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Abstract

As-deposited Wire-Arc Additive Manufactured (WAAM) Ti-6Al-4V parts typically contain large
columnar B-grains on a centimetre scale, with a strong <001> fibre texture, leading to anisotropic
mechanical properties and unacceptable scatter in damage tolerance. Inter-pass deformation,
introduced by the application of Ultrasonic Impact Peening (UIP) across each added layer, has been
shown to be effective in refining the B-grain structure and achieving a weaker texture. The depth of
deformation and the grain refinement mechanism induced by UIP have been investigated by
combining advanced electron backscatter diffraction (EBSD) characterization with a ‘stop action’
observation technique. UIP facilitates a similar refinement mechanism and nearly the same depth of
deformation as conventional machine hammer peening, with the advantages of a much higher strain
rate, lower peak force, and two orders of magnitude lower impact energy, making it a faster and more
economical process. B recrystallization is seen within the deformation zone during re-heating through
the o - B transition. Although new recrystallized B grains formed in the UIP surface-deformed layer
to a shallower depth than that of remelting, recrystallization initiated ahead of the melt pool and the
recrystallized grains grew downwards to a greater depth before remelting. These refined grains were
thus able to survive and act as nucleation sites at the fusion boundary for epitaxial regrowth during

solidification, greatly refining the grain structure.
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1.0 Introduction

Directed energy deposition-wire arc additive manufacturing (DED-WAAM) with widely used titanium
alloys like Ti-6Al-4V (Ti64) has recently attracted significant attention due to its capability for achieving
high (4-10 kg hr'!) deposition rates [1-4]. This advantage makes it a particularly promising technology
for larger scale aerospace applications, owing to its capacity to produce meter-length near-net shape
parts, with greater design flexibility and shorter lead times than conventional forgings [1,5]. However,
without intervention as-built microstructures in WAAM Ti64 parts typically consist of coarse-columnar
primary B grains with a strong solidification <001> fibre texture [6—10]. The development of such
coarse columnar grain structures is attributed to epitaxial growth from the fusion boundary that
continues uninterrupted through multiple deposition layers. This phenomenon occurs due to the
close-to-unity partition coefficients of Al (k = 1.15) and V (k= 0.97) in Ti, coupled with a steep positive
liquid thermal gradient at the solidification front in moving melt pool solidification [11-14]. The
consequent low constitutional under cooling and narrow mushy zone, when combined with the lack
of grain refiners in Ti alloys, effectively prevents new grain nucleation ahead of the solidification front

[15].

In a WAAM deposition pass, a significant portion of the previous layer is remelted, depending on the
processing conditions [16]. In addition, there is a substantial heat-affected zone (HAZ) below the
energy source which results in the previously deposited 3-4 layers being reheated above the B-transus
temperature (Tg), transforming fully back to B grains, before re-transforming during subsequent
cooling to a multi-variant lamellar a microstructure, with a small amount of retained B [17]. Below this
fully B-transformed region, HAZ bands are seen in the microstructure which are generated by
coarsening of the a lamellae due to cyclic re-heating to temperatures high in the B-transus approach

curve (in the range of 850 to ~ 1000 °C) [16].

Transformation to a on cooling after solidification leads to dilution of the texture seen in the B phase,
due to the 12 variants possible from the Burgers Orientation relationship (BOR)[18]. However, the very
strong primary B texture still influences the a texture sufficiently to result in mechanical anisotropy in
as-built parts [18-23]. Moreover, the plastic heterogeneity caused by the nucleation of a on the
coarse-aligned B-columnar grain boundaries and the a microtexture associated with different variants
formed in each B grain leads to a lower strain to failure and greater uncertainty in other failure
processes, such as fatigue crack growth rates [22]. Thus, it is important to explore the potential of
techniques that can achieve a less textured, more refined, B-grain structure with the WAAM process

and thereby more isotropic and consistent mechanical properties.



Many approaches have been investigated to refine the coarse B-grain structure normally found in
WAAM Ti64 deposits and reduce their texture strength. These include; changing the solidification
mode by increasing the wire feed speed[24], or modifying other deposition parameters [7,25,26],
adding growth restrictors or inoculants [27—33], or applying inter-pass deformation by rolling [34—36]
or peening [37-40]. All of these processes have advantages and disadvantages. For example, increasing
the wire feed speed increases the deviation of the build surface profile, addition of elements like B and
Y introduces brittle second phases [29,41]; and inter-pass deformation requires additional equipment

and reduces the build rate [35,38].

When rolling deposited layers after solidification it has been shown that relatively low levels of plastic
deformation (<12%) can result in high levels of B-grain refinement as well as substantial texture
weakening [34,35]. The refinement mechanism has been attributed to recrystallization occurring
during the a = B transformation. New B-grain orientations have also been suggested to form by
annealing twinning as the migrating a-B interfaces encounter dislocations, causing growth faults,

during rapid re-heating of the lightly deformed a lamellar microstructure [34,36].

Of the above approaches, inter-pass deformation by mechanical peening is worthy of more
investigation as it is relatively simple to apply and does not involve modifications to the alloy chemistry,
or a loss of the near-net-shape efficiency. In addition, peening also has the benefit of combating the
build-up of residual stresses during deposition [42]. The repetitive impact action with a peening tool
can be achieved either through a pneumatic[43], electromagnetic[44] or ultrasonic excitation
mechanism [40,45]. Published results [37] have confirmed that grain refinement is controlled by the
number of impacts per unit length times the energy delivered per impact, which has been referred to
as line energy. In other words, the same line energy can be applied to a material using a low impact
energy tool by increasing the number of impacts as with a high impact energy tool with a reduced
number of impacts. With UIP, the travel speed, frequency, impact area, number of pins, and
arrangement of pins will control the impact energy per unit length (line energy) applied to the
workpiece. However, previous research on the effectiveness of peening has focused only on
pneumatically excited Machine Hammer Peening (MHP) [37,38,42] where each impact was 6 J and the
resultant line energy at a 10 mm/s travel speed was 12 J mm™ [37]. ‘Stop-action’ experiments with
MHP, where deposition was frozen midway to understand the interaction between energy source and
deformed region ahead of the melt pool, have revealed that the depth of deformation required to
produce new B-grain orientations on re-heating was only 0.5 mm below the surface, which was less
than the re-melt depth (~ 0.7mm). However, new B-grain orientations were seen to develop within
this thin peened surface layer ahead of the advancing energy source, which then grew downwards

further below the peened surface as the energy source advanced. This allowed the new refined grains



to penetrate deeper than the melt pool depth and survive re-melting, to become the fusion boundary,

where they then were able to reduce the grain size during solidification at the rear of the melt pool.

In comparison to a pneumatic MHP, to date no detailed study has been published on ultrasonic impact
peening (UIP), which is the focus of the present work. While at first sight UIP is a closely related
process, it operates at lower peak force (~1.5 kN) with 8 pins with better adoption of work piece
surface curvature and the impact energy for each pin is estimated to be 20-70 mJ, whereas for
pneumatic MHP the peak force per impact is higher (~4 kN) with energy imparted in each strike being
two orders of magnitude higher (6 J). Both tools propagate energy into the deposited material by
compression waves generated through high strain-rate impacts, with UIP applying higher velocity
multi-pin impacts with a smaller peak force and pneumatic MHP applying relatively lower velocity,
single pinned impact of higher peak force. In principle this gives UIP certain advantages over single
pinned pneumatic MHP as UIP processing will be significantly faster, as well as the sound of impact
being about 10 decibels lower due to smaller pin mass. The compression waves can propagate deep
into the material, but will refract more off microstructure features where there is an abrupt change in
elastic properties, like grain boundaries, as well as reflecting off the workpiece surfaces [40,45].
However, UIP cannot be assumed to behave the same as the single pinned and high energy pneumatic
MHP and little is currently known about its effectiveness for B-grain refinement and the associated
mechanisms involved. Therefore, the present work focuses on refinement mechanism by exploiting
large area EBSD and EBSD-LAM technique to assess the depth of plastic deformation from the top
surface, as well as the ‘stop action’ sample freezing of the melt pool to observe the microstructure

evolution ahead of the melt pool after UIP.
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Fig. 1. Schematic of experimental set-up (a) WAAM Ti64 deposition overview, (b) inter-pass ultrasonic

impact peening (UIP) head, with a single track WAAM Ti64 wall.
2. Materials and Methods

Two single track wide wall samples were deposited using the WAAM setup shown in Fig. 1, with 1.2
mm diameter Ti64 wire with the chemical compositions given in Table 1. The deposition process
utilized an EWM™ plasma energy source, and the specific process conditions are summarised in Table
2. Following the deposition of each layer, the top surface was allowed to cool to 40 + 5 °C before UIP
was performed with a Europe Technologies make UIP system. UIP treatment was conducted with a 520
+ 40 Hz impact frequency and utilized 4 in-line needles in the peening head, each having a diameter
of 4 mm, which created indents of 1.8 £ 0.5 mm diameter along the wall’s top surface. Variation in the
indent sizes was primarily caused by the curved topology of the WAAM Ti64 wall. The impact energy
imparted into the surface by each pin was estimated to be ~40 mJ and at the applied tool travel speed
of 10 mm s this resulted in a line energy of 5.9 ) mm™ to 13.5 ) mm. It should also be mentioned

that these values are estimated using a conservative approach and the true line energy could be higher.

A first sample was built to a height of 100 mm with 84 layers; with peening applied to each layer using
a single straight-track traversed approximately along the walls centre line, as depicted in Fig. 1. A
second “stop-action” sample was also produced to allow deeper investigation into the mechanism of
B-grain refinement. This was manufactured by initially building a wall to a height of 20 mm with 16
layers without inter-pass UIP, to establish a steady state coarse-columnar B-grain structure. Thereafter,
the top layer was treated with UIP, using the same parameters as sample 1 (see Table 2), before an
additional final layer was deposited. For this last layer, deposition was stopped midway along the wall
by turning off the power supply, to freeze the melt pool and reveal the interaction between the energy
source and the previously peened layer. Both samples were deposited on a hot-rolled wrought Ti64

substrate.

The reference frame employed throughout is; build, or layer normal direction, ND, energy source
travel, or wall direction, WD, and wall transverse direction, TD. The samples were sectioned in the ND-
TD and ND-WD planes for microstructural characterization. Metallographic preparation involved the
standard procedure of grinding down to a 4000 grit finish, with SiC papers, followed by final polishing
with 0.04 um OPS for 15 minutes. After etching the final polished samples in Kroll’s reagent for 3
minutes, large area optical images were captured using a Zeiss Axio Imager 2, equipped with an image
stitching capability. Large area EBSD scanning was carried out using a field emission scanning electron
microscope (FESEM) Thermo Scientific Apreo, integrated with Aztec software and a high speed Oxford

SymmetryR S3 EBSD detector at a 50 nA current and 20 kV voltage, with different step sizes depending



on the resolution required. Crystallographic related analyses were performed using Aztec Crystal 3.1
software. B-grain reconstruction was conducted using software developed by Davies and Wynne
[46][47]. All EBSD maps are depicted with inverse pole figure (IPF)//ND colouration, with subgrain
boundaries (= 5°) and grain boundaries (= 10°) delineated by white and black lines respectively. The
texture data are represented in standard {001} pole figures for the B phase with units of multiples of
random density (MRD) value. The B grain size was measured based on the equivalent circular diameter

derived from identifying the grain areas (= 10°) in the Aztec Crystal software.

Table 1: Composition (in wt. %) of the Ti64 wire and substrate used in this work to produce the WAAM
builds.

Al \ Fe 0] N C Si Cu Pd Y B Ru Bal

wire 6.15 39 0.18 0.15 0.008 0.022 0.014 0.008 0.002 0.002 0.002 0.003 Ti
substrate 6.41 4.1 0.16 0.18 0.004 0.021 0.001 Ti

Table 2: Process parameters used during WAAM plasma-arc deposition and UIP treatment of the single

pass wide wall deposits.

Wire feed speed Plasma torch travel Current Peening tool travel
(m/min) speed (mm/s) (A) speed (mm/s)
WAAM 2.1 3.7 180
UIP 10

Estimates of the depth and intensity of subsurface local plastic strain caused by peening were made
from higher resolution (2 um step size) EBSD maps by using the Local Averaged Misorientation (EBSD-
LAM) method, described in [35,38]. The LAM data was measured using average misorientations
between points within a 11 X 11 square kernel from the centre point in that kernel. The EBSD-LAM
method empirically correlates the LAM measurements within single a variant lamellar clusters to that
measured in a systematic set of calibration samples with the same starting WAAM o lamellar
microstructure, deformed cold in plane strain compression. It should be noted that the LAM calibration
data was obtained at conventional (i.e. 10°3) strain rates and this method is only able to quantify the
plastic strain in a limited range of 4 — 12%, as no change can be observed for higher levels of plastic
deformation and it is incapable of separating the effects of deformation from noise when the plastic

strain is less than 4% [35].



The remelt depth refers to the average distance from the surface of the second-to-last layer deposited
to the maximum depth of the fusion boundary resulting from the deposition of the final layer.
Previously, in Ti64 WAAM deposits, the fusion boundary has been identified from a weak contrast
white line revealed by etching using Kroll’s regent and its local chemical activity has been attributed to
transient micro-segregation of Fe, and slight changes in Al and V elements to the fusion boundary
[16,38]. Thus, experimental identification of the fusion boundary relies entirely on the extant of
segregation. This can prove challenging to identify, particularly in builds with lower Fe levels and could
only be located in the current work intermittently upon close examination at high magnification.
Therefore, in addition, Computational fluid Dynamics (CFD) simulations were used to predict the
expected depth of the melt pool. This work was performed by using a previously developed and
calibrated CFD model developed by Chen et al. [48-50]. Full details of this model and its dependence
on the processing conditions can be found in refs. [48—52]. CFD simulations were preformed based on
the current processing conditions (Table 2), and a resultant wall centreline (ND-WF) temperature
distribution map is shown in Fig. 2, marked with the fusion boundary and locus of the B-transus peak
temperature isotherm, which coincides with the position of the top of the last HAZ band. This model
was performed for only one deposition layer on a pre-deposited 15 mm wall hight. The remelt depth

was predicted to be 1.2 mm which was consistent with the experimental measurements.
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Fig. 2. CFD simulation showing the predicted temperature distribution for the ND-WD wall centre
plane, depicting the fusion boundary, remelt depth, and locus of the B-transus peak temperature
isotherm, which coincides with the position of top of the last HAZ band, using the experimental

deposition conditions with the model developed by Chen et al. [44-48].
3.0 Results and Discussion

3.1 B grain refinement using UIP



Large area EBSD maps (Fig. 3b), taken from ND-TD cross sections through single-track wide walls built
with UIP applied to every layer, are compared to that from a standard unrefined build in Fig. 3a taken
from reference [24], showing the reconstructed B-phase grain orientations. From these maps it is
apparent that the application of UIP to the top of every layer has resulted in substantial grain
refinement of the B grains, although this was not as effective as for higher strain inter-pass deformation
processes such as rolling [20,34]. The degree of refinement is also not very uniform across the wall’s
cross section, being concentrated in the centre with regions of coarse grains developing towards the
wall’s surfaces. This is to be expected, since UIP was only performed in a narrow 1.8 £ 0.5 mm width
of contact along the approximate centreline of each layer in the current experiment. Just below the
top surface a thin subsurface region can be seen, where poor reconstruction occurred due to the local
surface deformation caused by the peening process (unindexed pixels highlighted in the dashed box in
Fig. 3b). This poorly reconstructed region has a width consistent with the width of the peeing tool and
is slightly off centre, which is reflected in the less grain refined surface regions being wider and having
larger more <001>//ND oriented grains (red in the IPF map) on the left side of the deposit. The average
grain diameter measured (based on equivalent circular diameter) from the refined middle portion of
the microstructure, which underwent refinement due to the surface application of the UIP technique,

was ~1.2 mm, compared to columnar grain lengths of ~ 1 - 2 cm’s in the baseline sample.

Comparison of the texture strength in the <001> poles intensity in the {001} pole figure gives a value
of 6.15 MRD along the build direction (Fig. 3d) from the whole map, which contains a strong near ND
<001> pole due to the inclusion of the unrefined red near-surface columnar grains on the left-hand
side of the wall. However, if the analysed area is restricted to the UIP-refined central region, the texture
strength is significantly reduced to 5.8 MRD, which compares favourably with that achieved by
pneumatic machine hammer peening (MHP) [38]. This is also far lower than that typically seen in an
un-peened wall, which is in the range of 18-25 MRD (Fig. 3c, [37—40]) but still falls short of the B
refinement achieved through inter-pass rolling, which can achieve a ~100 um grain size and exhibit

very weak textures with MRD values < 3.0 [20,34].
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Fig. 3. ND-TD cross section EBSD maps comparing the reconstructed B phase grain structures seen in
(a) a standard unrefined build [24] with that of (b) the sample that was UIP every layer. Comparative
un-peened and peened {001} pole figures, depicting the textures obtained from each map are included
in (c) and (d), respectively, with the texture of the central refined region affected by UIP, as indicated
by the white dashed area, also provided for the UIP sample in (d). The white dashed box from the last
layer in (b) highlights the thin region with a low level of successful indexing and reconstruction seen

below the peened area, which is re-mapped at higher resolution in Fig. 4.
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Fig. 4. High resolution EBSD analysis performed on a subsurface ND-TD section through the last
deposited layer, showing evidence of deformation where UIP was performed (location indicated in Fig.
2b); (a) EBSD a-IPF map//ND, (b) local average misorientation (LAM) map and (c) with the local plastic
strain distribution estimated by calibration using the EBSD-LAM method [35].

Fig. 4 highlights the subsurface local plastic strain distribution resulting from applying ultrasonic impact
peening on the surface of the last deposited layer, as interpreted from a high-resolution EBSD a-IPF

and LAM maps, performed across the poorly reconstructed region indicated in Fig. 3b. It should be
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noted that EBSD-LAM method corelates the plastic strain to that generated by deformation at room
temperature at conventional (i.e. 1073) strain rates and is only able to quantify the plastic strain in a
restricted range of 4-12 %. It is therefore not certain how well this method applies to the high strain-
rate deformation produced by UIP treatment. Nevertheless, Fig. 4 indicates that the subsurface impact
from plastic deformation generated by ultrasonic peening was only sufficient to be detectable by both
EBSD techniques in a thin region localized to the top surface. Evidence of a strain gradient is also
evident below the surface to a depth of ~0.45 mm with the strain at the top surface determined by
the EBSD-LAM method being of the order of 9 %. Fig. 3c thus indicates the plastic strain induced by
peening was in the range of ~7 —9 % and penetrated to a detectable level to a depth of 0.45 mm from
the surface, which is similar to that seen for MHP in our previous study that employed a similar impact
energy [37]. In comparison, the remelt depth in the WAAM samples was deeper than the detectable

deformation depth, at ~ 1.2mm.
3.2 Stop-action sample

To better understand the grain refinement mechanism, the same ‘stop-action’ method previously
employed with pneumatic machine hammer peening was deployed to study a UIP processed sample
[38]. An initial deposit was first built with 15 layers added without peening to facilitate the formation
of coarse-columnar B grains. UIP was then applied across the top surface of the last layer. A final layer
was then deposited with the process stopped mid-way across the wall by rapidly extinguishing the arc
to freeze the microstructure, as shown in Fig. 5. The WAAM deposition and UIP parameters are given
in table 2. The optical image in Fig. 5a and EBSD map of the B grain orientations in Fig. 5b clearly show
the original coarse columnar grain structure resulting from conventional WAAM deposition without
UIP below the refined top layer. These grains have a strong <001>//ND fibre texture (red — in the IPF
map) and are slightly tilted towards the energy source travel direction, WD, due to the shallow slope
of the rear of the melt pool when they developed and grew normal to the solidification front. As would
be expected from the profile of the thermal field generated by the energy source, the last HAZ band,
which reflects the locus of where the peak temperature rise generated when the final track was added
approaches the B-transus temperature, can be seen to be horizontal behind the now solidified melt
pool and curve upwards ahead of the stop position. The position of the fusion boundary has also been
identified from the weak etching contrast associated with Fe micro segregation (see ref. [16]) and has
been outlined on the map to aid the reader, as it is difficult to see without closer inspection. It can be
noted that the position of the HAZ band is very similar to that predicted in the CFD simulation in Fig.
2.
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Two layered regions where B recrystallization and refinement has occurred are identified at the top of
the wall trailing behind the melt pool in Fig. 4b (i.e. to the left side). Alayer of finer grains can be seen
that has grown downwards into the wall below the fusion boundary. Directional growth downward
has caused these grains to develop a columnar aspect ratio, however this has occurred in the solid
state. There is then a transition in the grain structure trailing the melt pool at the fusion boundary,
from above which refined columnar grains have grown into the melt pool as solidification has occurred,
to be left behind as the melt pool advanced. In Fig. 5b a small finer grain region can be seen
immediately ahead of the stop position (right side in Fig. 5b) along with a subsurface layer further
ahead of the energy source, where the coarse columnar grains from the previous layers are still
evident, but there was poor reconstruction due to the deformation induced by the peening process.

This interesting region is highlighted at higher magnification in Fig. 5c.

The contour of the recrystallised region seen in Fig. 5 follows the expected energy source thermal field
profile (see Fig. 2), which generated a temperature gradient that falls off with distance ahead of, and
below, the energy source. Similar to in the MHP process previously reported, it can be seen that
recrystallization, involving the formation of new grain orientations, has only initiated to a limited depth
within the peened region, which is less than the remelt depth. As such, these grains would be remelted
by the next added layer. However, recrystallization initiates ahead of the melt pool where the
temperature rise generated by the approaching energy source exceeded the transus temperature. The
new grains that first formed in this region as a fully transforms to B, are extremely small, being of the
order of 22 - 50 um in size. These new grain orientations have only developed within the most heavily
deformed region of the peened layer to a depth of ~ 0.5 mm. The small recrystallized grains can also
be seen to reduce in size as the depth increases due to the subsurface gradient in prior deformation
induced by peening. In addition, the new grains that formed where there was still just sufficient strain
at the periphery of the recrystallized region to form new B orientations, continue to grow downwards,
directionally, with their boundary migration following the direction of energy flow, which slants them
forward normal to the curved temperature isotherm generated by the energy source, i.e. below a
depth of 0.5 mm although there is not sufficient lattice strain to initiate new grain orientations grain
boundary migration is still possible, of grains nucleated higher up in the deformation field, due to the
deeper-lower stored energy introduced by peening. Nevertheless, grain growth downwards is
restricted kinetically, in terms of grain-boundary mobility, by the falling temperature and the
diminishing driving force as the stored energy in the reverted B phase, inherited from the originally
deformed a-B lamellar microstructure, reduces with depth. This recrystallization process and

subsequent directional grain growth thus created the lower band of refined grains seen in the partially
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re-melted previously deposited layer that survive below the fusion boundary as the melt pool

advanced.

As the translated energy source and melt pool moves forward, the fine recrystallized grains are
remelted, and the larger partially melted forward-tilted columnar grains, formed by directional grain
growth during recrystallization, become the new fusion boundary. These grains then act as seeds for
epitaxial growth into the melt pool at its trailing edge. No new nucleation occurs during solidification
so that a new columnar grain structure again develops in the melt pool from the recrystallized grains
at the fusion boundary. However, this grain structure is greatly refined and has a weaker texture,
relative to the coarse columnar grains that evolve after many deposition passes without the application
of peening in the conventional WAAM process. In addition, as in the ND-WD plane the rear melt pool
surface is tilted forwards towards the energy source travel direction and outwards towards the wall
surfaces in the ND-TD plane, during solidification the preferred grain growth direction changes, relative
to that of the recrystallized grains below the fusion boundary. In this context it is notable that to the
left of the EBSD map in Fig. 5b the fine columnar grains seen in the fusion zone region, are
consequently starting to tilt again forward towards WD in the opposite sense to the recrystallized
grains, and growth selection is also occurring so that they are starting to develop the typical <100>

solidification texture seen lower down in the wall (i.e. more ‘red’ grain orientations are present).

Overall, these observations thus show that when combined with the rapid high temperature thermal
cycle generated by the energy source, inter-pass surface peening can be surprisingly effective in
refining the coarse columnar grain structure normally seen in the WAAM process with titanium alloys,
despite the shallow depth and relatively low level of plastic strain generated below each layer in the
deposited material. When UIP is applied to every added layer, this refinement process also occurs in
every layer and prevents a coarse columnar grain structure evolving and is therefore more effective

than seen in a ‘stop-action’ experiment, when only the last layer is peened.

Finally, the above behaviour is remarkably consistent with our observations previously presented on
the application of pneumatic machine hammer peening to WAAM inter-pass deformation [37]. This is
despite the different nature of the UIP tool interaction with the material in terms of the lower impact
energy and simultaneous impacts by multiple pins, rather than using a single hemi-spherical hammer
tool with two orders higher impact energy. Despite the low impact energy of few milijoules, UIP
provided repeated impacts with 4 pins impacting in-line, which resulted in a comparable value of line
energy and exhibited a similar depth and level of grain refinement to pneumatic MHP processed Ti64.

This implies that despite the differences in the UIP tool, and much of the energy being absorbed within
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the depth of deposited layer, the deformation induced by the lower energy individual impacts does

not appear to significantly change the recrystallization process.

(a) Travel direction

Fusion boundary
SRR

Refined grain:_&_é'pth €

Fig. 5. Optical image and EBSD maps taken from a wall centreline WD-ND sections of the stop action
test sample, showing (a) an optical macro view of the stop position, with the fusion boundary and last
HAZ band profiles identified, (b) the same area following EBSD mapping and reconstruction of the
grain structure, and (c) a higher resolution map of the small region (marked top right in (b)) where

recrystallization recyclization first occurs ahead of the melt pool. The dark pixels to the right at the top
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of (c) where reconstruction was not possible are indicative of the depth and extent of deformation

induced by the peening tool.
4.0 Conclusions

By combining advanced EBSD characterization with a ‘stop action’ technique, inter-pass deformation
by ultrasonic impact peening has been shown to be effective in refining the coarse columnar, strongly
textured, B-grain structure normally seen in wire-arc AM deposits, produced with Ti64. Ultrasonic
impact peening resulted in both significant B grain refinement and texture weakening, despite the

remelt depth being greater than the depth of B recrystallization induced by UIP.

Relatively low levels of subsurface plastic deformation, generated by UIP, of the order of 6-7%, to a
shallow depth of only ~0.45 mm was sufficient to produce grain refinement. Stop-action experiments
showed this could occur because new B-grain orientations formed in this thin-deformed subsurface
layer by recrystallization in re-heating above the B-transus, as the temperature rapidly increased ahead
of the melt pool when the energy source was translated. These recrystallized grains then grew
downwards into the deposit to a greater depth and were able to survive remelting to act as nucleation
sites at the fusion boundary for epitaxial regrowth during subsequent solidification at the melt pool

rear.

The overall results were consistent with previous observations on the application of pneumatic
machine hammer peening to WAAM inter-pass deformation. Although UIP uses a lower peak force and
two orders of lower impact energy, the much higher number of impacts per unit length achieved by
the action of the high frequency multiple pins resulted in a similar line energy as a single pinned high
energy impact pneumatic machine hammer tool. This study thus confirms that recrystallisation
behaviour is controlled by the amount of line energy applied during the peening step, irrespective of

the differences in tool specifications.
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