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5 CHARACTERISATION OF A TIMETAL 834 BILLET
5.1 Introduction

This chapter concerns work that was carried out to investigate and characterise
microstructure, microtexture and global textures in the Timet supplied billet of Timetal
834. Several titanium alloys including Timetal 834 have been reported to contain regions
with strong local textures referred to as macrozones. To date, there has been little work
published on whether these macrozones are present throughout a billet and how they may
vary depending on location. In particular, since the scale of the macrozones tends to be

large, there have been few statistically representative measurements made of the
macrotexture, which would reveal whether the macrozones themselves have preferred

orientations. Therefore, the main focus of this work was to study the effect of location on
the macrozones in terms of their size, shape, texture intensity and crystallographic
orientation and to see if any differences could be related to the primary working process.
This was accomplished using a combination of optical microscopy, EBSD and neutron
texture analysis to study a cross-sectional slice from the billet.

5.2 Results

5.2.1 Characterisation at the Scale of the o, Grains

The microstructure at the scale of the a, grains was investigated using optical
microscopy, scanning electron microscopy and high resolution EBSD.  The
microstructure showed differences between the centre and the edge of the billet but no
obvious angular dependence. Representative micrographs from the centre and edge of the
billet in the longitudinal and transverse planes are shown in Fig. 5.1 and 5.2. The billet
had a bimodal microstructure with a high volume fraction of o, grains and the remainder
consisting of coarse lamellar a5 colonies. The average a, volume fraction varied from
approximately 90% in the centre to 70% at the edge. The edges of the a, grains were
frequently feathery in appearance due to epitaxial growth of the «, grains into the
surrounding B phase. This ‘feathery o’ was more extensive in the centre of the billet,
which accounted for the higher o, volume fraction there and also contributed to a slightly
larger a,, grain size (the mean linear intercept a, grain size varied from 18 pm in the
centre to 15 um at the edge). The op grains were shaped like plates, with the longest axis
of these plates strongly aligned with the billet axis. 0, grain aspect ratios were higher in
the centre of the billet compared to the edge. In the billet centre, the grains had a
thickness of about 15 um and lengths which varied from around 15 to 80 pum.
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Chapter 5: Characterisation of a Timetal 834 Billet

Scanning electron microscopy was used to examine the microstructure at higher
magnification, which showed that throughout the billet there were thin continuous layers
of B phase between the as lamellae in the ag colonies, and at the boundaries between
feathery a, grains (Fig. 5.3).

To provide microtexture information, two high resolution EBSD maps (0.25um step
size) were acquired from specimen 2 (centre) and 1 (edge) in the transverse plane. A
band contrast map and an IPF map for each phase, a and B, is shown in Figs. 5.4 and 5.5
for the centre and edge respectively. It can be seen that in these maps, which only cover a
relatively small area, there does not appear to be strong microtexture in the o phase, with
the a, grains and a5 colonies showing a range of crystallographic orientations. Within the
o, grains themselves, substructure in the form of low angle grain boundaries can be seen.
In the centre of the billet (Fig. 5.4), the thickness of the regions of retained f phase is
greater compared to the edge. This meant that good B phase Kikuchi patterns could be
obtained more reliably, resulting in better indexing of the p phase in the centre. In the 3
phase maps, it can be seen that there is a common B orientation for each a5 colony and
that between op grains, a common B orientation often extends for lengths comparable to
the a,, grains but no further.
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Chapter 5: Characterisation of a Timetal 834 Billet

Fig. 5.1 Optical micrographs from the centre of the billet. (a) transverse section, (b) longitudinal

section.
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Fig. 5.2 Optical micrographs from the edge of the billet. (a) transverse section, (b) longitudinal

section.
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Fig. 5.3 Secondary electron images from an etched billet specimen. (a) low magnification image

showing position of images (b) and (¢): (b) a. colony showing thin  phase layers between a

lamellae, (¢) thin B phase layer between feathery o, grains.
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Chapter 5: Characterisation of a Timetal 834 Billet

Fig. 5.4 EBSD from the billet centre (specimen 2) in the transverse plane using a step size of 0.25
um. (a) band contrast map, (b) IPF colouring for the a phase, and (¢) IPF colouring for the 3
phase.
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Fig. 5.5 EBSD from the billet edge (specimen 1) in the transverse plane using a step size of 0.25
um. (a) band contrast map, (b) IPF colouring for the a phase, and (¢) IPF colouring for the f§
phase.

5.2.2 Characterisation at the Scale of the Macrozones

Optical microscopy at lower magnification showed that the billet contained regions of
aligned a,, grains. These aligned regions were more prominent in the centre of the billet
compared to the edge. Fig. 5.6 is a micrograph taken in a longitudinal section in the
centre of the billet, which clearly shows these aligned regions. The aligned regions were
in the form of long columnar shapes, with their major axis aligned with the billet axis. As
well as grain alignment, there also appeared to be slight differences in the a, volume
fraction, @, grain size and a, aspect ratio, which gave further distinction between
neighbouring groups of aligned grains.

To provide information on the crystallographic orientation of the a phase in the aligned
regions, an EBSD map was acquired from the centre of the billet in the longitudinal plane
using a step size of 3um. The map is displayed in Fig. 5.7 using Euler colouring and
Fig. 5.8 using inverse pole figure (IPF) colouring (note that the IPF colouring is with
respect to the billet axis instead of the map normal, which means that the colours show
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Chapter 5: Characterisation of a Timetal 834 Billet

which crystallographic planes of the a phase lie in the transverse plane of the billet). It
can be seen that the regions of aligned grains also share common crystallographic
orientations. This demonstrates that regions of aligned a, grains are in fact macrozones,
regions with strong local textures. In the longitudinal section, the macrozones have
thicknesses ranging from approximately 100 to 1000 um and are up to several thousand
microns n length.

To provide more information on the crystallographic orientations of the a phase in the
aligned regions, two EBSD maps were acquired from specimen 2 (centre) and 1 (edge)
using a step size of 3 um. These maps were acquired in the transverse plane in order to
maximise the number of aligned regions contained in the maps. The map from the centre
of the billet (specimen 2) is shown in Fig. 5.9 using a combination of band contrast and
IPF colouring to reveal microstructure as well as orientation information. It can be seen
that viewed 1n the transverse plane, the macrozones are much more equiaxed. The
macrozones in the map from the centre of the billet are mainly blue or red in colour. In
the blue macrozones, the prismatic {1010} planes lie in the transverse plane of the billet,
which means that the c-axis must also lie in the transverse plane in a direction
perpendicular to the billet axis. We can therefore describe these macrozones in terms of
the c-axis direction, as transverse type. In the red macrozones, the {0002} planes lie in
the transverse plane, which means the c-axis is aligned with the billet axis. In terms of
the c-axis direction, these macrozones can be described as axial type. More diffuse
groups of green grains are also present. These are also transverse type but in this case,
the {1120} planes lies in the transverse plane. The blue transverse macrozones tend to
be larger and occupy a greater portion of the scanned region compared to the red axial
macrozones. It should be noted that an IPF colour does not define a unique orientation
because planes sharing the same colour may be rotated differently about the IPF reference
direction. For example, the apparently very large blue macrozone in the top right corner
of Fig. 5.9 is actually composed of several regions with different c-axis directions in the
transverse plane. In this particular example, shown in greater detail in Fig. 5.10, the main
c-axis directions appear to have formed via platelet bending and kinking of a single prior
colony of a lamellae. Fig. 5.11 shows a typical example of a blue transverse macrozone
in greater detail, together with a pole figure and pole figure contour plot of the measured
orientations in the selected macrozone. It can be seen from the figure that almost every a;
grain in the macrozone has a similar crystallographic orientation, which results in an
extremely strong local texture. For the blue transverse macrozones, there was a very
strong tendency for the c-axis of the crystal to be in the same direction as the direction of
grain alignment in the transverse plane. The misorientation map (Fig. 5.11(b)), shows the
misorientations between adjacent a grains because the thin layers of  phase between the
a grains was not indexed. The clear lack of boundaries within the blue transverse
macrozone shows that most of the grains within the macrozone are misorientated from
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their neighbours by less than 15°. Fig. 5.12 shows a typical example of a red axial
macrozone in greater detail. It can be seen from the pole figure that there is a larger
spread in the grain orientations compared to the blue transverse macrozone, which results
in a weaker local texture. The misorientation map shows that most of the grains within a
red axial macrozone are misorientated from their neighbours by more than 15°.

Fig. 5.6 Longitudinal section showing columnar shaped groupings of aligned a, grains. Both the
groupings and the a, grains themselves are predominantly aligned with the billet axis.
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Fig. 5.7 EBSD map of the a phase in a longitudinal section from the centre of the billet

(specimen 2). Euler colouring.
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Fig. 5.8 EBSD map of the a phase in a longitudinal section from the centr
(specimen 2). Same area as Fig. 5.7 using IPF colouring with resp

map normal).
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Fig. 5.9 EBSD map of the a phase in a transverse section (perpendicular to billet axis) from the

centre of the billet (specimen 2). IPF colouring + band contrast.
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Fig. 5.10 An apparently large macrozone that shares common {10 1 0} planes but actually has a
range of c-axis directions. This example shows evidence of large scale platelet bending and

kinking of single prior colony of a lamellae.
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Fig. 5.11 Typical example of a blue, transverse macrozone from the centre of the billet.

(a) IPF of selected macrozone, (b) 15° misorientations, (¢) pole figures, (d) contour plots.
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Chapter 5: Characterisation of a Timetal 834 Billet

The map from the edge of the billet (specimen 1) 1s shown in Fig. 5.13. Unlike the
centre of the billet, the grains are more or less equiaxed in the transverse plane, so there 1s
no clear alignment of the grain structure in the map. However, macrozones can once
again be identified as areas with a dominant IPF colour. Compared to the centre of the
billet, macrozones at the edge appear to be more diffuse, which is at least partly due to the
higher volume fraction of o at the edge. This as will be expected to have a spread of
orientations due to the f—a transformation even if there is a strong variant selection. The
largest macrozones are of the red axial type. Smaller groupings of grains with blue and
green transverse type orientations are also present. Typical examples of a red axial and a
blue transverse type macrozone are shown in Fig. 5.14 and 5.15 respectively. It can be
seen that the strengths of these macrozones are similar and that neither are as strong as the
blue transverse macrozones that featured prominently in the centre of the billet. The
boundary maps for the macrozones at the edge show that most of the a grains in the

macrozones are misorientated from their neighbour grains by more than 15°.

* 1000 pm Map peed um G 080 118

Fig. 5.13 EBSD map of the a phase in a transverse section (perpendicular to billet axis) from the

edge of the billet (specimen 1). IPF colouring + band contrast.
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Fig. 5.14 Typical example of a red axial macrozone from the edge of the billet.

(a) IPF of selected macrozone, (b) 15° misorientations, (c) pole figures, (d) contour plots.
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Fig. 5.15 Typical example of a blue transverse macrozone from the edge of the billet.

(a) IPF of selected macrozone, (b) 15° misorientations, (c) pole figures, (d) contour plots.

193



Chapter 5: Characterisation of a Timetal 834 Billet

5.2.3 Characterisation of Global Textures and Macrostructural Alignment

In the previous section, 1t was demonstrated that the billet contained macrozones with
strong local textures. It was shown that the macrozones tend to have two main
orientations, with the c-axis either transverse or axial and that there was a difference in
the relative amounts of these types between the centre of the billet and a specimen from
the edge. For a more detailed study of the preferred macrozone orientations, one needs to
examine global textures which encompass many macrozones. Global texture data were
acquired using neutron texture analysis and large area, low resolution EBSD maps. The
neutron texture analysis was carried out on specimens A to Q, with an illuminated volume
of 1800mm”’. The low resolution EBSD maps were acquired from specimens 1 to 7 in the
transverse plane of the billet using a step size of 10um over areas of 4.5 x 7.5mm’. To
measure global textures in a microstructure containing macrozones, the volume or surface
analysed must contain a sufficient number of macrozones to ensure that the data is
statistically relevant. Randle and Engler (2000) reviewed the findings of various studies
which have been carried out on the statistical relevance of single grain orientation
measurements. The number of single orientation measurements which is necessary to
represent adequately a texture strongly depends on the texture sharpness, with weak
textures requiring many more orientation measurements. Drawing from the discussion by
Randle and Engler, a reasonable guideline would seem to be that 100 single grain
measurements usually yields a good qualitative estimate of the texture, while at least 500
and in some cases up to several thousand measurements are required for a statistically
reliable texture to be denved.

Considering the case of the billet, the situation is more complex because the
macrozones are not single grains. Despite this, using an estimate of the number of
macrozones sampled, the above discussion can be used to gain a general idea on the
suitability of the neutron diffraction and EBSD techniques for acquiring global textures.
Assuming that the macrozones approximate to cylindrical regions aligned with the billet
axis, with diameters of around 500um and lengths 2000um, then the specimens analysed
by neutron diffraction would contain somewhere in the region of 4500 separate
macrozones. This suggests that the neutron texture analysis has the capability of
producing statistically representative textures. However, the accuracy of the calculated
textures will also depend on the quality of the neutron texture data and the accuracy of the
Rietveld fitting and pole figure calculations. For the EBSD analysis, assuming the same
macrozone dimensions, each map would contain data from approximately 170 separate
macrozones. This suggests that the EBSD analysis should at least produce good
qualitative estimates of the global textures. Therefore, in terms of the number of
macrozones sampled, both analyses would seem to be suitable for acquiring global
texture data.
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The results of the neutron and EBSD texture analysis are presented together in
Fig.5.16, in which each texture measurement is superimposed on the billet slice
according to its location (see also Fig. 3.2). Each texture measurement is represented by
an {0002} and a {1010} pole figure contour plot in equal area projection. Orientation
image maps for the EBSD analysis on specimens 1 to 7 are displayed in Fig. 5.17.
Inverse pole figure (IPF) colouring is used with respect to the billet axis, which means
that the colours show which crystallographic planes of the a phase lie in the transverse
plane of the billet.

A direct comparison can be made between the EBSD and neutron texture analizsis
techniques by comparing the textures of specimens taken from adjacent regions in the
billet cross-section i.e. 1 with A, 3 with C, 2 with E, and 6 with I. To aid this comparison,
the pole figures for these specimens are shown in greater detail in Fig. 5.18. It can be
seen that there is reasonably good agreement between the EBSD and neutron texture
measurements, apart from relatively small differences in the intensity of some of the
poles. The close agreement suggests that the neutron texture analysis has successfully
reproduced the global textures, and also indicates that the areas analysed using EBSD
were large enough for representative global textures to be acquired.

In general, the global billet textures were found to be quite weak, with maximum
multiples of random distribution (m.r.d.) values of between 2 and 3. However, there are
clearly global textures present, which indicates that the macrozones tend to have preferred
orientations. Furthermore, these textures change depending on the location in the billet.

When the texture results (Fig. 5.16) are viewed in conjunction with the EBSD maps
(Fig. 5.17), the most obvious trend is a centre to edge variation in the relative amounts of
the transverse and axial macrozones. In the centre of the billet, the radial blue type gives
rise to a dominant pole at the centre of the {1010} pole figure and blue macrozones
occupy the greatest portion of the map. A smaller amount of the axial red type are also
present in the centre of the billet but the weaker local textures of the red macrozones
means there is only a weak pole at the centre of the {0002} pole figure. As one moves
from the centre of the billet to the edge, the relative amounts of the two types of
macrozone change, so that at the edge of the billet the dominant macrozones are axial.
This means that the pole at the centre of the {1010} pole weakens, while the pole at the
centre of the {0002} pole figure strengthens and red macrozones occupy the greatest
portion of the maps. The centre to edge weakening of the pole at the centre of the
{1010} pole figures is shown graphically in Fig. 5.19 for both the EBSD and neutron
texture measurements. It can be seen that there is an approximately linear decrease in the
intensity as one moves from the centre towards the edge of the billet. Further illustration
of the centre to edge trend is given in Fig, 5.20, which shows {0002} pole plots for the 7
specimens analysed using EBSD. In all cases, the pole plots are ‘u’ shaped, with a
minimum intensity when the c-axis is rotated between 30° and 50° from the billet axis
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and peaks at 0° and 90°, which correspond to the axial and transverse macrozones
respectively. It can be seen that the intensity of the transverse peak (90°) is greater 1n the
centre of the billet, the axial (0°) and transverse (90°) peaks have more or less equal
intensity at the mid-radial positions and the axial peak (0°) has a higher intensity at the
edge.

Another noticeable feature of the global billet textures is that they do not have fibre
symmetry about the billet axis. The texture that most closely resembles a fibre is m the
centre of the billet (specimens 2 and E). Here, the ring of intensity at the edge of the
{0002} pole figures reflects how the c-axes in the transverse macrozones have a range of
directions in the transverse plane. However, there is higher intensity in directions which
are within approximately +45° of the arbitrary R2 axis, which shows that there is
preferential alignment of the transverse macrozones in these directions. Further away
from the centre of the billet, there is a stronger preferential alignment of the c-axes in the
transverse plane. In many locations in the cross-section, there is a similar direction for
this preferred alignment, with the c-axes lying in a radial direction approximately 30°
clockwise from the arbitrary R2 axis. Where the preferential alignment 1s strongest, a
band of intensity connects the {0002} poles at the edge of the pole figure, with the
{0002} pole in the centre.

As well as the alignment in the pole figures, there is also a subtle alignment of the
macrostructure in some of the low resolution EBSD maps (Fig. 5.17), most notably in
specimens 1, 3, 5 and 6. The direction of this macrostructural alignment is similar and
corresponds to the direction of the bands of intensity in the {0002} pole figures i.e. a
radial direction approximately 30° clockwise from the arbitrary R2 axis. These results
indicate that in addition to the very strong primary alignment of the macrostructure along
the billet axis, in some locations in the billet, there is also a secondary alignment of the
macrostructure in a specific direction in the transverse plane.
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Fig. 5.17 Low resolution orientation image maps from the EBSD analys
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Fig. 5.18 A comparison of billet textures measured using neutron texture analysis and EBSD for

4 pairs of adjacent specimens (A and 1, C and 3, E and 2, I and 6).
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Fig. 5.19 Maximum m.r.d. intensity of the {10 10} pole with radial position for neutron and
EBSD texture measurements.
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Fig. 5.20 {0002} pole plots for specimens 1 to 7 analysed using EBSD.
(a) Billet centre specimen. (b) Billet mid radius specimens. (c) Billet edge specimens.
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5.3 Discussion
5.3.1 Globularisation Mechanism

In the present study, the presence of macrozones in the billet after globularisation
provides clear evidence that the lamellar structure, in which the a lamellaec had a
thickness of approximately 15um, globularises by the mechanism proposed by Weiss et
al. (1986a) for thin lamellac and not by the dynamic recrystallisation mechanism

proposed for very thick lamellae (Weiss et al., 1986b).

5.3.2 Size, Shape and Alignment of the a, Grains

The globularisation process is the result of hot deformation of an initially lamellar a+f3
microstructure. During the process, the a lamellae become realigned perpendicular to the
forging directions and break up to form a, grains. Further separation of the grains 1s
aided by time at temperature following forging. These processes tend to produce a,
grains with shapes approximating to elliptical plates, with the thickness of the minor axis
of these plates related to the thickness of the initial o lamellae. The billet microstructures

show a very strong primary alignment of the plate shaped grains along the billet axis
because the forging steps, which take place in various radial directions in the transverse
plane, are always perpendicular to the billet axis and the net result of successive forging
steps is to produce an extension along it.

Given the primary grain alignment along the billet axis, it follows that the minor axis
of the grains must have a strong tendency to lie in directions on or very close to the
transverse plane. This explains why micrographs taken in the transverse plane show a,
grains with a uniform thickness, since this thickness is closely related to the thickness of
the initial lamellae, which is more or less constant for a given cooling rate. Over larger
length scales, there is a gradual decrease in the thickness of the a, grains from the centre
of the billet to the edge. This decrease can be attributed to differences in cooling rate
through the billet for two reasons. Firstly, the initial o lamellae, which form during
cooling from the last f forging step will be thicker towards the centre of the billet, where
cooling rates arc lowest and secondly, during cooling after the final a+f forging step, the
lower cooling rates in the centre will result in greater growth of the newly globularised o,
grains. The effect of this grain growth during cooling can be clearly seen in the billet
microstructures because the region of new growth has a ‘feathery’ appearance and there 1s
more of this ‘feathery’ grain growth in the centre of the billet compared to the edge.

The aspect ratio of a, grains measured in a 2D section can be used as a measure of the
degree of globularisation. This is best measured in a section from the transverse plane
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because for the reasons already explained, this section has a strong tendency to contain
the minor axis of the a, grains, whereas in longitudinal sections, similar plate shaped
grains may appear very different in terms of size and aspect ratio depending on how they
are orientated with respect to the plane of sectioning.

Higher a, aspect ratios, stronger macrozone textures and more necklace-like a, grain
structures are observed in the billet centre compared to the edge, which shows that the
extent of globularisation in the centre is lower compared to the edges. This is in
agreement with previous findings and can be attributed to the fact that the forging process

generally imparts lower strains on the centre of the billet compared to the edge (Wilson et
al., 2003).

5.3.3 Macrozone Textures and Preferred Orientations

The results of the low resolution EBSD analysis (Fig. 5.17) have revealed that the billet
contains macrozones throughout the cross section. The macrozones are related to prior
colonies of aligned a lamellae, which have the same crystallographic orientation and as a
result tend to deform and globularise in a similar manner, thus maintaining simular
crystallographic orientations in the globularised a, grains. The macrozones are large
columnar shaped regions elongated along the billet axis. In certain locations of the billet,
some macrozones also show a secondary elongation in the transverse plane.

Regardless of the location in the cross section, the o phase texture of a macrozone 1s
always composed of a single hcp component, with varying degrees of spread up to around
30°. This is in agreement with macrozone textures reported by Thomas (2007), but
differs from the macrozones analysed by Germain et al. (2005), which consisted of a
dominant component and in addition, several weaker ones. The absence of the weaker
components in this study and Thomas (2007) can be explained by the different
proportions of ap and as in the billet that was analysed by Germain et al. (2005). The
billet in the work of Germain et al. (2005) contained 70% a,, and by analysing the
contribution of the a, and as separately, it was shown that the as gave rise to the weaker
components, while the dominant component was due to overlapping of a single ap
component and the main a; component. In the present study, the highest volume fraction
of a, was only 30% at the edge of the billet, which is too low to produce significant
secondary components in the macrozone textures. Consequently, the high volume
fraction of a, in the billet means that the overall o texture only shows the orientation of
the single a, component and thus a separation of the contribution of the a, and o, was not
considered to be necessary for the macrozone textures in this work.

Analysis of the orientation image maps in conjunction with measurements of global
texture, have shown that there 1s a tendency for the macrozones to have certain preferred
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orientations. The majority of macrozones can be divided into two types: axial and
transverse. In axial macrozones, the c-axes are aligned with the billet axis, which means
that the basal {0002} planes lie parallel to the transverse plane. In the IPF maps obtained
in the transverse plane, the axial macrozones appear as clusters of red grains. The
individual a; grains in the axial macrozones tend to be plate shaped with the plane of the
plates parallel to the billet axis. This means that the c-axis direction tends to lie in the
plane of the plate shaped grains.

In transverse macrozones, the c-axes lie in the transverse plane i.e. at 90° to the billet
axis. The largest and sharpest macrozones in the billet were of this transverse type and
also had a {1010} plane lying in the transverse plane, thus appearing in the transverse
plane IPF maps as clusters of blue grains. The individual o, grains in the blue transverse
macrozones tend to be plate shaped, with the plane of the plates parallel to the billet axis
and aligned m the same transverse direction as other a, grains within the same
macrozone. The <101 0> direction and the c-axis direction tend to lie in the plane of the
plate shaped grains.

The macrozones reported by Germain et al. (2005) in Timetal 834 billet and Bantounas
et al. (2007) in Ti-6Al-4V bar were of the transverse type. Thomas (2007), in Timetal
834 billet reported mainly the transverse type but also one instance of the axial type. In
this study, it was found that the relative amount of axial and transverse macrozones varies
depending on the location in the cross-section. The most obvious trend is the centre to
edge variation in the relative amounts of the two types of macrozone. The centre of the
billet consists mainly of the transverse type, which have (1010) planes lying in the
transverse plane, and a lesser amount of the axial red type. As one moves from the centre
to the edge of the billet, the relative amounts change so that the edge contains more of the
axial macrozones and a lesser amount of the blue transverse type. This work suggests
that axial macrozones are much more significant than suggested by previous studies,
particularly at the edges of a billet.

5.3.4 Secondary Alignment of the Macrostructure in the Transverse Plane

While there is clearly a very strong primary alignment of the microstructure and
macrozones along the billet axis, a secondary alignment of the macrozones was also noted
in the transverse plane. The low resolution EBSD maps (Fig. 5.17) for specimens 1, 3,
and 6 revealed a subtle alignment of the macrostructure in a similar direction in the
transverse plane. This direction corresponded to the preferred orientation of transverse
macrozones in the global textures (Fig. 5.16). This secondary alignment can be explained
by the non equal strains imposed about the billet axis by the forging process due to the
fact that the billet was forged from a rectangular cross-section to a circular cross-section.
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[t is proposed that the long axis of the initial rectangular cross section probably lay
perpendicular to the direction of the microstructural alignment in the transverse plane.

[t is not surprising that the effect of the non equal strains is evident in the billet
macrostructure and textures because work by Bescond er al. (2004) has shown that
similar effects can also be detected by ultrasonic imaging. The resolution of the
ultrasound is such that the noise i1s highly affected by the microstructure at the scale of the
macrozones. Their work on a billet which had been forged from a square section to a
circular one revealed two high noise bands separated by 90°, i.e. 2 axes of symmetry in
the transverse plane. These were the result of the greater strains imposed between the
corners of the billet. The present study differs in that the billet was forged from an initial
rectangular cross section, the dimensions of which mean that the effect of the corners
seen by Bescond er al. would be relatively small compared to the effect of the different
lengths of the rectangle. This may explain why only one axis of symmetry in the
transverse plane dominates in this work. The effect of the different strains imposed about
the billet axis is shown in Fig. 5.20, which shows the percent reductions about the billet
axis required for the shape change in the final a+f forging step from the initial
rectangular cross-section to the round cross-section of the final billet. It should be noted
that this figure is a simplified case because it ignores the effects of redundant work due to
side spreading and the fact that the final shape produced by forging is actually an octagon
and not a perfect circle. However, it serves to show that the required reduction along the
long transverse axis is approximately double that of the short transverse axis and that in

comparison, the increases in reduction at the corners is relatively small.
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Figure 5.21 The percent reductions about the billet axis for the cross-sectional shape change from

a rectangular cross-section to a round cross-section in the final a+p forging step.
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The low resolution EBSD analysis suggests that there is a correspondence between a
macrostructural alignment in the orientation maps and a preferred alignment of the
transverse texture in the corresponding pole figures. This means, that although there are
no orientation maps for the neutron texture results, a strong preferred alignment of the
transverse texture in these pole figures can be used to predict macrostructural alignment
in the transverse plane. Then, assuming that the long transverse axis of the initial
rectangle is perpendicular to the average direction of macrostructural alignment, the most
likely location of the axes of the initial rectangle with respect to the arbitrary R1 and R2
axes as can be established. Fig. 5.22 shows the predicted macrostructural alignment for
all locations in the billet where global textures were measured and the proposed
orientation of the initial rectangle with respect to R1 and R2. Using this method, the long
axis of the rectangle was determined to be approximately 30° clockwise from the R1 axis.

L

Fig. 5.22 Proposed orientation of the initial rectangular cross-section of the intermediate billet
with respect to the arbitrary R1 and R2 axes used for the analysis of the final round billet.

Coloured lines indicate the macrostructural alignment in the transverse plane. Pole figures with

stronger symmetry are shown with thicker lines.

5 35 Global Textures in the a Phase

Forging billets using an open die forge induces 3 dimensional metal flow; however, as
most of the deformation involved produces an elongation along the billet axis, previous
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workers have shown that in some cases, reasonable approximations can be made by
treating each individual forging bite as a plane strain deformation (Fox and Neal, 1995.
Dumas et al., 1995). Using this plane strain approximation, the expected deformation
texture for each forging bite should be the same as the rolling texture for 2 phase titanium
alloys reported in the literature. Morl et al. (1986b) reported the rolling texture for an
initially lamellar microstructure to be {1210}<1010>, whereas for a globular
microstructure, there is still a preference for the {12 10}<1010> component but there is
also a fibre like scatter around RD. Based on this information, deformation of the billet
should initially develop {1210}<1010> textures with each forging bite, but as the
microstructure becomes increasingly globularised and the correlations in morphology and
orientation between neighbouring grains become weaker, more of a fibre like scatter
around RD would be expected. Regardless of the state of the microstructure (i.e the
degree to which 1t 1s lamellar or globular), successive deformations around the billet axis
would be expected to develop a strong <10 1 0> fibre texture.

The <10 10> fibre texture predicted by the simple plane strain approximation is in
reasonable agreement with the textures measured in the centre of the billet (i.e. specimens
2/E), which are dominated by a fibre like <101 0> texture. The fact that the fibre is rather
inhomogeneous (i.e. there is not an e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>