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a b s t r a c t 

The coarse columnar 𝛽 grains in Ti-6Al-4V WAAM can be refined by relatively low strain inter-pass deformation. 

Simulation, with rapid heating, has shown this may partly occur by a novel recrystallization mechanism that 

involves twinning during 𝛽 regrowth through the 𝛼- 𝛽 transus, as a result of the prior deformation promoting 

faults in the 𝛼- 𝛽 interface, which produces a unique micro-texture in each parent 𝛽 grain. Here, this potential 

mechanism has been investigated further, using a different deformation mode – uniaxial tensile deformation 

rather than plane strain compression – to enable the texture contribution from conventional recrystallization to be 

more unambiguously discriminated. The tensile-deformed samples are shown to produce the same unusual unique 

micro-texture seen previously, at low strains, despite the different deformation mode, but this disappeared at 

higher strains, which provides more evidence in support of this new rapid heating 𝛽 recrystallization mechanism. 
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. Introduction 

Direct energy deposition additive manufacturing (AM) processes,

ike wire-arc AM (WAAM) with titanium alloys such as Ti-6Al-4V (Ti64),

ave been the focus of recent research due to their high deposition rate

nd ability to produce near-net-shape components with size envelopes

f several metres [1–8] . However, in Ti64 WAAM under standard condi-

ions, epitaxial growth during solidification typically produces cm-long

olumnar 𝛽 grains, with a < 001 > 𝛽 fibre texture, which can sometimes

xtend throughout the entire build height [6 , 9–14] . This arises because

he heated melt pool promotes a steep thermal gradient at the solidi-

cation front and Al and V have partition coefficients close to unity,

hich together produce minimal constitutional undercooling and a nar-

ow mushy zone, inhibiting nucleation ahead of the solidification front

15–19] . 

It has been shown that inter-pass deformation with a modest plastic

train is surprisingly effective at breaking up the coarse 𝛽-grain struc-

ures and reducing the 𝛽 texture produced in the WAAM process. Mar-

ina et al. have demonstrated that layer-height compression by as lit-

le as 8% [9 , 10] , using rolling, is only required to refine the 𝛽-grain

tructure by ‘recrystallization’ on re-heating through the 𝛽 transus. Us-

ng plane strain compression (PSC) and rapid-heating simulations, the

urrent authors have suggested [12 , 20] that this behaviour may partly

tem from a novel recrystallization mechanism ( rapid-heating 𝛽 RX ) that

s unique to the specific AM conditions. An example of this mechanism
∗ Corresponding author. 

E-mail address: alec.davis@manchester.ac.uk (A.E. Davis). 

ttps://doi.org/10.1016/j.mtla.2020.100857 

eceived 22 June 2020; Accepted 31 July 2020 

vailable online 13 August 2020 

589-1529/© 2020 Acta Materialia Inc. Published by Elsevier B.V. This is an open ac

 http://creativecommons.org/licenses/by/4.0/ ) 
s shown in Fig. 1 a where a matchstick sample deformed in plane strain

y ~14% was rapidly heated above the 𝛽 transus, while the grip-cooled

nds were kept below. This allowed direct comparison of the parent 𝛽

nd recrystallized grains in the same sample, demonstrating that this

ecrystallization mechanism produces a unique, four-fold motif micro-

exture in each parent 𝛽 grain (an ideal example of this is given in

ig. 1 b). Modelling of the potential 𝛽 twinning relationships [20] has

ndicated that a double {112} < 111 > twinning of 𝛽 can create these

ew grain orientations during rapid heating of a fine, lightly deformed,

amellar microstructure. It has been postulated that this may occur be-

ause, in the fine lamellar microstructure produced by rapid cooling

n the WAAM deposits, the migrating 𝛼- 𝛽 interfaces encounter disloca-

ions, causing growth faults that nucleate annealing twins [21] when

he 𝛽 phase regrows during the 𝛼→𝛽 transformation. A schematic of

his proposed mechanism has been reproduced from [12] in Fig. 1 c. To

ate, rapid-heating 𝛽 RX has only been studied in simulations of the cur-

ent inter-pass deformed WAAM processes, conducted using PSC tests

10 , 12 , 20] . However, when larger strains were employed in these tests

 > 20%), after rapid 𝛽 annealing and recrystallization, new single tex-

ure components emerged in these samples whereby the < 001 > 𝛽 // ND

omponent was rotated ~ 30° about the constraint and expansion axes.

hese new components originated from bands of recrystallized grains

ormed in intense macro-shear bands that developed in the samples at

igher compression ratios, which overlapped with the distinctive four-

old motif texture associated with the rapid-heating 𝛽 RX texture [12] .
cess article under the CC BY license. 
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Fig. 1. (a) An example simulation of the inter-pass deformation WAAM process, where a lightly deformed ( 𝜀 = ~14%) matchstick sample was rapidly heated above 

the 𝛽 transus, while the grip-cooled sample end remained below. The {001} 𝛽 pole figures show the orientations of the original parent 𝛽 grain, 1 (not heated above 

the 𝛽 transus), and recrystallized grain regions 2–4, corresponding to the prior parent grains. Grain 1 is the parent to the recrystallized grain in region 2, allowing a 

direct comparison of the ‘before and after’ texture. Figure adapted from [20] . It can be noted that the same unique micro texture is seen in each recrystallized parent 

grain as depicted in (b), which shows the idealised rapid-heating 𝛽 RX four-fold texture component, also adapted from [20] . (c) The proposed rapid-heating 𝛽 RX 

mechanism where the migrating 𝛼- 𝛽 boundary in a deformed 𝛼 + 𝛽 microstructure causes a stacking fault to occur which grows into a twin. The strain-free nucleated 

twin ( 𝛽’) gains a growth advantage over the surrounding 𝛽 and consumes it, resulting in a ‘recrystallized’ grain. Figure reproduced from [12] . 

Table 1 

WAAM build parameters. 

Heat Source Parameters Gas Flow Rates 

Wire feed speed 37 mm s − 1 Plasma gas flow rate 1 l min − 1 

Travel speed 5.5 mm s − 1 Shielding gas flow rate 15 l min − 1 

Current 160 A 
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t  
he new components were related to rotation of the parent orientation

ithin the shear bands, which were formed by the tool-sample friction

onditions in the PSC tests that created new 𝛽 orientations in the defor-

ation microstructure, and called into question whether the proposed

oncept of an annealing-twin RX mechanism was indeed correct. 

Therefore, in this work, to confirm whether the rapid-heating 𝛽 RX

echanism that produces the unusual micro-texture depicted in Fig. 1 b

s a consequence of local shear specific to the PSC deformation condi-

ions, or is a result of 𝛽 annealing twinning [22–25] , a WAAM sample

ith a columnar 𝛽-grain structure was deformed under a completely

ifferent mode - in uniaxial tension. The logic behind this approach to

urther test the concept of a twinning-based recrystallization mechanism

s that, in the case of conventional recrystallization, the micro-texture

ill be related to orientations already present in the deformed sample,

o that this change of deformation mode should produce a different tex-

ure on recrystallization to PSC. In addition, deformation in a tensile

ample will be free of PSC tool-friction-related strain-localisation shear

and effects. 

. Materials and methods 

To perform this experiment, dog-bone tensile specimens were ma-

hined from a WAAM wall, parallel to the build direction and colum-

ar 𝛽-grain structure. The sample was built using a 1.2 mm diameter

i64 wire with the process parameters provided in Table 1 . The WAAM

rocess is described fully in ref. [5] . The reference frame employed is
efined as: heat-source travel, or wall, direction ≡ WD, transverse direc-

ion ≡ TD, and the build-height, or layer normal direction ≡ ND. Tensile

pecimens with a gauge length (// ND), width (// TD), and thickness

// WD) of 29, 6.4, and 6.4 mm, respectively, were deformed at a speed

f 0.01 mm s − 1 until failure occurred. Two samples were then cut from

ach specimen: a section from the grips and the necked region to a dis-

ance of ~ 14 mm from the fracture surface, which, after applying a

apid heat treatment to the latter, were ground down to the sample

entre length-width (ND-WD) plane. The latter deformed sample was

apidly heated in a TA Instruments DIL 805A/D/T quench-dilatometer,

t a rate of ~ 500 °C s − 1 (representative of the WAAM process [11] )

bove the 𝛽 transus to ~ 1100 °C and held for 5 s to ensure complete

ransformation to 𝛽. The samples were then metallographically prepared

or scanning electron microscopy (SEM) by polishing to an OPS finish. 

Electron backscatter diffraction (EBSD) orientation maps were col-

ected using a voltage of 20 kV and a current of 16 nA, in a Tescan Mira3

EG-SEM, equipped with an Oxford Instruments’ Symmetry EBSD de-

ector and AZtec acquisition software. 𝛽-phase orientation maps were

econstructed from the 𝛼 phase using software developed by Davies and

ynne (for full details see refs. [26–29] ). EBSD data was processed us-

ng HKL Channel5 software, and EBSD maps are displayed throughout in

nverse pole figure (IPF) colouring, with respect to ND, with high ( > 15°)

nd low ( < 15°, > 5°) angle grain boundaries (HAGBs and LAGBs) high-

ighted in black and white, respectively. LAGBs were set to be above

° to avoid highlighting artefacts of the 𝛽 reconstruction which were

resent below this misorientation. Textures are presented as contoured

ole figures in multiples of random density (MRD). 𝛽-grain sizes were

easured from the 𝛽-reconstructed EBSD data using HKL Channel5. The

ocal tensile strain across the deformed necked region was estimated by

easuring the sample area from metallographic sections. 

. Results and discussion 

The original coarse-columnar, primary, 𝛽-grain structure, taken from

he (un-heated) WAAM tensile specimen grip region, is shown is Fig. 2 .
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Fig. 2. 𝛽-reconstructed EBSD orientation map of the tensile specimen grip show- 

ing the typical WAAM undeformed coarse-columnar, primary, 𝛽-grain structure. 

Fig. 3. ‘Before and after’ pole figures showing the bulk textures of the WAAM 

tensile specimen (a) grip (coarse columnar 𝛽 structure, Fig. 2 ), and (b) the 

whole recrystallized region, following rapid re-heating, near the fracture sur- 

face ( Fig. 4 ). 
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n this reconstructed 𝛽-phase EBSD orientation map, the majority of

he 𝛽-grains can be seen to grow parallel to ND with a strong ND //

 001 > 𝛽 fibre texture (red in IPF colouring), which is consistent with

revious work [10 , 12 , 30] . The associated texture is provided in Fig. 3 a

nd shows strong < 001 > 𝛽 // ND alignment with a slight tilt towards

D, the heat source travel direction. This same grain structure, present

n the whole tensile specimen gauge region, was then deformed under

ension until fracture, and rapidly heated above the 𝛽 transus, before

eing subsequently mapped using EBSD. The region analysed through

he neck and down the gauge length, was particularly insightful in this

egard, as it provided a tensile strain gradient in a single sample, from ~

 – 43%. The reconstructed- 𝛽 microstructure from this region, following

annealing, is shown in Fig. 4 , where a recrystallized, equiaxed, grain

tructure of ~ 50 μm average size can be seen on the left near the frac-

ure surface, which coarsens slowly in size with decreasing strain and

ncreasing distance to the right, down the gauge length, and then transi-

ions into the parent columnar 𝛽-grain structure, as seen in Fig. 2 . From

he colour changes across the map from left to right, it can also be seen

hat there is a change in preferred orientation of the recrystallized grains

rom: i) the original < 001 > 𝛽 // ND alignment (red) with spreading to-

ards < 011 > 𝛽 // ND (green) near the fracture surface, where there was
 high strain, to ii) a bigger spread of orientations with more < 111 > 𝛽 //

D alignment (blue) and much less original < 001 > 𝛽 // ND alignment

red) at lower strains, before returning to (iii) the unrecrystallized re-

ion with the original as-built < 001 > 𝛽 // ND alignment (red). In Fig. 3 ,

he bulk 𝛽 texture taken from the whole 100% recrystallized region is

ompared to the as-deposited texture and can be seen to be markedly

eaker than the solidification texture, with the peak near < 001 > 𝛽 //

D intensity falling to less than 3 MRD and demonstrating a spreading

f ~ 30° away from the < 001 > 𝛽 // ND pole in the {001} 𝛽 pole figure. 

When the micro-textures in the EBSD map in Fig. 4 were analysed

ocally along the gauge length in Fig. 4 a-d, farthest away from the frac-

ure surface where the tensile strain was below ~ 10%, the unrecrys-

allized large columnar grains still exhibited the as-built strong < 001 > 𝛽

/ ND texture ( Fig. 4 a). However, the pole figures from the lower strain

14 - 30%) recrystallized region in the middle of the map in Fig. 4 b-c,

gain demonstrated an unusual mircro-texture, which can be seen to

onsist of a four-fold symmetrical intensity motif, centred on the orig-

nal parent-grain < 001 > 𝛽 poles in the {001} 𝛽 pole figure, from which

t is tilted away by ~ 20 - 30. Despite using an entirely different de-

ormation mode to the PSC samples investigated previously, this micro-

exture bares a strong similarity to the idealised rapid-heating 𝛽 RX tex-

ure motif reported previously [12 , 20] and reproduced in Fig. 1 b. The

exture in Fig. 4 c is more diffuse because it was obtained from multiple

arent < 001 > 𝛽 // ND orientated 𝛽 grains, rather than a single parent

-grain orientation, as used in our previous simulations [12 , 20] . This re-

ult therefore provides further evidence for the proposal that the grain

efinement found in lightly deformed WAAM materials is caused by an

nnealing-twin-based, rapid-heating, 𝛽 RX mechanism, as this unique

icro-texture has been seen again in the tensile sample and formed

ndependently of the deformation mode; i.e. if the new 𝛽 orientations

ere produced simply by a lattice rotation caused by deformation, they

ould be expected to be present within the orientation spread in the as-

eformed sample, and the texture generated by uniaxial tension would

e considerably different to that seen in plane strain compression, so

hat it is unlikely that this could produce an identical recrystallization

icro-texture. The other interesting feature of this micro-texture is it

ully replaces the original strong parent < 001 > 𝛽 // ND intensity in the

ole figure. 

In addition, where the sample had deformed to a higher strain closer

o the fracture surface, the micro-texture was found to change (e.g. at

37% strain in Fig. 4 d). In the higher strain region (above ~ 30%),

he position of strongest intensity was found to have shifted back to

he location of the original strong parent < 001 > 𝛽 // ND pole, and the

preading of the distribution around this pole was also more axisym-

etric. Given that the micro-texture changed along the tensile sample

ithin different strain ranges, this suggests that two separate recrystal-

ization mechanisms were dominant, in competition, depending on the

rior strain level before 𝛽 annealing. The appearance of other texture

omponents at higher strains has been reported previously during PSC

imulations of the WAAM inter-pass rolling process [12] , where they

ere seen to form as a consequence of strong macroscopic shear bands

eveloping in the PSC samples, which occurred due to the tool fric-

ion and sample geometry effects. Here, the effect of increasing strain

uring tensile deformation to levels above ~ 30% similarly seems to

ave reduced the significance of the rapid-heating 𝛽 RX mechanism,

ut in this case – because of the different deformation mode – this has

een replaced by a more symmetrical spreading of the strong parent

 001 > 𝛽 // ND intensity away from the starting orientation (as seen in

ig. 4 d). This change in behaviour with increasing strain is still consis-

ent with the rapid-heating 𝛽 RX mechanism proposed, which dominates

t lower strains. This is because it is dependant on the migration of the

- 𝛽 interfaces, where interaction with lattice defects, and defects cre-

ted in the 𝛼- 𝛽 interface, causes stacking faults to occur resulting in

win formation during 𝛽 regrowth. In contrast, recrystallization from

 nucleus already present in the deformed state requires there to have

een sufficient prior deformation to generate a high enough local lattice
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Fig. 4. 𝛽-reconstructed EBSD orientation map of the recrystallized microstructure at the centre plane of the deformed and rapidly heated sample, sectioned back 

from the WAAM tensile specimen fracture surface. The pole figures (a-d) show the micro-textures at the positions marked on the tensile specimen with corresponding 

strains of ~ 1, 15, 26, and 37%, respectively. 
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isorientation for a 𝛽 region to acquire a more mobile grain boundary.

his typically occurs in regions of plastic heterogeneity, as was observed

n the macro-shear bands seen in the PSC samples studied previously

12] , or at prior 𝛽− grain boundaries, or 𝛼 colony boundaries, where

here is greater plastic incompatibility. Increasing the strain will also

ead to a general breakdown of coherency between the residual 𝛽 and 𝛼,

hich will tend to inhibit the rapid-heating 𝛽 RX mechanism. In addi-

ion, there will be a general increase in stored energy with higher strain

evels, which may favour more conventional recrystallization. Although

his requires further investigation, the results are consistent with two

ompeting recrystallization processes that change in dominance as the

train level increases; from a twining-based mechanism that is unique

o a fine AM microstructure with rapid heating, to a more conventional

rocess that relies on pre-existing regions with sufficient lattice rotation

o generate new 𝛽-grain nuclei. 

The transition between the two different micro-textures in the

ensile-deformed sample, seen as the strain increases towards the frac-

ure surface, has been explored further in Fig. 5 a. To further clarify

his effect, the intensity at the parent < 001 > 𝛽 // ND pole position has

een plotted against strain in Fig. 5 a. Since in our previous work us-

ng single parent grain orientations [12] , it was shown that the rapid-

eating 𝛽 RX mechanism produces a discontinuous rotation away from

he parent < 001 > 𝛽 // ND poles (e.g. Fig. 4 a) and entirely eliminates

he starting orientation, the strength of the < 001 > 𝛽 // ND pole can

e used to track the contribution of the RX mechanism throughout the

ample. In Fig. 5 a, it can be seen that when the strain increases to ~

0%, and recrystallization initiates, there is a very rapid drop in the

 001 > 𝛽 // ND pole strength. As the strain increases further, the par-
nt < 001 > 𝛽 // ND texture then slowly re-emerges and becomes the

trongest orientation for strains above 30%. In the same graph ( Fig. 5 a),

he relative frequency of LAGBs ( < 15%) has also been plotted against

ocal strain within the gauge section, to demonstrate the concurrent

hange in grain-boundary character. This plot shows that, counterin-

uitively, there is a lower frequency of LAGBs in the low strain region

f the sample (9 – 30%); i.e. the recrystallization processes operating

t lower strains produced more highly misorientated grains [10 , 12 , 20] .

owever, as the strain level increases, the LAGB frequency starts to

ncrease, presumably as the low strain recrystallization mechanism di-

inishes, but as the strain increases beyond 30% to higher strains, the

AGB frequency then begins to drop again. Together, the behaviour of

hese two sets of measurements are, therefore, consistent with the pre-

iously proposed annealing-twinning-based rapid-heating 𝛽 RX mech-

nism dominating at low strains, but becoming suppressed at higher

trains to be replaced by a transition to a competing more conventional

ecrystallization mechanism - based on new grains forming by growth

rom nuclei that developed by local lattice rotation in the deformed

tate [21 , 31] . 

Finally, the previous work that used PSC and rapid-heating simula-

ions reported a strong near-step-function relationship between increas-

ng strain level and the recrystallized 𝛽-grain size found in the PSC sam-

les [12] . This plot is reproduced here in Fig. 5 b and shows that rapid-

eating 𝛽 RX became activated at a minimum strain of 9%, but the grain

ize then quickly decreased rapidly to reach a minimum at 14%, past

hich little further refinement was observed. The grain size data from

he tensile-strained sample obtained in this work has been compared

o the results from the PSC simulations in Fig. 5 b, using the local true
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Fig. 5. Statistical EBSD data from along the sample gauge 

length of the rapidly heat treated sample shown in Fig. 4 , 

as a function of the local strain showing; (a) strength 

of the < 001 > 𝛽 // ND pole in MRD and the relative fre- 

quency of LAGBs (compared to HAGBs), (b) the average 

recrystallized 𝛽-grain sizes compared to previous results 

for the plane strain compression study conducted in ref. 

[12] . In (a) the IPFs (i-iii) correspond to the pole figures 

in Fig. 4 a,b,d, respectively, and show the texture change 

with position. 
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train measured from the sample’s reduction in area. This data shows

lose agreement with the original PSC results, and confirms the same

ramatic onset of grain refinement by rapid recrystallization at a low

train level of ~ 9%, although with the new tensile sample results, there

s a slightly greater reduction in grain size with increasing strain in the

ange from where recrystallization becomes active, to the high strain

egion near the fracture surface. The flatter plateau seen in the origi-

al PSC tests was probably caused by the greater heterogeneity of the

train distribution in the test geometry, which was underestimated by

he FE analysis used to account for the effects of friction in the PSC tests.

owever, it remains to be addressed why a nearly constant grain size is

een with increasing strain level once the threshold is reached to initi-

te recrystallization. As the whole sample was heat treated uniformly,

his may be because of the competition between the two mechanisms

nvolved, which is controlled by the relative density of their respective

ecrystallization nuclei. Rapid grain growth also occurs in Ti64 above

ts 𝛽 transus temperature [12 , 32] which, owing to the pseudo-parabolic

esponse, will tend to equilibrate differences in the grain size caused by

 difference in nucleation density. 

 Conclusions 

This work was conducted to attempt to clarify a previous observa-

ion [20] that a unique recrystallization mechanism may be occurring

n lightly deformed, fine-scale Ti64 lamellar transformation microstruc-
ures, when subject to rapid heating rates, as are typical in an AM pro-

ess. This mechanism was first hypothesised after an unusual micro-

exture was observed in a deformed and rapidly re-heated parent 𝛽 grain

12 , 20] , that could not be related to the deformation texture, and the

ealisation it could be reproduced from the parent grain orientation by

he {112} < 111 > 𝛽 twinning system. It was also noted in our previous

lane strain compression simulations, that this mechanism was probably

perating in competition with conventional recrystallization, which in-

olved local lattice rotation within intense shear bands that were caused

y the die-sample friction conditions in plane strain compression tests.

herefore, by using an entirely different tensile deformation mode, it

as hoped that more independent evidence could be found for this in-

eresting possibility. 

The new experimental evidence further supports the 𝛽 twinning ar-

ument. Analysis of the strained and rapidly heated samples has again

evealed a highly refined recrystallized 𝛽 microstructure, after low strain

eformation, which exhibited a four-fold symmetric texture motif cen-

red around their parent {001} 𝛽 // ND grain orientations, which was

imilar to that seen in the PSC experiments, despite the use of an entirely

ifferent deformation mode. The new texture also again completely con-

umed the original {001} 𝛽 // ND solidification texture. Furthermore, the

icro-texture seen at lower deformation strains was replaced by a more

onventional recrystallization texture as the strain level increased closer

o the fracture surface, where greater matrix lattice rotation would be

xpected. 
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