Microscopic strain localisation in WAAM Ti-6Al-4V during uniaxial tensile loading
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Abstract

Wire Arc-Based Additive manufacturing is a high deposition rate process suitable for building large-scale aerospace components. However, the larger heat source can cause greater
microstructural heterogeneity and, in particular, a coarse columnar B grain structure. The effect of the subsequent related transformation microstructure heterogeneity on the
mechanical behaviour is investigated, in both standard WAAM materials and samples subjected to inter-pass rolling, which leads to substantial B grain refinement and texture
randomisation. Full-field strain maps were produced by digital image correlation, using tensile samples loaded in different orientations. When loaded normal to the columnar grain
structure, it is shown that the coarse § grains lead to a highly heterogeneous deformation distribution, which is linked the presence of dominant hard and soft o variants in texture
colonies within each parent  grain.  grain refinement through the application of inter-pass rolling was found to be very effective at homogenising the strain localisation for all test
orientations.

Introduction

Additive Manufacturing (AM) is increasingly enabling the production of near-net shape components, with shorter lead times and greater design flexibility [1-3]. Wire-Arc Additive
Manufacturing (WAAM) has the advantage of achieving the high deposition rates (> 4 kg/hour) required to economically produce large-scale structural components [4]. However,
AM with Ti-6Al-4V gives rise to microstructural heterogeneity not seen in wrought products [5] and, most significantly, to the formation of coarse columnar f3 grain structures with
a strong <001>p (- fibre solidification texture [6-14]. Furthermore, the multiple thermal cycles in AM can lead to systematic additional microstructural variation, such as HAZ
banding [11,15-19].

The formation of such heterogeneous microstructures is expected to contribute to unpredictability in the mechanical performance of AM components. For example, significant
anisotropy has been observed [20]due to the large columnar B-grain structure and its associated o transformation texture [21,22]. Effective refinement of the B grains can be
achieved in WAAM through the introduction of an inter-pass rolling [23]. In contrast to conventional deposits, where the columnar 3 grains can be several centimetres in length,
inter-pass rolling can produce an equiaxed B grain size of less than 100 pm with weak texture [24], which leads to an improvement in mechanical properties [24](Fig. 1) including
an increase in strength and a significant reduction in both the scatter and anisotropy in tensile performance. While this improvement has been linked qualitatively to the influence of
heterogeneity in the local texture inherited from the parent B-grains [17], and the concentration of failure in the grain boundary a regions, the strain distribution in such materials
has not been previously quantitatively correlated to their microtexture.

Digital Image Correlation (DIC) is a robust experimental method that enables full-field strain measurements to be made on the surface of a material at multiple length
scales [25] and has been successful in observing differences in strain localisation in Ti-6Al-4V wrought products [26]. Previous work on AM Ti-6Al1-4V has also indicated that
different microtextures and a lath orientations associated with the parent 8 grain boundaries can play an important role in strain localisation [27]. However, the high resolution used
in this study meant that only a few grains were observed and the overall macroscale heterogeneity was not captured.

The overall aim here was therefore to use DIC to further investigate strain localisation in WAAM samples and determine whether the introduction of inter-pass rolling helped to
homogenise the strain distribution. By capturing the entire gauge length, the full macroscopic deformation behaviour could be observed, enabling critical regions of localisation to
be identified and compared to the underlying transformation microstructure and local microtexture, obtained from EBSD grain orientation mapping.
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Figure 1- Stress-strain curves for unrolled and rolled WAAM Ti-6Al1-4V tested in parallel and perpendicular to the build direction. Data provided by Cranfield University.

Table 1- WAAM-PAW deposition parameters

Wire Feed Speed 2.4 m min’!
Travel Speed 7 mm sl
Ist 6 Layers Current 165 A
Current after 6 layers 150 A
Plasma Gas 1 L min-1
Local Shielding Gas (Argon) 10 L min-1
Trailing Shielding Gas 25 Lmin-1
Work Piece Distance/Torch stand off 8 mm
Rolling Load 66 kN
Rolling Diameter Roller 100 mm
Wire Type Ti64 ERTi-5

Wire Specification 1.2mm*D300




Experimental Procedure

WAAM Samples

Single pass wide walls (250 mm long, 55 mm high and 1.1 mm thick) was produced by plasma wire deposition (PWD) at Cranfield University Welding Engineering Research
Centre UK using the parameters in Table 1 [24]. The sample reference frame is defined as; the heat source travel direction parallel to each layer (or ‘welding’ direction) (WD),
transverse direction (TD) and the build height direction normal to each layer (ND). Specimens were extracted for tensile testing using electric discharge machining (EDM) from
unrolled, rolled and ‘abnormally’ (containing some isolated unrolled layers) rolled builds. The rolled samples were produced with a load of 66 kN. The tensile specimens had a 26
by 3 mm?, 1 mm thick, gauge length and were finish polished with colloidal silica (OP-S) mixed with 5% hydrogen peroxide, followed by etching in Kroll’s solution for 3 minutes,
to provide a distinct pattern for DIC.

Digital Image Correlation and Mechanical Loading

Ex-situ incremental DIC tensile loading experiments were performed using a Deben 5 kN microtester, at a displacement rate of 0.02 mm/min. After each deformation step the
samples were removed and imaged using a Zeiss Axio optical microscope, equipped with mapping software, to obtain a matrix of 4 by 36 stitched images along the gauge length,
with a spatial resolution of 0.547 pum/pixel (Fig. 2). Re-loading and subsequent image mapping were repeated up to a strain of ~3-5%. In each step the edges of the samples were
carefully re-aligned to minimise any rotation artefacts. The stitched images were processed using LaVision’s DIC software DaVis 8.4. The image correlation calculation was carried

out using and adaptive fast Fourier transform (FFT) algorithm, with a final interrogation window size of 32 x 32 pixels2 and no overlap equating to a spatial resolution of 17.51 pm.

Figure 2- a) Example of the image acquisition process across the entire gauge length of the specimen, b) Image of a region taken from a single tile, ¢) Example of the pattern resolution
captured by the optical microscope with an interrogation window size of 32 x 32 pixels given by the red box.

Grain Orientation Mapping

Post deformation, the samples were lightly re-polished in colloidal silica to remove the etch pattern and allow electron back scatter diffraction (EBSD) analysis of regions of
interest, using an FEI Sirion scanning electron microscope (SEM) equipped with an AZtec EBSD system and a Nordlys II detector, at an accelerating voltage of 20 kV. The EBSD
maps were analysed with HKL Channel 5™ software and correlated with regions of interest highlighted in the DIC strain maps. B reconstruction software, developed by Davies et
al. [28], was used to determine the parent 8 grain structure from the room temperature o orientations.

Results

Microstructures

Fig. 3 shows a and reconstructed B orientation maps from typical regions along the gauge lengths for the different WAAM samples investigated. The standard unrolled sample
contains few B-grains across the image width (Fig. 3a). In comparison, the rolled condition (Fig. 3b) exhibits a fine uniform B grain size of 150-200 pm. Finally, the ‘abnormal’
rolled sample (Fig. 3¢) shows large variation in B grain size across its gauge length, with several large grains of up to 800 um and neighbouring grains as small as 100 pm.
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Figure 3- IPF-ND maps for the WAAM samples in (a) conventional unrolled, (b) rolled and (c) abnormal rolled conditions showing the measured o and reconstructed 83 orientations.
Strain Mapping

Tensile tests have been performed on all the WAAM samples to allow a comparison of the strain localisation behaviour in the WD and ND directions. Due to a lack of space here,
only the most heterogeneous conditions are shown. As the standard wall was built with a constant travel direction, the B grains were tilted towards WD, by ~10°. The data presented
for this build was therefore obtained with the tensile samples aligned normal to the growth direction of the columnar B grains with the HAZ bands oriented at about 10° to the
tensile axis. For the rolled samples, because there was no preferred B grain orientation and a near-random texture, they were tested in ND, so that their HAZ bands were normal to
the tensile axis (see optical images in Fig. 4).

The yield and maximum tensile strengths (Table 2) obtained are in agreement with previous work, which showed an improvement in both properties after § grain refinement [24].
Effective shear strain (y.g) intensity maps obtained from the test samples are presented in Fig. 4. Corresponding strain profiles at progressive loading steps, averaged in the width
direction are displayed in Fig. 5, using the 95th percentile of the ., as the maximum value if affected by noise in the DIC results. From Fig. 4 and 5 it can be seen that the unrolled
and ‘abnormally’ rolled samples show a much more heterogeneous strain response than the inter-pass rolled sample, which had a uniformly refined B grain structure and weaker
texture [24]. In these samples there is distinct macroscale strain patterning that suggests the underlying microstructure and/or local texture are affecting the strain heterogeneity,
although there is no obvious correlation to the HAZ bands in the corresponding optical images. Strain concentration was relatively modest initially in all the samples but as Fig. 5
indicates, it developed rapidly in the unrolled and ‘abnormally’ rolled samples, with y.¢ varying between less than 0.02 to greater than 0.10 in the ‘hard” and ‘soft’ regions by 3%
applied strain. However, in the case of the unrolled condition, the strain localisation within the high strain bands was more dispersed, which resulted in lower peak strains compared
to in the ‘abnormally’ rolled sample (Fig. 4c) where a strain ‘hot spot” developed in its centre. In contrast, the strain in the rolled sample (Fig. 4b) remained more homogeneous
throughout testing, with the maximum strain concentrations being between 2-3 times that applied, compared to 5 times for the unrolled sample.

Table 2-Yield stress and tensile stress measured for the different build conditions

Direction oy (MPa)  omax (MPa)
Unrolled WD - 10° towards ND 763 809
Rolled ND 919 950

Rolled (Abnormal) ND 864 889
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Figure 4- Gauge length prior optical images of the tested samples with corresponding effective shear strain (y.fr) maps, as a function of increasing applied strain, for a) conventional
unrolled, (b) rolled and (c) abnormal rolled conditions.
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Figure 5- 95"'percentile Vetr profiles along the loading direction for each sample condition and load increment.

Discussion

The unrolled and abnormally rolled WAAM samples displayed high plastic heterogeneity with maximum strain concentrations more than double that observed in the rolled wall. It
is not unexpected that the small number of 8 grains across the gauge length in the unrolled, and heterogeneous grain size in the abnormally rolled, samples had a detrimental impact
on their strain distribution. Conversely, the refined grain size and reduction in texture produced by the rolling process led to a greatly improved and more uniform strain
distribution. Fig. 6a highlights these differences by comparing the strain maps across the gauge lengths at a single loading step of ~3%. These observations are further supported by
plots of the frequency distributions of the normalised effective shear strains (Fig. 6b) which confirms that the rolled sample exhibited significantly less strain localisation than the
other two conditions, with lower maximum normalised shear strain values. There is also a distinct difference in the slope of the curve between the unrolled rolled and abnormally
rolled samples, with the former having a linear tail, whereas the latter has a bimodal distribution that indicates an increase in heterogeneity. This difference is caused by the high
strain localisation occurring in a single central band in the abnormally rolled specimen. The white box in Fig. 6a corresponds to Fig. 3a, which shows that a combination of large
and small neighbouring grains has caused severe localisation in this region compared to in the rest of the sample.

The strain concentration in the unrolled sample tested normal to its columnar § grain structure is clearly related to the limited B parent grain orientations within the gauge length,
but does not appear to be as localised at the GB boundaries as previously suggested [17]. To better understand the role of local texture, in Fig. 7 orientation mapping has been
performed across a concentrated strain band at a higher resolution and the prismatic and basal Schmidt factor distributions for the o variants present compared. This indicates that
the deformation is reasonably uniform in the different texture regions, associated with different parent B grains, but varies strongly between them - as indicated in Fig. 5. All the
regions contained several variants with similar Schmidt factor distributions for prismatic slip (Fig. 7d). The main difference revealed by Fig. 7d is, however, that the soft region, R2,
does not contain a variant with a low Schmidt factor for basal or prismatic slip, and has a higher density of variants favourably orientated for basal slip: i.e. in the harder regions the
presence of single hard variant is primarily responsible for inhibiting plasticity.

In contrast, there was little evidence of strain concentration in the HAZ bands for any of the samples. This would be expected to be most obvious in the rolled ND sample which
was not dominated by texture effects, due to its uniform fine B grain structure. This is probably because the local yield stress variation associated with o coarsening within the bands
is relatively modest relative to the high dependence of slip resistance on the microtexture of the HCP a phase. The HAZ bands are also thin and constrained by the surrounding
material.
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Figure 6- a) Effective shear strain maps at ~3% applied strain for each condition and b) the corresponding normalised freq y distribution. The white box indicates the approximate
region of the orientation map from Fig. 3 for the abnormally rolled sample.
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Figure 7- Comparison of the optical image, strain map and an EBSD maps across a hard (R1)-soft (R2)-hard (R3) region in the unrolled sample. (d) shows the Schmidt factor distributions
for the aphase in regions identified.

Conclusions

Optical DIC strain mapping has been performed to compare the heterogeneity of deformation in Ti-6A1-4V WAAM materials produced without and with inter-pass rolling. The
results have been related to the systematic microstructure and texture variation heterogeneity present in the materials. Unsurprisingly, more homogeneous strain patterning was
observed in the rolled samples that had a uniformly refined B grain structure.

The onset of strain localisation in the high strain regions was evident at plastic strains of less than 0.5% in both the abnormally rolled and unrolled samples and the strain patterning
that developed in early strain steps remained the same throughout. The areas of low strain in the unrolled condition appeared to correlate with coarse columnar parent  grains
containing a single o variant with low prismatic and basal Schmidt factors, whereas little effect of HAZ banding could be detected.

The high strain localisation in the abnormally rolled condition occurred predominantly in the central high strain band, which corresponded to a region containing several
large parent  grains that were up to 8 times larger than the average grain for the sample.
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