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ABSTRACT
Wire-Arc Additive Manufacturing (WAAM) of large near-net-shape titanium

components has the potential to reduce costs and lead-time in many industrial sectors including
aerospace. However, with titanium alloys, such as Ti-6Al-4V, standard WAAM processing
conditions result in solidification microstructures comprising large cm-scale, <001> fibre
textured, columnar B grains, which are detrimental to mechanical performance. In order to
reduce the size of the solidified B-grains, as well as refine their columnar morphology and
randomise their texture, two cubic nitride phases, TiN and ZrN were investigated as potential
grain refining inoculants. To avoid the cost of manufacturing new wire, experimental trials were
performed using powder adhered to the surface of the deposited tracks. With TiN particle
additions, the B grain size was successfully reduced and modified from columnar to equiaxed
grains, with an average size of 300 um, while ZrN powder was shown to be ineffective at low
addition levels studied. Clusters of TiN particles were found to be responsible for nucleating
multiple B Ti grains. By utilizing the Burgers orientation relationship, EBSD investigation showed
that a Kurdjumov-Sachs orientation relationship could be demonstrated between the refined
primary [ grains and TiN particles.
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1.0 Introduction

Titanium (Ti) alloys are one of the most commonly used aerospace materials [1], owing to
their high specific strength, good corrosion and oxidation resistance[2]. Additive manufacturing
(AM) is a particularly attractive path to reducing the high cost [3] of conventional wrought Ti
parts, which are frequently associated with high buy-to-fly ratios [4]. There are a variety of AM
technologies [5] which have been applied to Ti-6Al-4V (Ti64), the most common Ti alloy used in
aerospace, [6—8]. High deposition rate wire-fed methods, like Wire-Arc Additive Manufacturing
(WAAM), are particularly suited for the production of airframe parts because of their ability to
efficiently produce larger-scale components which are meters in length [9]. However, in AM
processes with Ti64 there is a propensity to form large <001> textured B grains during
solidification, which affects the a transformation texture and leads to mechanical anisotropy.

In the WAAM process a wire is fed into a melt pool, created by a plasma-transferred arc.
Sequential layers produced by single, or multiple, melt tracks are deposited on top of one
another to build up a component [10]. In most Ti alloys, without substantial modification of the
deposition conditions [11-14], this results in solidification occurring by epitaxial growth from
the fusion boundary with the re-melted neighbouring tracks, where the B grains re-form on
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heating above the transus temperature in each deposition cycle. This results in solidification
structures consisting of large columnar B grains with a common <100> direction aligned closely
to the build direction [9,15]. This <100> fibre-textured parent grain structure, strongly
influences the room temperature o-f transformation microstructure, which can cause
mechanical anisotropy in components [9,15]. The propensity to form coarse columnar B grains
during multi-pass melt pool solidification is particularly strong in the case of Ti64 because there
is minimal solute partitioning in this alloy [11]. When combined with the steep thermal
gradients found at the solidification front in a translated-heated melt pool [16], this results in
little constitutional undercooling, which prevents nucleation ahead of the growth front.
Subsequent solid-state phase transformation to the o phase does not fully eliminate the
memory of this solidification structure on the mechanical properties. This is partly because
there is a Burgers Orientation relationship (BOR) between the a variants that nucleate on
cooling and their parent B grains, but also because a colonies nucleate on the prior B grain
boundaries which causes plastic heterogeneity, particularly in transverse loading [17].

In order to improve the negative effects of a coarse B grain structure formed during
solidification on their mechanical properties and eliminate mechanical anisotropy, to date two
main approaches have been utilized to refine this in WAAM; inter-pass deformation and alloy
modification. Inter-pass deformation can be implemented by using techniques such as rolling
[18], or peening [19], to deform the surface of the deposit before the next layer/melt track is
applied. In this approach the stored energy from the inter-pass deformation, combined with the
heat input from subsequent deposition passes, results in B recrystallization during reheating
through the B transus [20]. This method is attractive as there is no change in the alloy
composition; however, it adds an additional processing step which slows production time. Alloy
modification approaches include; i) grain refinement by solute additions and ii) inoculation.
Both approaches are frequently used in unison in efficient grain refining systems in other metals
(e.g. TiB, in Al alloys [21]). Growth restriction can be rationalised in terms of the diffusivity of
the solute in the liquid and the degree of partitioning at the solidification front [22]. However,
nucleation is still limited by the heterogeneous sites available in the liquid [23]. In Ti alloys
solutal growth restriction by elements, such as boron [24] or silicon [25], has been shown to be
effective in reducing the width of columnar grains, but less effective in inducing a columnar to
equiaxed transition (CET), [26]. Unfortunately, such alloy additions frequently have unwanted
side effects, such as the formation of brittle second phases (e.g. TiB, [27]). Inoculation is a
method of grain refinement based on introducing efficient nucleants into a melt by the addition
of artificial particles, or via high temperature precipitation reactions before the primary phase
forms [28]. Inoculants are selected to minimize the energy barrier for nucleation, which requires
a low interfacial energy between the inoculant particle and the primary solidifying phase [29].
There are currently no accepted commercial systems for inoculation of cast Ti alloys, due to
their high reactivity, greater melting temperature and the detrimental effects of introducing
brittle phases into such high strength materials [21]. More recently, the novel technique of
isomorphic inoculation, has been proposed to circumvent these issues [30]. However, its
implementation is difficult in practice as careful control of superheat and melt contact time is
required to avoid dissolution of the particles.

Previous studies on grain refinement with Ti in AM have mainly focused on solutal growth
restrictors and La,03 inoculants [13,25,31]. As noted above, solutal growth restrictors do not on
their own necessarily result in the formation of an equiaxed grain structure, but have been
demonstrated to reduce the size of the coarse columnar grains [32]. La,0; has been shown to



be an effective innoculant for Ti alloys, but in order to be effective requires the addition of
solute growth restricting elements, such as B [31], or significant levels of conventional Ti
alloying elements for example, Cr and Mo, which are not present in Ti64 [13]. It is therefore
desirable to find inoculant additions which can be effective during AM of Ti64 without other
solute additions and at a lower cost.

The cubic nitride phases, ZrN and TiN have recently been shown by Qiu et al. [33], to be
effective Ti grain refiners in casting experiments with a model B stabilized Ti-13Mo alloy. In this
work a refinement effect was found at relatively low addition levels of above ~ 0.5 wt.% by
direct TiN addition, or by using ZrN. In the case of the ZrN additions, it was claimed that the ZrN
first dissolved in the melt and TiN was then precipitated, which acted as nucleation sites.
Although in pure Ti, theoretically, this requires nitrogen contents in excess of 5 wt% [34], grain
refinement was seen at lower addition levels of 0.4 wt% and it was suggested that the presence
of Zr and Mo allowed TiN to form at lower concentrations, with grain refinement also assisted
by solutal growth restriction. It was further demonstrated in this work that the cubic (NaCl
prototype) -TiN phase could form either BCC//FCC Kurdjumov-Sachs or Nishiyama-Wasserman
orientation relationships (ORs) with the matrix and therefore that TiN is an effective nucleant
for B-Ti. However, there are few other publications that report on the effectiveness of cubic
nitride inoculants in Ti alloys and none on their application to AM processes.

Here we have, therefore, investigated the potential for cubic nitrides to act as efficient grain
refiners during the WAAM process. TiN and ZrN particles were added to Ti64 builds to test their
ability to refine the, normally obtained, undesirable coarse grain size and strong texture of the
primary B phase. The stabilities of the nitride phases were also evaluated thermodynamically in
order to assess their particle-melt pool survivability. To confirm the particles nucleation
efficiency, the ORs between the nitrides and B matrix grains were investigated in detail by EBSD,
by taking into account the BOR with the a phase present in the matrix at room temperature.

3.2 Experimental Procedure

To test the ability of TiN to refine the B solidification microstructure of Ti64 during WAAM, a
simple experimental method was employed, whereby TiN and ZrN powders were premixed with
a polyurethane adhesive before being applied as a thin coating to the top of each deposited
layer, after which a new layer was added using a standard WAAM setup. The minimum amount
of adhesive (polyurethane) was used to prevent the powder being blown off the deposit by the
plasma arc pressure (a similar method for testing inoculants has been employed previously by
Bermingham et al. [31]). The TiN powder was purchased from Sigma-Aldrich and had a
maximum particle size of 3 um, while ZrN was purchased from Fisher Scientific as 325 mesh
particles, i.e. with a maximum size of 44 um, the larger size was chosen due to availability. The
purity of the ZrN was reported as 99.5% pure, while the TiN was reported to be 75-80 wt%, (47-
54 at%) Ti with a balance of N.

Standard geometry linear WAAM wall test samples were deposited one track wide and 20
layers high, on a Ti64 rolled plate substrate, inside a low oxygen (600ppm) enclosure. Four walls
were produced using identical build parameters, but with different additions made to the last
10 layers; i.e., in all samples the first 10 layers were deposited as purely Ti64, to first reach a
representative steady state, before applying any inoculant particles. The four samples produced
are identified as: i) ‘Ti64’, manufactured with just Ti64 alloy wire, as a control reference; ii)
‘Tie4-P’, built using polyurethane adhesive, but without any inoculant powder; iii) ‘Ti64-TiN’,
using polyurethane adhesive with TiN powder; and iv) ‘Ti64-ZrN’, using polyurethane adhesive
with ZrN powder. This sample set thus allowed the effects of the polyurethane bonding agent



and TiN and ZrN powders to be deconvoluted and compared to the baseline standard. The
WAAM deposition parameters are provided in Table 1 and a schematic of the sample build
methodology is shown in Figure 1. After deposition, the walls were removed from their
substrates and ND-TD cross sections were metallographically prepared, with a final polishing
step of 0.25 um colloidal silica, for SEM analysis, and etched with krolls reagent for optical
imaging. Bulk a - phase EBSD orientation maps were obtained using a FEl Sirion FEG-SEM
equipped with an Oxford Instruments’ (Ol) Nordlys Nano EBSD detector, operated at 20 kV, and
indexed with Ol AZtec and analysed with Channel 5 software. Further higher-resolution analysis
was carried out using a Zeiss Sigma or FEI Magellan FEG-SEMs, with Ol Nordlys Nano EBSD and
Xmax" SDD-EDX detectors.

Table 1: WAAM deposition parameters
WAAM build parameters

Travel Speed 5(mmsY)
Current 160 (A)
Wire Diameter 1.2 (mm)

Layer Height ~1.1 (mm)

Plasma Gas Flow 0.013 (Ls™)
Wire Feed Speed 2 (m min™)

Torch

. o
Travel Direction g

... Polyurethane
/ Inoculant

10 Layers

10 Layers

Sections

140 mm
Figure 1: Test sample schematic and reference frame. The location of cross sections taken for
metallographic investigation are indicated.

In the WAAM process solid-state transformation from B to a after solidification occurs with
a high cooling rate and the small fraction of fine retained B makes evaluation of the B
solidification microstructure difficult by direct observation. However, the BOR ({110}//{0001},
and <111> B//<11§O>a ) between the parent B and transformed a still makes it possible to
interpret any prior orientation relationship that existed between the solidified B grains and
inoculating particle. Algorithms are also available that can reconstruct the parent B phase grain



orientations from the orientations of the resultant a phase variants measured at room
temperature using electron back scatter diffraction (EBSD) [35]. Here, the methodology of
Davies and Wynne [36,37] was implemented to reconstruct the parent B phase from a EBSD
maps.
4.0 Results
4.1 Compositions of the Deposited Materials

Bulk chemical analysis was carried out by inductively coupled plasma (ICP) and gas emission
infra-red absorption fusion (LECO) tests on each test piece, in order to confirm the
concentrations of inoculant particles and the amount of C that had entered the melt pool from
the polyurethane (shown in Table 2). From this analysis the addition levels of C, TiN and ZrN
were determined (Table 3). As expected, when the polyurethane adhesive was used the C
content increased slightly in each case, with more C being added with the TiN powder than with
the other samples which were nearly identical. From this analysis it can be seen that addition
levels of 0.26 wt% TiN and 0.45 wt% ZrN were achieved in the as-built samples with only low
levels of associated carbon (<0.08 wt%). It should be noted that these levels represent the total
level of particle additions which entered the deposit, during interaction with the melt there will
be some dissolution of particles changing the distribution and addition level present when
solidification occurs.

Table 2: Bulk compositions (wt%) measured for the top 10 layers of each build.

wt% Ti Al \Y Fe (0] N C Zr
Ti64 89.43 6.22 3.95 0.20 0.17 0.01 0.02 0
Ti64-P 89.51 6.13 3.95 0.19 0.16 0.01 0.05 0
Ti64-TiN 89.58 6.10 3.78 0.22 0.19 0.07 0.08 0
Ti64-ZrN 89.19 6.11 3.86 0.18 0.16 0.065 0.05 0.39
Table 3: Calculated addition levels from bulk compositions
wt% additions C TiN ZrN
Tied 0 0 0
Ti64-P 0.03 0 0
Ti64-TiN 0.06 0.26 0
Ti64-ZrN 0.03 0 0.45

4.2 Baseline samples

EBSD B-phase reconstructed maps showing cross-sections of roughly the top 10 layers (ND-
TD plane) from the baseline Ti64 and adhesive only as-built samples (Ti64 and Ti64-P
respectively) are compared in Figure 2. The standard Ti64 sample is shown in Figure 2a and has
a typical WAAM grain structure [8,15,38], comprising large mm-scale columnar primary 3 grains.
In the EBSD maps, the grains tilt outwards towards the wall surfaces, following the melt pool
surface, which for a single track wide wall is convex with respect to ND in the ND-TD plane
(similar to the bead profile) [39]. From comparison with Figure 2b, it can be observed that when
the adhesive was added a similar grain structure was obtained with no appreciable change in
grain size; i.e., there was no obvious evidence of the low levels of carbon contamination from
the adhesive influencing the results. The near top surface region of both walls can be seen to
exhibit a thin layer of smaller B grains with different orientations. These grains probably formed
by nucleation from the liquid bead surface as a result of the chill effect from the Ar shielding gas.
However, they are only seen in the last pass as they are re-melted by the heat source when the
next layer is added, resulting in deposits dominated by columnar grains that formed by




continuous growth from the fusion boundary for each melt track. Within the columnar grains
weak orientation gradients are also noticeable, of ~ 2-5° (as seen by the change in colours in the
orientation maps), indicating that there can be small changes in the crystal orientations during
solidification. However, this does not break up the columnar structure.

As expected [8,15,38], in the both baseline samples produced without the addition of
nitride inoculants, the B columnar grains were highly textured with a common <100> growth
direction oriented near to the build direction (ND) (Figure 2 c & d). In Figure 2 the few grains
present have grown up through multiple layers, as solidification occurred epitaxially from the
fusion boundary during each pass without any new nucleation, after the B phase in the
deposited layers reformed on re-heating above the B transus as the torch approached. This
texture thus develops by growth selection of orientations with an <001> preferential growth
direction closest to normal to the melt pool surface. The red colouration in the IPF map also
indicates strong <001> grain alignment near to ND for both samples (Figure 2a). In the
accompanying pole figures in Figure 2c it can be seen that in these samples, rotation around ND
is quite limited and the texture is dominated by a single near-cube orientation (i.e., near to
{001}//ND, <010>//WD) with a limited spread around the <001>//ND fibre. The stronger yellow
hue in the IPF//ND map for the Ti64-P sample (Figure 2b) is caused by a greater tilt of the <001>
grain alignment towards WD (Figure 2d). However, the grain size is very similar in both samples
and, because of the low number of grains analysed, more data from multiple sections would be
required to determine if there is a statistically reproducible difference between the two samples.

Figure 2: IPF//ND reconstructed B orientation EBSD maps for the baseline WAAM samples built;
(a) without any additions (Ti64) and (b) with polyurethane adhesive added between layers
(Tie4-P); their respective pole figures are shown in (c) and (d).

4.3 TiN additions
In order to evaluate the potential for utilising TiN as a Ti64 grain refiner in the WAAM
process, a B reconstructed EBSD orientation map was produced from the entire ND-TD cross



section of the Ti64-TiN build, up from the substrate, and is shown in Figure 3. An optical image
and measured a IPF//ND orientation map are also presented as the change in solidification
structure is also evident in the transformed structure. The bottom of this build, which was
deposited without nitride addition, has the expected columnar microstructure dominated by
large columnar B grains. The texture from this region, depicted in Figure 3e, matches closely
with that obtained from the top 10 layers of the baseline Ti64 wall in Figure 2c. This again shows
a strong dominant cube orientation with preferential <001> alighnment close to ND, and a slight
tilt towards WD, but a smaller spread around ND relative to that seen in Figure 2c. However, the
top ten layers produced with the TiN powder addition had a markedly different grain structure
to the bottom wall section, or when the polyurethane adhesive was applied without any
inoculant (Figure 2b).

It can be seen in Figure 3c, that with the addition of TiN powder the grain size has been
dramatically reduced from near cm-scale large columnar grains to an average diameter of ~300
pum, with a much more equiaxed morphology (determined from the equivalent circular diameter
of grains delineated by 15° misorientation boundaries in the reconstructed B EBSD). A very
distinct demarcation can also be observed between the layers deposited, with (top) and without
(bottom) TiN additions, with the growth of the columnar grains being abruptly halted when TiN
powder was applied. In addition to changing the morphology to equiaxed and greatly refining
the size of the B grains, the strong <001> texture seen in Figure 2 was replaced by a near
random distribution of orientations in the top section of the sample; as shown in Figure 3d,
where no specific orientations are now strongly favoured. This is exemplified by the low
intensity maxima seen in the pole figures which are less than twice random in the refined region,
compared to eighteen times random in the lower part of the wall that was built without
inoculation (Figure 3e).

—

.....

Figure 3: ND/TD cross section of sample produced with TiN additions (a) optical image (b)
measured a IPF//ND orientation map (c) reconstructed IPF//ND B orientation map, (d) and (e)
the corresponding B texture obtained from the top TiN doped layers and the base of the wall
before the TiN powder was applied, respectively.

From comparison of Figure 2 and Figure 3 it is evident that the TiN powder added to each
layer was highly effective as a grain refiner, in that both the grain size and texture strength were
greatly reduced. In refined cast products, inoculating particles that have actively nucleated a
new grain are normally found close to their centre and a reproducible orientation relationship
can be measured between the inoculant particle and the solidified primary phase matrix [33].
With the WAAM materials careful investigation by serial sectioning of the sample produced with
TiN additions, combined with SEM-BSE imaging, did not reveal any grains with this idealised
single particle ‘inoculant-centric’ behaviour. Rather, the inoculants were found to be



concentrated in clusters of varying size with multiple B grains radiating from them, as shown in
Figure 4c. Each cluster was made up of as many as ~ 100 small TiN particles with individual
orientations (Figure 4d). Examples of Ti infiltration into the clusters can be seen in the high-
resolution image inset in Figure 4b. The distribution of these clusters can be seen as unetched
regions in the optical images presented in Figure 3a and Figure 4a. The clusters are well
distributed throughout the layers where they were added, qualitatively, the distribution
appears leaner in the centre of the build with a bias towards the edges. From this study it is not
obvious if this is due to fluid flow within the molten pool or the adhesive addition method.
Furthermore the clusters are found throughout the depth of the layers, the clusters shown in
Figure 4 being located at the root of the first pass containing TiN, and no obvious layering is
evident in their distribution shown in the presented maps. When viewed by imaging and EBSD-3
reconstruction in the SEM (Figure 4), the relationship between the primary B grain structure and
the specific particles that had acted as inoculants was therefore difficult to interpret. A
statistical method was therefore used to identify the prevalent crystallographic orientation
relationship between the nucleating particles and the matrix, which will be discussed further
below.

100 pm

2 mm 200 pm
| i

Figure 4: Examples of TiN particle clusters found in the Ti64-TiN WAMM build from region
indicated in Figure 3c; (a) etched optical image (TiN clusters remain unetched) (b) imaged by
BSE, (c) IPF//ND colour contrast EBSD map of the reconstructed matrix B grain structure, and

(d) the TiN particle orientations within each cluster indexed by EBSD.

4.4 ZrN additions

Figure 5 shows a comparable ND/TD reconstructed B EBSD map from the Ti64-ZrN build, to
that for the Ti64-TiN sample provided in Figure 3. Similar to the base line samples, the cross
sections exhibited microstructures composed mainly of large columnar grains oriented with a
preferential <001> growth direction close to ND, with a slight tilt towards WD. Unlike for the
Ti64-TiN build, no significant grain refinement was observed. When compared to the Ti64, or



the Ti64-P builds, the texture exhibited a slightly greater spread of orientations by rotation
about the common <001>//ND axis, and there was more evidence of near-surface nucleated
grains. However, given the few grains present in each sample it was unclear if this was a
statistically significant difference. Furthermore, as can be seen in Figure 5b and c, a similar
orientation spread was present in the top and bottom of the wall, and this behaviour could thus
not be attributed to the ZrN additions.

ey

Figure 5: Reconstructed B phase EBSD orientation data from the Ti64 WAAM sample produced
with ZrN additions; (a) an IPF//ND B orientation map of the whole wall section, (b) and (c) the
corresponding textures from the top ZrN doped layers and the base of the wall, before ZrN
powder was applied, respectively.

In the Ti64-ZrN samples the locations of regions that contained remnants of ZrN particles
were identifiable in SEM BSE images from the presence of bright contrast regions associated
with a higher local Zr concentration, as shown in Figure 6. These regions can be seen to be Zr
rich in the EDS map in Figure 6. The Zr rich bands were frequently located near but not on B
grain boundaries (Figure 6a), and there was no suggestion that they had acted as grain
nucleation sites. A few Zr rich solute bands were also found in which surviving particles could be
identified, such as the polycrystalline particle shown in Figure 6¢c that was located near to the
sample’s surface (wall face). This single polycrystalline particle can be seen to have an irregular
shape and was identified by its high Zr content. The EDS maps in Figure 6 provide examples of
surviving ZrN particles that are in various stages of dissolving, while circulating in the melt pool,
which has left behind ‘frozen in’ Zr solute-rich liquid. These solute-rich trails are formed where
Zr was released locally into the melt as the particles dissolved and has subsequently been
partially dispersed by diffusion and liquid shear, caused by convective flow [40]. However,
during solidification the Zr may also have become more concentrated locally due to solute
partitioning during freezing.



Figure 6: BSE images and EDS maps of Zr rich regions; (a) near a prior B grain boundary, (b) a
Zr rich solute band containing partially reacted ZrN particles and (c) a remaining
polycrystalline ZrN particle near the sample edge.

5.0 DISCUSSION

From the above results it is apparent that the TiN powder was very effective in grain
refining the primary B phase under WAAM melt-pool conditions, whereas ZrN additions were
not, even though some surviving ZrN particles were also found within the samples. In the
current work the two nitride powders were added at relatively low addition levels (Table 2),
which are representative of commercial practice with recognized grain refining systems [41]. In
both cases the powders were found to be heterogeneously distributed, with the TiN particles
appearing predominantly in clusters (Figure 4) and the partially dissolved ZrN particles being
present in bands associated with an increased local Zr content (Figure 6). This indicates that
both powders were not fully dispersed in the liquid phase, despite melt pool circulation being
known to occur in the WAAM process due to the presence of arc forces and Marangoni
convection [16]. This tendency for particle clustering may have been exacerbated by the use of
the adhesive and its pyrolysis by the plasma torch before melting occurred. In comparison to
the TiN powder, the larger ZrN particles appeared to have dispersed better in the melt and this
may have been aided by their greater extent of dissolution. The large particle size difference
between the powders is probably also important in this regard, with a stronger tendency for
agglomeration seen for the finer TiN powder.



With the Ti64 alloy a low tendency for constitutional supercooling is expected at the
solidification front in the WAAM process because little solute partitioning of V and Al occurs in
Ti alloys [11] and there will be a relatively steep positive liquid thermal gradient (G) in a
translated melt pool, due to the application of a high energy heat source with a cold substrate.
The high effectiveness of TiN as a grain refiner under these adverse conditions is therefore
encouraging. Trace elements in Ti64, such as Fe (K = 0.36 [42]), partition much more strongly
than V and Al and may be important in this regard, but are present in low concentrations (<0.2
wt%.). The results in Figure 3a therefore suggest TiN particles must be highly efficient inoculants
capable of stimulating nucleation ahead of the solidification front at very low undercoolings.

In the WAAM process the particles that entered the melt pool from the top surface, ahead
of the torch as it moves forward, will circulate due to convection and interact with the
solidification front at its rear and base. The solidification velocity (V) to liquid thermal gradient
ratio (V/G,) is an important factor contributing to the degree of constitutional supercooling. In
a moving melt pool V /G, varies considerably with position from the edge, where it is lowest
and nucleation in the melt is less likely, to the centreline where it is highest [43]. The fact that
there was a very abrupt change in grain structure when the TiN inoculant particles were added
and that the refined grain size was nearly uniform across the build, in the sample shown in
Figure 3, therefore, further suggests TiN is a very efficient nucleant.

Although some B grain growth is expected to have occurred during re-heating above the B
transus as further layers are added, which would tend to reduce any local disparity in the grain
size [20], little variation was seen in grain size with build height (Figure 3). In particular, the last
added layer would not have been B annealed and shows a similar grain size to the rest of the
refined part of build, which suggests that grain growth due to thermal cycling after solidification
was not a significant effect in the samples studied.

5.1 Particle Stability

Research by Qiu et. al. [33] on nitride inoculation of Ti, using button melts with a B stabilised
alloy (13%Mo-Ti), has suggested that with ZrN additions grain refinement occurs in a two stage
process that first involves dissolution of Zr and N, followed by the precipitation of TiN into the
melt, to form inoculating particles. They showed that when the ZrN particles fully dissolved,
grain refinement was observed when the N content in the alloy must have exceeded at least ~
0.4 wt %, which was inferred to indicate that this was the minimum N concentration required to
precipitate TiN from the liquid in this alloy system. However, this concentration is a lot lower
than the minimum level required to form TiN by a pro-peritectic reaction in the Ti-N binary
system, which is at least ~ 5 wt% N [34]. Phase stability calculations completed with JmatPro 9.1
for the compositions of Ti64-TiN and Ti64-ZrN provided in Table 2 show, that with the order of
magnitude lower addition levels used here, neither TiN nor ZrN are thermodynamically stable in
the liquid phase. Ultimately, this means that when using low TiN and ZrN addition levels in Ti64
inoculation must occur directly from surviving particles, rather than by a dissolution and
precipitation reaction, as previously reported with higher addtion levels in Ti-13Mo [33]. This
means that the particles’ dissolution kinetics relative to the melt contact time and temperature
will be an important factor in determining their effectiveness. Care must then be taken when
selecting particle sizes and addition levels as the distribution introduced to the melt will
different from that which is present to participate in solidification precluding their usage from
WAAM deposition strategies with higher heat inputs or long melt contact times, furthermore
this may influence potential TiN/Ti64 feedstock manufacture. However, DED-AM is particularly
well suited for inoculation by particles such as TiN which are not thermodynamically stable as



the particle/melt contact time is relatively short, furthermore, the lack of thermodynamic
stability (especially for TiN) is a large positive for recyclability as any waste from WAAM can be
included in conventional recycle streams without risking contamination by TiN particles.

Both TiN and ZrN have similar melting points of 2947 and 2952 °C, respectively [44], which
are higher than that expected in the liquid Ti melt pool [39], so their decomposition in the melt
pool will be primarily by dissolution rather than melting. Information on the dissolution kinetics
of nitride particles in molten Ti are, however, difficult to obtain. TiN has been found to have a
dissolution rate of ~2.2 um/s in molten Ti-6242 at 1725°C [45], which would mean that small
particles should dissolve within melt contact times of a few seconds, but the dissolution
behaviour is complex with both a stabilized and B interlayers observed to form between the TiN
and liquid. In addition, liquid Ti has been found to readily infiltrate surface connected pores in
TiN, which has been inferred to suggest that it readily wets nitride phases [45]. Melt pool fluid
flow modelling has estimated the melt contact times to be of the order of four seconds with
temperature exposures in the range of 1690 -2700 °C, for typical WAAM conditions, which
suggests survival of larger particles, or clusters, should be possible [39].

5.2 Orientation relationships

Previous work on ZrN/TiN inoculation casting trials with a B stabilized Ti-13%Mo alloy by Qiu
et al. [33], has directly measured two possible ORs by EBSD between TiN and B-Ti; the
Nishiyama-Wassermann (NW), {111}//{110}scc, <101>¢//<001>y, or Kurdjumov-Sachs (KS),
{111%//£110 }oee, <110 >¢o//< 111 >, with the NW preferred. These two orientation
relationships (ORs) are classically expected between the BCC, B-Ti matrix, and FCC, NaCl-type
crystal structure of TiN, and are closely related by a rotation angle of ~ 5°, which can make them
difficult to distinguish. However, discrimination is within the capabilities of current EBSD
systems, which have an angular resolution of ~ 1° [46]. Adherence to one of these two ORs is
strong evidence that grain refinement occurred by efficient heterogeneous nucleation of the
primary B phase. This is because to occur at a low undercooling nucleation requires a low
interface energy, which implies there must be at least partial coherency facilitated by a habit
plane relationship between the inoculant particle and the new solid nucleus [47]. If the particles
do not directly act as a heterogeneous nucleation sites, other mechanisms are possible that
could aid nucleation, particularly within a particle cluster. For example, they could provide a
locally solute enriched liquid environment with a different melting point. However, this first
possibility does not apply to TiN, where N would disperse very rapidly, and Zr would reduce the
local melting point within a particle cluster [48].

In order to evaluate the relative potential of TiN and ZrN to act as inoculants, their lattice
matching can be compared to that of the solidifying high temperature B phase. The lattice
parameters of the bcc B phase in Ti64 can be taken from the literature [49] (Table 4). When
combined with its coefficient of thermal expansion (obtained from dilatometer tests), this
allows extrapolation to the temperature range of interest. Similarly, published coefficients of
thermal expansion and low temperature lattice parameters can be used to estimate the high
temperature lattice parameters for the nitride phases (TiN [50] and ZrN [51] Table 4). The
atomic mismatch obtained at melt pool temperature from these parameters for the two
previously reported KS and NW, orientation relationships (ORs) are shown in Figure 7a, with
schematic representations provided in Figure 7b. From this figure it can be seen that near the
melting point of Ti64, the KS OR is more favourable for TiN compared to the NW OR, as the
calculated mismatch (6%) is less than that for the NW OR. In comparison, ZrN exhibits a greater
mismatch (>10%) than TiN with both ORs, as shown in Table 4. In addition, with ZrN the NW OR



misfit is higher than the expected limit for forming a semi-coherent interface. This means that
while TiN may nucleate B Ti via the KS, or NW OR (with the KS OR preferred,) and ZrN may also
nucleate via the KS OR, it is unlikely it will directly nucleate B Ti via the NW OR. However, since
the lattice mismatch is less for TiN, the energy barrier for nucleation will be lower. In addition,
there will be a smaller chemical contribution to the interface energy for TiN, as it will have Ti
atoms occupying the interface plane, rather than Zr. This is reflected in the results obtained
experimentally, where inoculation with TiN was found to be much more successful and resulted
in substantial grain refinement of the WAAM build, whereas the ZrN particles achieved little
observable grain refinement.

Table 4: Physical constants, estimated lattice parameters and predicted OR misfits at 1600 °C

Material Lattice Parameters Misfit (%)
a, (A) a (A) (1600°C) | KS | NW
Ti64 3.31 (963°C) [49] 3.33 - .
TiN 4.26 (25°C) [50] 433 6.0 11.4
ZrN 4.60 (-273°C) [51] 4.64 125 | 175
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Figure 7: ZrN, TiN and Ti64 lattice orientation relations showing; (a) the lattice mismatch with
the NW and KS OR as a function of temperature. In (b) schematics are provided of i) the KS and
ii) NW ORs between TiN and Ti64.

5.3 TiN Inoculation

To investigate the mechanism of refinement further, more detailed characterization was
performed of the clusters of TiN particles typified in Figure 4, using higher resolution EBSD
accompanied by EDS. Two such examples are provided in Figure 8. The particles in the clusters
were first identified as TiN by EDS, which showed a high local nitrogen content and absence of
Al. This was then confirmed by successfully indexing EBSD patterns from the particles using the
ideal NaCl crystal structure. Unfortunately, automated reconstruction of the matrix f grains
from the orientations of the transformed a variants was not successful close to the cluster-
matrix interface or for the small a grains found between the TiN particles in the clusters. This
issue occurred because the reconstruction algorithm requires several neighbouring a variants to
be indexed to correctly identify a parent 3 orientation, which was not possible within the cluster.
The un-indexed and non-reconstructed regions have been left black in the EBSD maps in Figure



9. Poor B reconstruction close to the clusters, compounded by the use of 2D sectioning to
characterize 3D particle clusters and the presence of multiple B grains growing from each
cluster, also made it difficult to determine which TiN particle was responsible for nucleating
each B grain.

Figure 8: Higher magnification SEM-EBSD investigation of two typical TiN particle clusters: (a, c)
EDS maps for C, N and Al for cluster 1 and 2, respectively, and (b, d). corresponding IPF||ND
orientation maps for TiN, a-Ti and the reconstructed B-Ti grains.

As the matrix B grains could not be automatically reconstructed close to the interface of
individual TiN particles, the room temperature, transformed, a orientations in the EBSD data
were used to determine if there was statistical coincidence between the reported ORs for
individual TiN particles within a cluster and the matrix. This was achieved by combining the BOR
between a and B Ti with the NW, or KS, relationship between B Ti and TiN. Conveniently, the
BOR has the same {110}z//{0001}, habit plane relationship as for the NW and KS ORs. As can
be seen in the inset schematic in Figure 9a, for transformed a, the combined BOR + KS
relationship can therefore be expressed in the same plane and direction of the B phase, as
{111}7;5//{0001}, and (101)7;y//{1120),, while the NW OR is similar, but exhibits a 5°
rotation. Using this method, the angular deviation from the BOR + KS ideal relationship can be
directly reported using the orientation information obtained from OI Channel 5 software, in
terms of a relative frequency distribution, as shown in Figure 9a. In this plot a deviation angle of
close to 0° indicates a KS relationship, while a peak in the deviation angle at 5°, or 55°, would



suggest the NW OR is present. In Figure 10a it can be seen that the most highly preferred
orientation between the particles in the clusters and the surrounding matrix grains has a
deviation of < 2° from the KS orientation relationship. In comparison, the angular deviation
distribution for the rest of the particles is more indicative of a typical random misorientation
distribution [52]. The location of the boundaries that complied with the KS relation can also be
identified and are shown in the maps in Figure 9 (b) and (c) (where interfaces with less than 1°
deviation from the KS OR have been indicated by white lines). Interfaces which obeyed the KS
OR were found both internally within the cluster, where some TiN particles were in contact with
ingress of molten Ti (as shown inset in Figure 4a), and on particles that had external surfaces in
contact with the surrounding B grains. Due to the 3D nature of the clusters, it was however
difficult to retrospectively attribute a specific interface with the nucleation of a given matrix
grain. For example, either the external coincident interfaces, or interfaces within the clusters,
could have formed first by heterogeneous nucleation of a thin B layer on a specific particle,
which may then have grown outwards, or become trapped within the cluster, or cut off by other
growing nuclei.
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Figure 9: Determination of the statistical adherence of particles within TiN particle clusters to
the KS OR with B matrix grains; (a) a misorientation distribution showing the relative frequency
of the measured deviation from the KS between the TiN particles from the two TiN clusters in
Figure 8, with the inset providing a schematic of the double orientation relationship between a
and B to TiN. In (b) and (c) TiN/ a, KS OR boundary disorientation maps are shown for the
particles in the two TiN clusters, where interfaces with less than 1° deviation from the KS OR
have been indicated by white lines.

While the strong peak near 0° in the KS deviation angle frequency distribution in Figure 10
(a) demonstrates that this OR dominates, it does not completely preclude the possibility of
some particles adopting the NW OR, as reported by Qiu et al. [33] in a different Ti-13%Mo alloy.
This is because the difference of only 5° misorientation between the NW and KS ORs could
potentially lie within the error in the EBSD measurements when combined with the small
misorientations in the BOR caused by the B to a transformation. Nevertheless, when taken
together, the EBSD orientation data and theoretical lattice misfit calculations suggest a strong



preference for the KS OR. Furthermore, although it was not possible to reliably reconstruct the
B grains close to the TiN particle clusters, multiple particles have been shown to have the KS
orientation relationship with the several matrix B grains found to grow from each cluster, and it
can therefore be concluded that they acted as heterogeneous nuclei with this preferred OR.

5.4 ZrN inoculation

Compared to the highly effective inoculation seen with TiN particle clusters, the ZrN powder
did not have anywhere as significant an effect on the B grain size, nor the strength of the
<001>//ND texture normally found in columnar WAAM grain structures. While many regions
were found exhibiting local Zr enriched bands in the center of the Ti64-ZrN build (Figure 6) few
surviving particles were observed large enough to be indexed by EBSD (shown in Figure 6c).
More surviving ZrN particles were found located within grains near the surfaces of the build and
their presence may have been responsible for the finer, non-<001>//ND fibre orientated, grains
seen near the edges of this sample in Figure 2 (a). The example particle shown in Figure 10
came from such a near-surface region. In contrast to the TiN particles shown above (Figure 9),
which exhibited multiple B grains growing from particle clusters, reconstruction of the far-field
matrix B grain orientations for this particle showed it to be solely contained within a single B
grain (Figure 11), which is more in agreement with expectation for inoculation by a single
particle [18,50]. However, the particle shown in Figure 10 (a) was polycrystalline, containing
several different orientations that corresponded to grains, rather than it being formed by a
cluster of individual particles.
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Figure 10: SEM investigation of ZrN particle (a) BSE image, (b) EDX Zr and N count map and IPF
ND orientation maps for (c) ZrN, a-Ti and reconstructed B-Ti, along with misorientation between
ZrN particles and a Ti at their interface (d) distribution plot, (e) misorientation map

Since the ZrN particles are polycrystalline, it was again difficult to identify which grain may
have been responsible for nucleation of the surrounding matrix B grain. A similar analysis of the
matrix-particle interface deviation from the KS OR was therefore conducted as for the TiN
particle clusters. The corresponding resultant KS OR deviation angle relative frequency plot and
interface map are shown in Figure 10 (d) and (e). The frequency plot again indicates that the KS
OR relation was favoured between ZrN and B-Ti, but in the misorientation map there was not a



single contiguous interface, which obeyed the KS OR relationship, so it remained unclear if with
this example particle the original nucleus for the surrounding matrix B grain formed in the cross
section imaged.

The bulk chemical analysis showed that in the experiment here, in terms of volume, a
similar amount of ZrN powder was introduced in to the melt as when the TiN powder was used
(Table 3). However, the ZrN particles used were an order of magnitude larger than the TiN
particles, so that there would have been 100 times fewer ZrN particles present in the melt pool
than for the TiN, although this will have been counteracted by the strong tendency for the finer
TiN particles to form large clusters of multiple particles which contained numerous particles (up
to 100).

Overall, therefore, it is thus likely that, although the greater lattice mismatch makes it less
efficient, nucleation is still possible directly from ZrN particles that remain undissolved within
the melt pool in the WAAM process. Zr solute is also released as the particles dissolve, which
has been claimed [36] to be beneficial by providing additional constitutional undercooling and
growth restriction that will not be present in the case of TiN. These conditions appear to have
been more prevalent near the edge of the deposit where there will have been shorter melt
contact times, combined with a lower melt temperature, which led to a larger number of
particles surviving in the melt pool.

6.0 CONCLUSIONS

The feasibility of exploiting TiN, or ZrN cubic nitride inoculants as grain refiners in high
deposition rate Wire-Arc AM with titanium alloys like Ti64, has been successfully demonstrated
at low addition levels. This approach has been previously investigated in casting, but not studied
before for AM. In this investigation a relatively simple method was adopted for adding the
particles to the melt pool, owing to the significant technical challenges of producing new Ti
wires containing particulate grain refiners. Nevertheless, the results still enabled a successful
comparison to be preformed of the efficacy of the two nitride compounds trialed.

e The TiN particles were found to be highly effective in refining the very coarse columnar
solidification structure normally seen in Ti64 builds produced by the WAAM process. A
large reduction in grain size was observed, from the cm scale to an average of ~300 um,
as well as elimination of the highly-textured, columnar grain morphology, in favour of
randomly orientated equiaxed grains. Due to the low undercooling conditions prevalent
in AM melt pools with alloys like Ti64, it can thus be inferred that TiN is a very efficient -
Ti inoculant, even without the addition of solutal growth restricting elements.

e Due to the addition method employed, the fine TiN powder used was not effectively
dispersed and formed clusters in the melt. However, individual particles within each
cluster were found to match the Kurdjumov-Sachs orientation relationship with the B
matrix, indicating successful inoculation. This was determined using a statistical
methodology to correlate the orientation of the TiN particles with that of the matrix B
grains, via the BOR, by mapping the orientations of the transformed a phase variants at
the particles’ interfaces.



In comparison, the ZrN particles tested did not exhibit the same potent grain refinement
observed with TiN. While some grain refining potential was demonstrated, the ZrN
particles did not provide a sufficient density of nucleation events to induce a CET in the
WAAM samples. This was shown to be caused partly by poorer lattice matching of ZrN
with B Ti, but also due to the particles’ lower survivability in the melt.

It is also apparent from this study that a key technical challenge for implementing cubic
nitride inoculation in AM is to develop an optimised method for introducing the particles
that more evenly disperses them within the melt pool at low controlled dose rates.
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