~0.7 mm. This results in dilution levels of the newly added material, by the previous
layer, in the range of 50 — 70% [34], [35], [61]. This large dilution level has also been previously
demonstrated to cause substantial chemical mixing when depositing alternate melt-track alloy-alloy
composite (AAC) samples with the WAAM process [5]. For the configuration studied, where new
layers of a dissimilar alloy are added onto a previously deposited substrate by changing the feed wire,
the effect of dilution on an element’s concentration (if it is not present in the new alloy), C, ,,, through
the alloy-alloy transition, can be simply predicted using the relationship:

Cx,n =Lxo [fd]n (equation 1)



where C, , is an element’s initial concentration in the base layer, f; is the fractional dilution of the new
alloy added, and n is the layer number. This function is also illustrated in Fig. 13 for different dilution
ratios.
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Figure 13. The theoretical composition profile of an alloy element through multiple added layers of a
dissimilar alloy wire with different dilution ratios.
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Using, Eqg. (1) and the mean layer compositions for each step in Table 2, the average dilution can be
estimated when transitioning from Ti-64 — Ti-5553 as ~55%, and 45%, for Ti-5553 — Ti-64. The
difference between these ratios, which occurred even though constant processing parameters were
maintained, resulted from a slightly greater level of remelting when depositing Ti-64 on Ti-5553. This
arose because of the effect of the alloys’ different physical properties on the remelt depth, due to
complex interactions arising between the heat flow, arc pressure, bead profiles and melt-pool liquid
circulation. For example, Ti-5553 has a 30% lower thermal conductivity and heat capacity than Ti-64
[62].

This difference in dilution ratio contributed modestly to a greater absolute change in the molybdenum
equivalence for the Ti-64 — Ti-5553 transition, relative to the Ti-5553 — Ti-64 transition, of AM0ogq= 7
and 4.9, respectively, and similarly also contributed to the different respective B-phase fraction
changes for the first alternative alloy added layers of 23.3% and 15%, when reversing the deposition
sequence (Table 2). Furthermore, due to the liquid circulation in the melt pool, the first dissimilar alloy
wire layer deposited is diluted by the substrate and elements in the remelted prior layer are mixed
throughout the new fusion zone, so that during deposition of the next layer they are again diluted by
the new alloy wire, though with a lower starting concentration. As this process is repeated, elements
present in the base alloy substrate can therefore be carried forwards through many subsequent layers
added with the new alloy, as demonstrated in Fig. 13, at a rate of decay that is dependent on the
dilution level. This simple model shows that with a large remelt depth — giving a high new dilution ratio
of 70% — the substrate elements can be carried forwards over more than 10 added layers, but a
smaller remelt depth, producing a low dilution of 20%, would result in a much narrower transition, and
the concentration of alloying elements present in the base alloy would decay to very low levels beyond
the third layer. Therefore, in dissimilar alloy builds produced with a moving melt pool AM process, a
stepped interface is inevitable, and the width of the transition region can be pre-determined by
intelligent control of the WAAM deposition process parameters. For example, by using an alternative
heat source, such as GMAW-cold metal transfer (CMT), much lower levels of new metal dilution could
be achieved (~20%) which would lead to a much sharper interface.

In addition, although mixing between the previous and new melt tracks appears to be efficient in
WAAM due to the melt pool circulation, which is driven primarily by Marangoni and arc force
convection [35], a liquid boundary layer was still apparent in the composition profile near the fusion
boundary for each added layer. This created a steep concentration gradient of the order of ~50 um
wide between each composition step, which strongly influenced the a microstructure and can be seen



enlarged in Fig. 5¢c-d and in the higher resolution EDS data in Fig. 8 and 11. The width of these fusion
boundary composition gradients, though narrower, is again still significantly greater than expected for
solid state diffusion. Furthermore, plumes of the remelted substrate alloy, smeared out by liquid shear
from convection [5], did not always fully dissipate in the melt pool, which led to some local variation in
the composition within each layer step (e.g. Fig. 5 and 8) and the transformation microstructure seen
across the transition interface.

4.2 Transformation Microstructures

The factors that affect the local transformation microstructure across the alloy-alloy transition layers
can be broadly separated into B parent-phase compositional and thermal history influences. As noted
above, prior to transformation, the frozen parent B-phase solid solution composition varies primarily as
a step function normal to the added layers, with steep local gradients at each fusion boundary, and
some superimposed less severe fluctuations due to incomplete mixing. In addition, in an AM process,
after solidification freezes the B-phase chemistry, non-uniform reheating of the deposited material
occurs due to the thermal gradients generated below the moving heat source as more melt tracks are
added. This results in each volume of material experiencing multiple rapid thermal cycles with a
diminishing peak temperature, and heating and cooling rates. The local chemistry strongly affects the
local stability of the B phase and the B-transus temperature, but also the transformation kinetics and
decomposition pathway [14], [20], whereas the complex thermal conditions include rapid cooling from
above the B transus to multiple short reheating cycles with the peak temperatures, ranging from the
far-field background temperature to the material’s melting point. However, here, because the samples
were studied after steady state had been achieved (i.e. after multiple layers had been deposited) and
in titanium alloys there is a high sensitivity to chemistry, the composition gradients appear to have
dominated the observed microstructure variation.

Under WAAM cooling rate conditions (which are of the order of 30°C s [26]) in the baseline Ti-64
alloy, as the temperature first drops below the B transus, the a phase will nucleate both on the B GBs,
to produce allotriomorphs and singe-variant a colonies, as well as within the B grains as high-aspect-
ratio laths in multi-variant colonies with an interlocking basketweave morphology [36], [46]. This
microstructure can also coarsen during subsequent thermal cycling below the B transus if the peak
temperature rises to be in the range of the B approach curve (i.e. between ~800 — 1000°C [26], [57],
[58]) to form HAZ bands. In contrast, p-stabilised alloys like Ti-5553 have much lower quench
sensitivity and will not transform directly to a at these high cooling rates [32]. In addition, during
conventional sub-transus heat treatments, a Ti-5553 metastable B-phase solid solution can
decompose by multiple transition-phase pathways, involving: spinodal decomposition, the formation of
the w phase by a diffusionless transformation, and the more recently reported disordered and ordered
orthorhombic phases 0" and 0’, which can affect the subsequent nucleation of a and refine its
distribution [31], [63]-[65]. However, these transition phases have a relatively low solvus temperatures
(e.g. ~250°C for 0') and have only been found to influence the precipitation of a at much lower heating
rates (in WAAM the heating rate is ~500° s [26]), or during far longer low temperature heat treatment
times than experienced in an AM process [30], [65]. Perhaps more relevant to the rapid heating rate
(short thermal cycle) AM thermal conditions is that, in quenching experiments, it has been claimed [66]
that a can also nucleate directly from 3 with a high efficiency, via a psuedo-spinodal mechanism, at
relatively short ageing times (e.g. 15 minutes at 600°C) without the requirement for heterogeneous
nucleation sites such as dislocations, or the simultaneous appearance of grain boundary a. Whereas,
in the range ~650°C to the B transus (~850°C [14], [25], [28]), a precipitates form more coarsely on 3
GBs and at dislocations within the matrix [66]. Although we do not have any independent evidence to
verify this proposed pseudo-spinodal nucleation mechanism, a similar high homogeneous density of a
precipitates has been seen here after deposition within the large B grains in the Ti-5553 base layers
(e.g. Fig. 6).



As no further phases are expected at intermediate compositions in the dissimilar Ti-64 — Ti-5553 alloy
system, in the alloy transitions, the microstructures would be expected to gradate between that of
‘pure’ Ti-64 to that of Ti-5553. However, when transitioning towards Ti-5553, the B-transus
temperature will reduce and the diffusional transformation kinetics will also diminish due to the lower
transformation temperature and diffusivity of molybdenum. Conversely, on moving from Ti-5553 to Ti-
64, the opposite will occur. Therefore, if the concentration gradients are sufficiently steep for
neighbouring a colony nucleation events to interact, the transformation behaviour need not be
symmetric, as the sequence of nucleation will be kinetically dependent. For example, when comparing
the transformation microstructures seen across the two alloy-alloy transitions sequences, the Ti-64 —
Ti-5553 transition produced an abrupt morphological change in the a lamellae, as the Mo, index and
B-phase fraction increased (Fig. 7), but the Ti-5553 — Ti-64 transition gradient exhibited a more
progressive change in a (Fig. 9), with only an increase in size seen in the a precipitates across the first
added Ti-64 layer (Fig. 10 and 11).

The abrupt a-lath scale and morphological changes seen in the Ti-64 — Ti-5553 transition when the
first Ti-5553 rich layer was added resulted in an intermediate bimodal a lath size distribution (Fig. 6
and 7). This occurred because of the transition between two overlapping nucleation sequences that
took place as the B-transus temperature deceased and the a transformation kinetics were
progressively inhibited. Firstly, starting from the Ti-64 fusion boundary, as the B-phase stability
increases when adding Ti-5553, the conventional nucleation of a seen in a Ti-64 alloy during cooling
from above the B transus in the WAAM thermal cycle becomes more difficult, because the temperature
required to maintain the same undercooling and diffusivity will first decrease and then cease. As a
result, primary a laths that have nucleated further towards the Ti-64 rich side, that form variants which
are favourably aligned with respect to their principle growth direction relative to the concentration
gradient, will continue to grow unimpeded into the metastable 3-phase solid solution (centre of Fig. 89g)
and the further infilling by autocatalytic nucleation of similarly aligned variants that is normally seen in
a Ti-64 alloy as the temperature falls [56] (seen at the bottom of Fig. 8g) also does not appear to take
place.

However, the retained 3 supersaturated matrix will remain highly unstable, and try to precipitate more
a as the temperature drops sufficiently to increase the undercooling for further nucleation, or in
subsequent heating cycles. The fact that the second distribution of a is much finer in scale and
appears very similar to the multi-variant clusters classically seen in the Ti-5553 parent alloy [30], which
do not form during cooling from above the B-transus temperature under WAAM conditions [66],
however, suggests these fine a laths are precipitated in a subsequent heating cycle where the peak
temperature must be close to the ‘nose’ in the a nucleation curve to allow precipitation in such short
time scales. According to Cotton et al., the nose of the a nucleation curve is in the range of 600 —
800°C [14], [32], which is also similar to the temperature range for direct, rapid nucleation of a
discussed by Nag et al. [66].

On moving across the Ti-64 — Ti-5553 transition, with a further increase in the concentration of B-
stabilising elements, this second finer distribution of a precipitates goes on to dominate, as the
nucleation of a seen during cooling on the Ti-64 side becomes inhibited and the precipitates become
smaller in size as more layers are added, and the parent B phase further increases in stability. This
continued reduction in the a precipitate size as the molybdenum content continues to increase occurs
simply because, as the B-transus temperature reduces, the equivalent undercooling for nucleation will
occur at a lower temperature and diffusivity will therefore reduce, so that the soft impingement
diffusion field of the growing a precipitates diminishes more rapidly than their nucleation rate [67].

In comparison, the more progressive microstructure change seen in the reverse Ti-5553 — Ti-64
transition sequence occurs primarily because the Ti-5553 alloy does not appear to occupy a position
in the B-phase stability composition space where a nucleation is as sensitive to the dilution of the -



stabilising elements as when the reverse occurs to Ti-64. Within the first Ti-5553 layers that are
alloyed with Ti-64, the B phase thus appears to be still sufficiently stable to avoid transformation during
cooling, and precipitation occurs only during subsequent reheating cycles that achieve peak
temperatures close to the nose in the a transformation curve, with respect to the local composition. As
a result, the microstructure simply coarsens without any morphological change, following the
composition gradient with a ‘smoother’ transition as the p-transus temperature and diffusion rate of the
partitioning elements increase, which increases the growth rate relative to the nucleation rate of the a
precipitates. In addition, as more layers are added with the Ti-64 wire, because of the exponential
dilution behaviour shown in Fig. 13, the composition where the nucleation mechanism changes to that
of the baseline Ti-64 alloy is approached much more slowly than when the reverse occurs.

Because of the high sensitivity of the transformation microstructure to composition, local regions of
variance in the a lath size, aspect ratio, and phase fractions were noted across the alloy-alloy
transitions. Therefore, to explore further how consistent the microstructure transitions described above
might be expected to be across a larger scale component, an 8 mm wide EBSD and simultaneous
EDS map was obtained, as shown in Fig. 14. When observed over this large interface length, the
phase map in Fig. 14a revealed a heterogeneous distribution of areas with different a and 8 phase
fractions laterally across the alloy-alloy transition bands that varied from 100 — 450 um in thickness.
This variation in B stabilisation seen across the transition layers arises from incomplete mixing of liquid
shear layers rich in the remelted Ti-64 substrate with the Ti-5553-rich melt pool [5]. The related
composition variation is, unfortunately, not obvious in the EDS maps in Fig. 14c-d, since this analysis
technique is not as sensitive as EPMA. In addition, in Fig. 14, layers of a can be seen to extend up the
higher angle columnar B-grain boundaries that are aligned parallel to the compositional gradient,
which clearly provide preferential nucleation conditions for GB a colonies [68], [69]. Overall, this
suggests that even quite low variance in the B-stabilising element solute levels (relative to the
composition of Ti-64) caused by incomplete mixing, can have a strong effect on the phase fractions
and cause significant lateral microstructural variation across an alloy-alloy transition interface that may
impact its mechanical performance. The micro-plasticity behaviour in the transition regions is expected
to be heterogeneous and complex, and so will be the subject of a future publication.

Finally, it should be noted that the microstructure heterogeneities caused by incomplete solute mixing
and the cyclical heating inherent to an AM process could be improved by post-build heat treatments,
such B as solutionisation — where the material is heat treated just above, or slightly below, the 8
transus of the Ti-64 B transus (~980°C), to fully solutionise and homogenise the Ti-5553 alloy and
reduce the steep fusion-boundary-layer concentration gradients. When combined with subsequent
cooling at a controlled rate, this can also ‘reset’ the titanium alloy microstructures and, if combined
with ageing heat treatments, the properties could then be better tailored to a desired application. For
example, B solutionisation followed with a cooling rate of > 0.1°C s™ [32] will be sufficient to repress
any nucleation of a phase in the Ti-5553 material and will result in a more damage tolerant, coarser a
lamellar Ti-64 microstructure [70]. Ti-64 is also relatively insensitive to heat treatments below 700 °C
and a subsequent ageing heat treatment could, therefore, also be applied to optimise the desired
higher strength and toughness combination possible with the Ti-5553 alloy [25] (which will also be
explored in a future publication). Thus, more precisely tailored materials could be readily produced by
exploiting both a pre-selected interface transition microstructure gradient, by controlling the dilution
level during AM, and using post-build heat treatments to achieve an excellent combination of
‘designed’ site-specific high strength and damage tolerance properties within a single component.



1 mm

Figure 14. EBSD and EDS maps showing the heterogeneous microstructure across the Ti-5553—Ti-
64 interface: (a) EBSD phase map, (b) B-phase inverse pole figure orientation map relative to ND, and
(d) EDS Mo and (e) Al maps. Note: these maps were acquired with a higher current and lower step
size than those in Fig. 11, so the finer a laths (especially in the pure Ti-5553 section) are less well
indexed.

6. Conclusions

The extent and distribution of chemical mixing that occurs across the transition between two high-
performance dissimilar titanium alloys, Ti-5553 and Ti-64, has been studied, when producing tailored
components by the WAAM process. The consequences of the resultant chemical gradients on the
subsequent microstructure and the effect of the alloy addition sequence have also been investigated.
It has been shown that extensive chemical mixing can be expected during the transition between two
different titanium alloys in a fusion (melt-pool) AM process. This resulted in a long-range, stepwise,
exponential decay composition profile, normal to the added layers, that is caused by remelting, dilution,
and convective mixing in the melt pool between the prior and new alloy, with steep composition
gradients seen within liquid-boundary layers at the fusion boundary of each added layer.

In the alloy combination studied, the change in composition had little apparent effect on the B-grain
structure that formed during solidification, which continued uninterrupted through each new layer. In
contrast, the alloy-alloy composition profiles dramatically influenced the transformation microstructure
seen for the a phase, through their strong effect on the parent B-phase stability and the § — «
transformation kinetics and reaction sequence.

The a microstructure gradient seen when transitioning from Ti-64 — Ti-5553 was more abrupt,
compared to when depositing the two alloys in the reverse order (i.e. Ti-5553 — Ti-64). In the former
case, the transformation behaviour of Ti-64 under WAAM thermal conditions appears to be more
sensitive to the effect of B-stabilising elements than when Ti-5553 is diluted by Ti-64. This is because,
with the high cooling rates in a WAAM process, greater stabilisation of the 3 phase readily suppresses
a nucleation when cooling through the B transus, to be replaced by much finer-scale a laths generated
by precipitation during subsequent reheating cycles.

It is also shown that the width of the alloy-alloy interface transition layer can be described by a simple
dilution law, offering the ability to design a transformation microstructure gradients by controlling the
level of remelting in the WAAM process, with the potential to make much sharper interfaces by
employing alternative technologies (e.g. such as CMT).



Finally, it is noted that the properties of the Ti-64 < Ti-5553 alloy combination studied can be further
readily ‘tailored’ by applying post-build heat treatments that exploit the lower solution treatment and
ageing temperatures of Ti-5553, to optimise the site specific strength and damage tolerance
obtainable within a single titanium AM component.
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Chemical mixing of Ti-64 & Ti-5553 deposited using the WAAM process was studied.
Microstructure gradients of the two alloys were also investigated.

Alloy mixing occurred in a stepwise manner across 3-4 deposited layers.

Deposition order of the alloys was shown to affect the a+@ microstructure gradient.
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