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ABSTRACT

The variation of microstructure and microtexture across a Ti-6Al-4V (Ti64) linear friction
weld was investigated using scanning electron microscopy (SEM) and electron backscattered
diffraction (EBSD). Pole figures and misorientations distribution obtained from o phase show
four distinct regions within the weld, with different textural characteristics. Nevertheless, the
main texture components remain the same in centre weld zone and thermal mechanical
affected zone with the basal poles of the o phases located at around 0°, 60° and 90° to the
sample normal (Zo) direction. The results indicate that the texture components are strongly
related to the amount of transformed p phase. The deformation of the primary a grains has a
limited effect on the texture development.
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weld was investigated using scanning electron microscopy (SEM) and electron backscattered
diffraction (EBSD). Pole figures and misorientations distribution obtained from o phase show
four distinct regions within the weld, with different textural characteristics. Nevertheless, the
main texture components remain the same in centre weld zone and thermal mechanical
affected zone with the basal poles of the o phases located at around 0°, 60° and 90° to the
sample normal (Zo) direction. The results indicate that the texture components are strongly
related to the amount of transformed p phase. The deformation of the primary o grains has a

limited effect on the texture development.
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1. Introduction

Linear Friction Welding (LFW) is a solid-state joining method that utilises friction-induced

>Materials and Surface Science Institute, University of Limerick, Ireland (This is the current address
of the first author, the work presented here was done in the University of Birmingham)



thermo-mechanical deformation to create high quality welds [1]. In this technique, the two
components to be welded are placed in contact under a forging force, with one of the
components oscillating and the other held stationary, generating sufficient heat to weld the
samples together [2]. The increasing interest in the use of LFW in joining Ti-alloy
components in the aerospace sector is due to the high integrity of the joint and the associated
cost-efficiency of the process. A considerable amount of work on LFW of Ti-alloys, mostly
Ti64, has been done to investigate the microstructural, texture, and residual stress
development [3-6]. It has been suggested that the weld is divided into four zones (although
different terminologies are used), namely the unaffected parent material (PM), the heat
affected zone (HAZ), the thermo-mechanically affected zone (TMAZ) and the centre weld
zone (CW2Z) [3, 7]. Previous studies that investigated the influence of the process parameters
on the microtexture development in welds of Ti-alloys have been mainly focused on the
microstructure, texture and mechanical properties near the CWZ. Karadge et al. [3, 8] and
Dalgaard et al. [7] showed that the welds exhibit a strong a phase texture in the TMAZ close
to the CWZ, where the basal poles of the o crystallites are predominantly orientated
perpendicular to both the axial force direction and the oscillation direction. Corzo et al. [9]
studied the fracture behaviour of linear friction welded Ti6246 alloy, it was found that in most
of the cases crack turns to deviate towards the HAZ. This phenomenon may relate to the
microstructure and microtexture change in different zones. In order to gain a better
understanding of the properties of LFW samples, it is necessary to investigate the variation of

microtexture across the whole weld, which is the subject of the present study.

2. Experimental procedure
Linear friction welds of a+f3 - processed Ti64 alloy were received in the as-welded condition.

The size of the weld is 20 mm (in the axial force direction) x 23mm (in the oscillation



direction) x 250mm. The specimens were sectioned parallel to the plane which is defined by
the oscillation direction and the forging force direction from the weld and polished for
scanning electron microscopy imaging (SEM) and electron backscattered diffraction (EBSD)
examination. The sample coordinate for EBSD is defined as oscillation direction (Xo-
direction), the axial force direction (Yo-direction) and the sample normal direction (Zo-
direction) as shown in Fig. 1. The samples were repeatedly polished and etched in Kroll’s
reagent, prior to final electropolishing in an electrolyte containing 60% methanol, 35%
butanol and 5% perchloric acid (vol.) at 20 V and -30 °C. Repetitive polishing and etching

were essential to improve the Kikuchi pattern quality and EBSD indexing rate.

Fig. 1 Scheme of the sample geometry together with the EBSD measurement unit

EBSD maps were obtained from the middle section of the sample, covering all the different
weld zones across the weld interface. A JEOL 7000 field-emission gun scanning electron
microscope (FEG-SEM) equipped with INCA system, was used for the EBSD data
acquisition, operating at an accelerating voltage of 20 kV, and at a working distance of
10 mm for imaging, 19 mm for EBSD mapping. The EBSD scan step size was set at ~320 nm
to enable the characterisation of the fine weld microstructure. Texture analysis was performed
using both INCA (for orientation map) and HKL Channel 5 (for pole figures) software due to

the update of the EBSD system.



3. Results and discussion

The microstructure of the parent o+ forged Ti64 (not shown here) exhibits equiaxed o
grains, with intergranular  phase. The typical microstructures of the various weld regions are
shown in Fig. 2, and they generally show similar characteristics to those described in the
previous study [10]. No strong texture was seen in the parent materials except some
microtextured areas. In the CWZ (Fig. 2 (2)), the microstructure is entirely different from that
of the PM, consisting of o' martensite formed as a result of the rapid cooling of the
dynamically recrystallized fine B grains [8]. The TMAZ microstructure shows material flow
patterns associated with the reciprocating motion and the extrusion of the material during
welding. In this study, the TMAZ is further divided into inner TMAZ and outer TMAZ as
illustrated in Fig. 2 (b) and (c). The inner TMAZ features martensite-like o plates similar to
those observed in the CWZ, but relatively finer. Residual amounts of the § phase (the brighter
regions in Fig. 2 (b)), which are significantly elongated along the oscillation direction, can
also be observed in this area, indicating that sub B-transus temperatures are likely to have
been experienced in the TMAZ than that in the CWZ. The presence of residual 3 phase can
be attributed to short time experienced at the near B-transus temperatures during LFW,
resulting in incomplete homogenisation of the PM microstructure. Since the p-stabilisers
partition to the B phase in the PM, limited time is available during LFW to allow the -
stabilisers to diffuse into the primary o grains. As a result, the areas containing high amounts
of B stabilisers are retained after welding due to the fast cooling rate. In the outer TMAZ
(closer to the HAZ), the martensite-like o precipitates are absent, while the elongation of the
primary o grain and the retained 3 phase can be observed as illustrated in Fig. 2 (c). This

observation suggests that the peak temperature and the high heating rate experienced during



welding may not be enough to cause a significant amount of phase transformation, but are
sufficient to yield the material under the processing stresses. The microstructure of the HAZ
(Fig. 2 (d)) has been only thermally affected, resulting in a ‘ghost a’ [11] microstructure of

the PM, with no visible deformation-induced morphological changes.
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Fig. 2 Backscattered and secondary electron micrographs showing the microstructures of the different
zones in the as-welded Ti64 weld. (a) CWZ; (b) inner TMAZ; (c) outer TMAZ (note that the elongated 3

phase which appears bright) and (d) HAZ; (e) low magnification SE micrograph showing the typical weld

zones. (Note that the scale bars are different).

EBSD maps were acquired from the different weld regions. The orientation maps and the
pole figures obtained from the o phase are shown in Fig. 3. It can be seen from Fig. 3 (a) and

(b) that there are three dominating orientations in the Zy-direction. The red areas in the



orientation map represent those crystals with their basal poles parallel to Z,. The blue regions
indicate that the {1010}, poles of the crystals are parallel to Zo, in other words, the basal
poles of these crystals are perpendicular to Z,. The areas in purple are the crystals with their
{1011}, poles perpendicular to Zo, which means that their basal poles are about 60° to Zo.
The observations are in agreement with the literature [7-10]. However, some changes can also
be noticed in Fig. 3 (a), where the texture components are not as symmetrical as was reported
previously [10], and the intensity of some texture components has increased significantly,
especially in the inner TMAZ. This discrepancy could be caused by the fact that the EBSD
maps cover a relatively small area in this study (approximately 90 um x 60 pum). Although
the CWZ is very narrow (typically less than 100 um), microtexture characterization
performed by different researchers could have been generated from different areas in the

CWZ, thus leading to slight changes in the pole figures.

Fig. 3 (b) shows an EBSD map from the inner TMAZ (~70 um from the weld centerline). As
shown in Fig. 2(b), although the elongation can be observed in the retained 3 phase in this
area, the transformed [ microstructural features reveal similar characteristics to those in the
CWZ. Similarly, the microtexture found in this region also shows the similarity to that in the
CWZ, as demonstrated in Fig. 3(b). Although texture components similar to those identified
in the CWZ were identified in the inner TMAZ pole figures, a significant intensity increase of
(0001)//Z, component can be noticed, whereas the relative intensity of the components where
their basal poles are about 60° to Z, has weakened. Also, a slight rotation of the {1120},

poles can be observed in the {1120}, pole figure, compared to those in the CWZ.

Fig. 3(c) shows the EBSD results obtained at ~420 um from the weld centreline,

corresponding to the microstructure shown in Fig. 2 (c). The amount of acicular o phase



(marked with white arrow) is limited, and mainly found surrounding the retained 3 phase
which is black in the corresponding orientation map. It can be seen from the o phase
orientation map, that different orientations were observed within the elongated o grains
(marked with white lines), showing that recrystallization occurred in the o phase. The
{0001}, and {1120}, pole figures depict similar texture components to that shown in the
inner TMAZ, but with much lower intensity. This region is likely to have experienced lower
strains and temperatures, compared to the CWZ and inner TMAZ. The occurrence of a-phase

recrystallization suggests that temperatures within the range ~750-900°C were observed [12].

Fig. 3 (d) shows the EBSD results obtained from the outer TMAZ which is very close to
HAZ. Again, the elongated microstructure can be seen in this area, and as it is close to HAZ,
the grain sizes of the distorted primary o grains seen here are between 10 and 20 um in
length. The discrepancy of the o textures between the two different outer TMAZ regions is
clearly visible from the pole figures shown in Fig. 3 (c-d). The texture components exhibited
in the other weld regions such as CWZ and inner TMAZ are not visible in Fig. 3 (d). The
orientations of the primary o phases retained in this region are the dominant orientations
shown in the pole figures. For instance, the texture component of which its basal pole is
marked in {0001}, pole figure is related to the primary o which is in green in the orientation

map. This is explains the complete change in the pole figures in the outer TMAZ.

It is of interest that the pole figures in Figures 3 (a-c) show that the textures in the CWZ and
the inner TMAZ have similar characteristics. The (0001)//Z, and <1120>//(X,) component is
about 4 to 5 times stronger than the other texture components in the CWZ and the inner
TMAZ. This component is very similar to the main texture component observed in hot-rolled

Ti64 [13] and the ideal P, shear texture of HCP materials, where the basal pole concentrates



on the shear plane perpendicular to the shear direction and one of the {1120}, poles is
parallel to the shear direction [14]. There exists another texture component, where its basal
poles are perpendicular to Zy, and making an angle of ~30° with the oscillation direction (Xo),
which resembles the HCP shear texture C;-fiber and C,-fiber in which the basal pole tilts
+ 30° from the shear direction towards shear plane normal [14]. Other texture components,
where their basal poles are at about 60° from the Z, direction, are sometimes observed with

very low intensity in Ti64 which was hot-rolled at 3 phase field [15].
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Fig. 3 EBSD results obtained in the different weld zones in as-welded Ti64 weld, showing the o phase

orientation maps with respect to the sample normal direction and the {0001}a and {1120}a pole figures



of (a) CWZ; (b) inner TMAZ (70 um from weld interface); (c) outer TMAZ (420 um from weld interface)
and (d) outer TMAZ (transition to HAZ) (d). The coordinate system, where YO is parallel to forging

pressure direction and X0 is parallel to oscillation direction, is applied to all the images and pole figures.
The contours in the pole figures from (a) to (d) show increment of 2.4, 1.9, 1 and 1 times random,

respectively.

The development of the texture in linear friction welded samples can be attributed, either to
the transformation texture inherited from the  phase, or to the deformation in the o phase
after the phase transformation, or to both. Therefore, to understand the formation of the o
texture, it is vital to know the orientation of the B phase. It is impossible to measure the 3
phase texture in the CWZin as-received Ti64 LFW welds because of the martensitic
transformation after welding. Previous researchers have obtained {110} and {111} pole
figures from high resolution EBSD maps in the post weld heat treated (PWHT) LFW
sample [3], and seen a similarity between the {0001}, pole figures and {111} pole figures.
However the B phase measured was formed after the PWHT, the orientation of the high
temperature  phase in the welding process remains unknown. The orientation of the high
temperature {110} pole figure was calculated from the measured a phase in the previous
study [16], and it resembles the {0001}, pole figures. In addition, a study by He et al. [17]
shows that factors such as deformation strain, strain rate and cooling rate have no significant
influence on the Burgers orientation relationship during p—o phase transformation.
Therefore, it is rational to deduce that the orientation of the high temperature  grains plays
an important role in the final a texture. This can possibly explain the fact that the CWZ and
inner TMAZ have similar strong textures, because both regions consist of large amounts of
transformed [ structure. In addition, no sign of heavy plastic deformation can be observed

from the morphology of the transformed B in these two regions. This suggests that the



presence of the texture components observed could be mainly attributed to the inherited o
variants after the f—a phase transformation. In contrast, in the outer TMAZ, where only
trace amounts of transformed [ structure were seen, very weak texture was observed. This
suggests that the equiaxed o grains in the outer TMAZ has little contribution to the final

texture. However, detailed studies of these recrystallised o grains are necessary in the future.

The frequency-misorientation distributions of the o phase derived from different weld zones
and the parent material are shown in Fig. 4. The misorientations shown here are measured
between neighbouring pixels from the EBSD maps. As can be seen, despite the high
frequency at low misorientation angles (<3°), the misorientation distributions are not always
the same in different regions of weld. In the parent material, the misorientation angles are
almost equally distributed from 10° to about 94°, with a slight increment around
60° (Fig. 4 (f)). Similar misorientation distribution has been reported in a Ti64 sample
isothermally forged at 910 °C [13]. Despite the high frequency at low misorientation angles,
in the present work two other peaks, i.e. around 60° and 90°, have been observed in the CWZ
and TMAZ (Figures 4 (a-d)). It should be noted that peaks at similar misorientation positions
are expected from o variants transformed from a single B grain [18]. According to the Burgers
orientation relationship ({110} // {0001}, and <111>p // <1210>,), when o variants are
formed in a prior B grain, certain misorientation angles are generated, and the ratio of the
possibilities of different misorientation angles at 10.53°, 60-63.26° and 90° can be easily
calculated, and is 1:8:2 [18, 19]. In the CWZ, the frequency for misorientations at 57.9-65.1°
and 88.0-90.9° is about 43.24% and 10.79%, respectively. It can be seen that the measured
misorientations are almost consistent with those calculated by the Burgers orientation
relationship. However, the peak at 10° has not reached up to ~5% which was expected for a

random distribution of variants, indicating some o variants have not been selected during



phase transformation. This phenomenon can be explained by the effect of self-
accommodation on the o/a variants selection in the martensitic transformation in Titanium
proposed by Wang [18]. It was found in their study that the clusters of o variants which have
misorientations around 60-63.26° accommodate most the shape strain in the diffusionless

B—a transformation.
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Fig. 4 Frequency-misorientation graphs of different zones. (a) CWZ, (b) inner TMAZ (70 pum from weld
interface), (c) outer TMAZ (420 pum from weld interface), (d) outer TMAZ (transition to HAZ), (e) HAZ and
(f) parent materials.

As can be seen from Fig. 4 (a) to (d), the frequency for misorientations of 57.9-65.1° and
88.0-90.9° decreases with the distance from the CWZ to the outer TMAZ, and the ratio
between them also changes accordingly. In the HAZ (Fig. 4 (e)), the frequency at those two
angle ranges is much lower, and the whole frequency-misorientation distribution is very
similar to that in the parent material. In other words, the misorientations featured by the 12 a
variants transformed from B become less significant from the CWZ of the HAZ because of
the decrease of the amount of the transformed B phase due to the temperature gradient

experienced in different zones.



In order to examine the effect of the primary o phase on the texture formation of outer
TMAZ (transition zone to HAZ), comparison has been made between the pole figures
obtained with and without primary o from the same EBSD map. Fig. 5 shows the o
orientation maps and the {0001}, and {1120}, pole figures obtained from the transition
region between the TMAZ and the HAZ in a Ti64 weld. As can be seen from Fig. 5 (a), the
pole figures are different from those in the CWZ and TMAZ (c.f. Figures 3(a-b)) and do not
show a very strong microtexture. However, when the primary o grains are deliberately
excluded and the resulted {0001}, and {1120}, pole figures (Fig. 5 (b)) are similar to those
observed in the other regions of the weld (see Fig. 3b for example). This further suggests that
the primary o grains do not have significant contribution to the texture developed in the Ti64
weld. This is consistent with the observation on the above misorientation distribution analysis
in different areas which suggests that the B-to-a transformation is the key in the final texture

formed.
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4. Conclusion

In the present paper, the microstructures and crystallographic texture distribution at different
positions of as-welded linear friction welded Ti64 have been examined using SEM and EBSD.
Comparisons of the microstructure, texture and misorientation distributions in different weld
zones were carried out. The texture changes gradually from the CWZ to the HAZ.
Nevertheless, the main texture components remain in CWZ and TMAZ are those with the
basal poles of the o phases located at around 0°, 60° and 90° to the Z, direction. The
misorientation distribution analysis indicates that the resultant texture is strongly related to
the amount of transformed B in the microstructure. In the CWZ and inner TMAZ, which
contain a large amount of transformed 3, very strong (0001)//Z, texture was observed. On the
contrary, in the outer TMAZ, where only the elongation of the primary a-grains was seen, the
texture intensity decreased significantly, consistent with the hypothesis that the primary o

grains have an insignificant effect on the texture formation in the weld.
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