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Abstract

In this study, typical microstructural characteristics of a metastable # Ti alloy (Ti-5Al1-5Mo-5V-3Cr-1Fe) forged in a
dual-phase region (strain of 54% at 820 °C) were investigated in detail by the combined use of X-ray diffraction, energy
dispersive spectroscopy, electron channeling contrast imaging and electron backscatter diffraction techniques. Results show
that the microstructure of the forged alloy is composed of bulk a grains, « plates and § matrix. The bulk a grains correspond
to retained primary a phase (a,, average grain size~2.4 pm), while the a plates are secondary a phase (a,, width~70 nm)
precipitated from the £ matrix during air cooling. During forging, the # matrix experiences dynamic recovery with many
subgrains and significant orientation gradients formed. Analyses of the orientation relationship between the a and /3 phases
show that the Burgers orientation relationship is not maintained between some a, and $ phases, which should be related to
thermal deformation-induced changes of their orientations. In contrast, all of the a, plates are found to maintain well the

Burgers orientation relationship with the f phase.

Keywords Metastable § Ti alloy - a+ f forging - Dynamic recovery - Orientation relationship - Electron backscatter

diffraction (EBSD)

1 Introduction

Titanium (T1) alloys are widely used in aerospace, marine,
petrochemical and biomedical industries due to low density,
high specific strength, corrosion resistance and excellent
biocompatibility [1-6]. Among various Ti alloys, metasta-
ble § Ti alloys developed in recent years are considered as a
group of competent candidate materials for aerospace appli-
cations because of their wider processing windows and bet-
ter comprehensive mechanical properties compared to a+
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or f Ti alloys [7-13]. At present, several metastable f Ti
alloys (like Ti-1023, Timetal-555 and Ti-5553) with high
strength and toughness are already successfully used in the
aerospace industry [1, 14].

In order to reach desirable mechanical properties, meta-
stable  Ti alloys are often subjected to thermo-mechanical
processing in f-phase or a + f# dual-phase region to pro-
duce optimized microstructures [1, 15-17]. Boyer et al.
[14] figured out that lamellar structures would be formed in
Ti—5A1-5Mo-5V-3Cr (Ti-5553) alloy after forging in the
p-phase region, which facilitated improving fracture tough-
ness but could simultaneously lead to a rapid decrease in
plasticity upon dense a phase existing around f bounda-
ries. During forging in the dual-phase region, however,
recrystallized primary a phase (a;,) would readily appear,
allowing the material to maintain high fracture toughness
and ductility at the same time. Jones et al. [18] found that
martensite was absent in water-cooled Ti-5553 alloy after
forging in the dual-phase region and noted that tempera-
tures and strain rates had relatively limited influences on
its microstructural development during processing in this
temperature range. Although some preliminary studies
have been made to reveal microstructural characteristics of
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metastable f Ti alloys thermo-mechanically processed in
the dual-phase region, very limited attention has been paid
to detailed orientation characteristics of both phases after
such processing. Lack of such important information makes
it hard to completely understand mechanisms controlling
their actual performance.

In this work, a metastable p Ti alloy
(Ti-5A1-5Mo-5V-3Cr-1Fe) after typical forging in the
dual-phase region (strain of 54% at 820 °C) was subjected
to detailed microstructural characterization. Electron chan-
nel contrast (ECC) imaging and electron backscatter diffrac-
tion (EBSD) techniques were jointly employed to thoroughly
reveal their microstructural features, especially those ori-
entation-related ones. Reasons accounting for their forma-
tion were also carefully analyzed. Results presented in this
study are thought to be able to facilitate a more comprehen-
sive understanding of the microstructural characteristics in
forged metastable S Ti alloys.

2 Experimental

The as-received material was a metastable f Ti alloy billet
after hot forging in a dual-phase region (strain of 54% at
820 °C) followed by air cooling. As shown in Table 1, its
major chemical composition includes an a-stabilizing ele-
ment (Al), several f-stabilizing elements (Mo, V, Fe and Cr)
and a neutral element (Zr). Using an empirical equation of
[Mo],=[Mo]+0.22[Ta] +0.28[Nb] +0.44[W] +0.67[V] +
1.6[Cr] + 1.25[Ni] + 1.7[Mn] 4+ 1.7[Co] + 2.9[Fe] — [Al], its
molybdenum equivalent [Mo]., was determined to be 11.0,
suggesting it a metastable f Ti alloy [1]. Rectangular speci-
mens with dimensions of 10, 10 and 3 mm along the radial
direction (RD), circumferential direction (CD) and axial
direction (AD), respectively, were cut from the as-received
billet by using a wire cutting equipment (Fig. 1).

Phase constitutions of the as-cut specimens were exam-
ined by X-ray diffraction (XRD, PANalytical Empyrean
Series 2) with CuK, radiation at 40 kV and 40 mA. ECC
imaging and EBSD techniques in a Zeiss Sigma HD field
emission gun scanning electron microscope (FEGSEM) were
then utilized to perform characterizations of microstructural
morphologies and orientations. The EBSD system consisted
of a NordlysMax? detector (Oxford Instruments) with Aztec
2.4 and HKL Channel 5 software packages used for data
acquisition and post-processing analyses, respectively. In
addition, an energy dispersive spectrometer (EDS) attached
to the FEGSEM was used to measure local compositions of

the specimens. Prior to the above microstructural characteri-
zations, the to-be-analyzed surfaces (AD-CD) of the speci-
mens were mechanically ground by silicon carbide abrasive
paper to 30004# in the final step and then electro-polished in a
mixed solution of 10 mL perchloric acid and 90 ml methanol
at —30°C and 14 V for 100 s.

3 Results

Figure 2 shows the XRD pattern of the as-forged specimen,
from which its microstructure is confirmed to be composed
of both a-Ti with a hexagonal close-packed (HCP) structure
and S-Ti with a body-centered cubic (BCC) structure.
Figure 3 presents the ECC observation of the as-forged
specimen. As seen in Fig. 3a, the alloy contains two types
of microstructures with different contrasts: a brighter matrix
and darker bulk grains distributed uniformly in the matrix. A
further observation in Fig. 3b reveals that most bulk grains
have a circular or elliptic cross-sectional morphology, with
their average grain size measured by the linear intercept
method to be ~2.4 pm. Figure 3c is a further magnified
observation corresponding to the boxed region in Fig. 3b. A
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Fig.2 XRD pattern of the as-forged specimen

Table 1 Chf.:mical composition Al Mo v
of the experimental material

Cr Fe Zr (0] Ti

(Wt%) 5.47 5.20 5.11

2.89 1.12 0.18 0.12 Bal.
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Fig.3 ECC images of the as-forged specimen: a a low-magnification observation; b, ¢ significantly magnified images corresponding to the
boxed regions in a, b, respectively; d, e EDS results of P1 and P2 in ¢, respectively

high density of fine plate structures (average width ~70 nm)
can be found inside the matrix and their contrast is very
close to that of the bulk grains. Figure 3d and e are the EDS
results of points P1 (bulk grain) and P2 (matrix) in Fig. 3c,
respectively. Clearly, the content of Mo, V, Cr and Fe at P2
is significantly higher than that at P1 while an opposite case
is seen for Al. For Ti alloys, Mo, V, Cr and Fe are all known
to be B-stabilizing elements and prone to be enriched in g
phase, whereas Al is a typical a-stabilizing element with
a much higher solid solubility in @-Ti than in g-Ti [19]. It
can be inferred that the bulk grains in Fig. 3 correspond
to a phase (specifically, primary a phase (a,)) while the
matrix is mainly composed of § phase. As ECC is imaged
by back-scattered electrons (sensitive to atomic numbers),
different contrasts in Fig. 3 should be related to varied local
compositions. In fact, every one of Mo, V, Cr and Fe has a
larger atomic number higher than Ti (Z=22), in contrast
with Al with a much smaller atomic number (Z=13). One
can confirm that the darker contrast of @ grains is due to the
enrichment of Al (light element) while more heavy elements
enriched in the § phase lead to its brighter contrast [4, 20,
21]. With respect to the nanoscale plates presented in the f
matrix in Fig. 3c, it is hard to obtain accurate compositions
by EDS because of their extremely small sizes. Nevertheless,
considering their morphology and very close contrast to the
bulk a grains, they are deduced to be secondary a phase (o)
precipitated from the f matrix during air cooling. From the
above results, the microstructure of the as-received specimen
is known to be composed of bulk a;, grains, f matrix and
nanoscale a, plates precipitated from the $ matrix, consist-
ent with a typical tri-modal microstructure in metastable
Ti alloys [22].

Results of EBSD characterizations and analyses of the
as-forged specimen are displayed in Figs. 4, 5, 6, 7 and 8.
From Fig. 4a (band contrast (BC) map), a number of bulk
grains randomly distributed in the matrix can be observed,
consistent with the above ECC observations (Fig. 3). Fig-
ure 4a also suggests that the quality of diffraction patterns
of the bulk grains is much higher than that of the matrix,
indicating fewer defects existing in these grains. Figure 4b
is an inverse pole figure (IPF) map corresponding to Fig. 4a,
with boundaries between a and j phases delineated by black
lines. After comparing both figures, one can confirm that all
the bulk grains in Fig. 4a correspond to @, phase while the
matrix is essentially composed of § phase, in good agree-
ment with Fig. 3.

Figure 5 shows EBSD analyses of the # matrix extracted
from Fig. 4. As indicated by high angle boundaries (HABs,
6> 15°) in Fig. 5a, the f phases are found to generally have
coarse grains (> 100 pm in size) with dense subgrains
(enclosed by low angle boundaries (LABs, 2° <0<15°))
inside them. Figure 5b is a Kernel average misorienta-
tion (KAM) map corresponding to Fig. 5a, with an aver-
age KAM measured to be 1.10°. The KAM value usually
reflects residual strain and stored energy accumulated inside
metallic materials, which can be used to evaluate degrees
of dynamic recovery and/or recrystallization during ther-
mal deformation [23]. It is accepted that the average KAM
of recrystallized structures is generally < 1° [24]. The rela-
tively high average KAM value of the f matrix suggests
that dynamic recovery should have mainly occurred in this
alloy during forging. From Fig. 5b, the residual strain is
found to be generally concentrated near subgrain bounda-
ries while that in subgrain interiors is small, indicating a
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Fig.4 EBSD-revealed microstructural characteristics of the as-forged specimen: a BC, b IPF maps with black lines indicating interfaces
between a and f phases. Insets in b are color codes for grain orientations of both phases, respectively
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Fig.5 EBSD analyses for the # matrix (extracted from Fig. 4): a IPF map with black and gray lines representing grain boundaries with > 15°
and 2° <6< 15° respectively; b KAM map; ¢ misorientation angle distribution histogram corresponding to a; d misorientation angle distribu-
tions along the arrowed path in a. The color code in Fig. 5a is the same as that in Fig. 4b

relatively sufficient recovery. Figure 5c shows the misorien-
tation angle and rotation axis distributions of the § phase and
specific fractions of HABs and LABs are listed in Table 2.
One can see that 87.8% of the f-grain boundaries are LABs
and most of them have a common misorientation character-
istic of 3°-8°/(110). Figure 5d shows misorientation angle
variations along the arrowed path in Fig. 5a. It is clear that
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cumulative misorientation angles within a single # grain can
be rather high (>23°), indicating a significant orientation
gradient generated in the f matrix during forging.

Figure 6 presents the EBSD analyses of the a phases
extracted from Fig. 4. In addition to the bulk a, grains, a
small number of the fine a, plates distributed in the f
matrix are observable in Fig. 6a. Although these a grains
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Fig.6 EBSD analyses for the o phase (extracted from Fig. 4): a IPF map; b KAM map; ¢ misorientation angle distribution histogram corre-

sponding to a; d rotation axis distribution corresponding to specific misorientation angle in ¢. The color code in Fig. 6a is the same as that in
Fig. 4b
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Fig.7 EBSD analyses for only bulk a grains (extracted from Fig. 4): a IPF map, b misorientation angle distribution histogram corresponding to
a

show scattered orientations, relatively uniform orienta-  corresponding to Fig. 6a is given in Fig. 6c, revealing evi-
tions can be seen inside individual a grains. From Fig. 6b,  dent concentration on angles < 15°,~60° and ~90°. It is
the average KAM of the a phase is measured to be 0.79°,  well known that the phase transformation between a and

lower than that of the f matrix (Fig. 5b). This indicates  3-Ti usually follows the Burgers orientation relationship

relatively small residual strain accumulated in the @ phase  (OR), i.e., {0001},//{110}, and <1 1§0> //{111), [25].
in the forged alloy. A misorientation angle distribution ¢
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Fig. 8 Relationships between a, and § phases: a, b corresponding to
regions A and B boxed in Fig. 4b, respectively; ¢, e pole figures of f
and a phases in a, respectively; d, f pole figures of # and a phases in
b, respectively

Table 2 Fractions of LABs

3 0 Boundary type Fraction (%)
and HABs in the f matrix with
60<2° excluded LABs 87.8
HABs 12.2

According to this OR, one f orientation can generate 12 a
variants with different orientations and there are five pos-
sible misorientations between them (10.5°/(0001),
60°/<11§0>, 60.8°/<1, 1.38,@,0.36>, 63.3°/<55E3>

and 90° /< 1,138,238, 0)) [26-28]. Assisted with the rota-

tion axis distribution displayed in Fig. 6d, one can confirm
that the misorientation angle peaks around 10°, 60° and
90° in Fig. 6¢c agree well with those Burgers misorienta-
tions. With respect to those low misorientation angles
(2°-8°), their corresponding rotation axes concentrate on
(0001). Considering the deformation characteristics of
HCP a-Ti, the formation of such low angle misorientation
should be closely related to active prismatic slip operated
during forging [29-31].

Figure 7 presents a further analysis of only the bulk
grains in Fig. 6. No Burgers misorientations (especially
those near 60° and 90°) can be found between these grains.
This suggests that the Burgers misorientation revealed in
Fig. 6¢ should have been completely contributed from the
a, plates precipitated in the # matrix.

In order to better clarify the orientation relationship
between bulk a,, grains and the neighboring  phase, several
locations in Fig. 4b was selected and analyzed in Fig. 8.
Figure 8a corresponds to region A boxed in Fig. 4b, with
Fig. 8c and e being pole figures corresponding to f and «
phases, respectively. As indicated by circles in Fig. 8c, the
basal plane of the a1 phase is parallel to one of the six {110}
planes of the g phase, confirming a relationship of

@ Springer

{0001},,//{110};. Also, a relationship of
<11§0> //{111) can be easily observed in Fig. 8e. This
al

clearly indicates that a1 can be well related to the f phase
by the Burgers OR [25]. Similarly, from Fig. 8b, d and f, the
p phase does not maintain the Burgers OR with the adjacent
a phase (a2) in region B boxed in Fig. 4b, which may result
from orientation changes of both of them caused by
forging.

4 Discussion

Transformation between a and f phases often occurs in
metastable  Ti alloys during thermal deformation and sub-
sequent cooling, which may be proceeded in displacive, dif-
fusive or displacive-diffusive mixed modes [26]. Figure 3d
and e show that there exist evident compositional differences
between the bulk a, grains and the f matrix, suggesting the
occurrence of definite element diffusion [32]. For the fine
a, plates precipitated from the § matrix, Fig. 3c shows sharp
interfaces between them. A comparison between Figs. 6 and
7 indicates that these «, plates have the Burgers misorienta-
tions, suggesting them to be generated by the § phase via the
shear mechanism (displacive transformation) [33].

As the forging temperature (820 °C) of this mate-
rial corresponds to the a + f# dual-phase region (f tran-
sus ~ 850 °C [34]), the a, grains may deform along with
the f matrix during thermal deformation. Figure 7 shows
that a few LABs indeed exist inside bulk ,, grains, which
should result from forging-induced dislocation move-
ments. Note that dense deformation defects in the a,
grains may be easily eliminated by dynamic recrystalliza-
tion since 820 °C is high enough to activate a-boundary
migration. Restoration is then allowed to readily occur
so that small average KAM is found for the a, grains
(Fig. 6). Fan et al. [35] pointed out that the &, phase in the
f matrix tended to be spheroidized when near f Ti alloys
were deformed in the dual-phase region, which was very
helpful to improve its formability. In our work, as indi-
cated in Figs. 3 and 7, such spheroidization of a, phase
also occurs in the forged material. Another work [36] on
Ti—5A1-5Mo-5V-3Cr-1Zr (Ti-55531) alloy revealed that
a large number of equiaxed subgrains would be formed
inside f grains during deformation at temperatures above
p transus and low strain rates. The formation of such sub-
grain structures was attributed to dynamic recovery by
Poletti et al. [37]. Figure 5a and ¢ shows a large number of
subgrains also exist in the f matrix in this study, confirm-
ing the occurrence of dynamic recovery during forging.
In addition, Dong et al. [38] found that inhomogeneous
deformation often occurred in large-sized f grains in a
hot-rolled Ti—-7Mo-3Nb-3Cr-3Al (Ti-7333) alloy, leading
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to marked orientation gradients. Similar phenomena were
also noted by Chen et al. [39] in f# grains in hot-com-
pressed Ti-7333 alloy. As seen in Fig. 5a and d, signifi-
cant orientation gradients are also formed in f grains in
our forged metastable g Ti alloy, which may be ascribed
to inhomogeneous deformation associated with large S
grain sizes (> 100 pm). The existence of such orientation
gradients should be able to promote subsequent dynamic
recrystallization [15].

As above mentioned, the a phase in the forged metasta-
ble g Ti alloy in this study shows two types of morpholo-
gies: the bulk a, and the plate o, phase. In most cases, the
Burgers OR is obeyed during the transformation between
a and f phases in Ti alloys [40]. For the plate a, phase,
typical Burgers misorientations are confirmed between
them (Figs. 6 and 7), and this could validate the Burg-
ers OR between a and f phase [41, 42]. For the bulk a,
grains, however, Fig. 7 shows that they do not have the
Burgers misorientations and Fig. 8 confirms the complete
loss of the Burgers OR between some a,, and  phase. This
should probably be related to orientation changes of a,, and
p phase during forging. A recent study by Cabibbo et al.
[43] revealed that the Burgers OR between a and f phases
in a Ti alloy would be largely destroyed after deformation
(true strain € > 0.5) at 800 °C, similar to the case in the
present study.

5 Conclusions

(1) As often observed in other metastable f Ti alloys, the
microstructure of the Ti-5Al-5Mo-5V-3Cr-1Fe alloy
after forging in the dual-phase region (a strain of 54%
at 820 °C) and air cooling consists of bulk a grains, fine
a plates and f matrix.

(2) The bulk a grains correspond to retained primary
a phase (a,, average grain size ~2.4 pm), while
the fine a plates are secondary a phase (a,, average
width ~70 nm) precipitated from the § matrix during
air cooling.

(3) During forging, the f matrix experiences dynamic
recovery with the formation of many subgrains (87.8%
of all boundaries belonging to LABs) and significant
orientation gradients.

(4) The o, phase is found to well maintain the Burgers OR
with the  phase, while this relationship is lost between
some a, and f§ phase, which should be related to ther-
mal deformation-induced changes of their orientations.
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