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Abstract: The effect of die forging on the microstructure evolution and deformation behavior of metastable f-titanium alloy Ti55511

was investigated by electron backscatter diffraction. Before die forging, the alloy Ti55511 was subjected to multi-pass forging to

optimize the microstructural heterogeneity (texture) which can cause mechanical behavior anisotropy of titanium alloys. Results show

that after die forging, Ti55511 components exhibit different microstructures and textures in different local areas. No <100> fiber

texture is found in all areas with different degrees of deformation. Dynamic recrystallization occurs in the area where large strain

occurs during the early stage of die forging. Basket-weave microstructure forms in most local areas.
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Among large-sized structural materials used in aerospace,
metastable f -titanium alloys are very important because of
their excellent properties such as strength and toughness! .
For large-sized industrial component, mechanical properties
of all different local areas should meet the industrial
requirement, which are strongly related to texture and

microstructure!”

. However, the inhomogeneity of micro-
structure and texture exists frequently in the center and edge
of large-sized metastable £ -titanium alloy after hot defor-
mation, which leads to fluctuations of mechanical properties.
In particular, for metastable f -titanium alloy with bimodal
microstructure, it is very difficult to get homogenous
microstructure, because the change of the grain size, shape,
texture of a phase and degree of work hardening during every
step of productions all can make microstructure inhomo-
geneous.

In order to obtain homogenous microstructure, avoid
mechanical behavior anisotropy and obtain resulting good
mechanical properties, metastable titanium alloys were
usually subjected to complicated processing methods such as
forging process, die and different thermal
processes'"* 1,

Moreover, it is well known that titanium alloys are sensitive

forging
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to processing parameters'”® ", There are many studies on the
effect of deformation parameters on metastable titanium
alloys during different deformation modes. In particular, for
hot compression experiments, it is usually considered to
simulate the forging process. In hot compression experiments,
the effect of strain, strain rate and deformation temperature on
the deformation behavior of metastable titanium alloys has
been studied®*". The <001> and <111> fiber textures form
during hot compression, and the formation and evolution of
these textures can be affected by deformation temperature,
strain and strain rate. When deformed near f -transus
temperature, the deformation behavior of f phase changes
much due to the dynamic globalization of a phase™"".

With regard to the change of strain path, the deformation
behavior of metastable titanium alloys during bar-rolling
process was investigated. In bar-rolling process, the
deformation texture consisting of a- and y-fiber components
changes to a strong cube texture during recrystallization of f
phase, which yields anisotropy and causes plastically soft
behavior of the alloy due to the low Taylor factor™. The
texture components include {001} <100>, a -fiber ranging
from {100} <110> to {111}<110> and part of p-fiber. It is also
found that c-axis of equaixed a phase is perpendicular to the
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rolling direction, which does not meet the Burgers orientation
relationship. And some dynamic recrystallization (DRX) of S
phase is facilitated by a phase. During hot deformation of
metastable f-titanium alloys, the microstructure and mechan-
ical behavior are related to DRXP* .

These studies contribute much to the understanding of
microstructure  evolution and deformation behavior of
metastable titanium alloys. However, the studies on
metastable f -titanium alloys are mostly focused on small
samples of laboratory scale but not the engineering scale.
There is very restricted research on this kind of alloy of
engineering scale. For metastable S -titanium alloys, the
production of industrial components is divided into two steps:
firstly, forging 10—18 steps or more in f phase field and a+p
phase field; secondly, die forging.

In our previous study, the evolution of microstructure and
texture of metastable f -titanium alloy Ti55511 with
engineering scale during the forging process, including
alternate upsetting and stretching, has been investigated. It is
found that microstructure and texture change much from the
center to the edge after different forging passes. The volume
fraction of a phase increases from the center to the edge of
the sample with decreasing the forging temperature. The tex-
tures of the sample after forging are characterized by <110>
and <111> fibers. The volume fraction of texture component
changes much with the forging pass from the center to the
edge of the large-sized sample.

Besides the forging processes, die forging of metastable
[-titanium alloys with engineering scale is also important, be-
cause the industrial components after die forging directly
determine the performance in service. Once failure of
industrial components occurs during service process, the
consequences will be serious. It is very essential to study the
evolution of microstructure of metastable f -titanium alloys
during process. While the investigations on
deformation behavior of metastable titanium alloys with

service

engineering scale during die forging are still very rare.

In this study, the die forging process was applied on
Ti55511 titanium alloy, before which the alloy had underwent
multi-pass forging processes, and then the deformation
behavior during die forging process and microstructure
characteristics of different local areas were studied. The
specific attention was paid to the following items: (1) basic
microstructural characteristics under different strains in
Ti55511 industrial components after die forging; (2) the
differences in microstructure and texture between different
local areas of Ti55511 industrial components after die forging;

(3) the causes for significant microstructural differences™ ",

1 Experiment

Ti55511 (Ti-5A1-5Mo-5V-1Cr-1Fe, wt% ) is a metastable
titanium alloy used in this study, with f-transus temperature
(T}) about 875 °C. Before die forging, Ti55511 titanium alloy
bar was forged 10 passes by a 20 MN rapid forging machine.
Each forging pass includes upsetting and stretching. Four
passes were applied in the S phase field, and six passes were

applied in a + f phase field. After ten passes, bimodal
microstructure, consisting of equiaxed primary o phase and
secondary « phase, forms in the center and at the edge of the
bar.

The billet with size of 250 mmx350 mmx750 mm for die
forging was obtained through compressing Ti55511 bar along
radial direction, as shown in Fig. 1. Then, the billet was
subjected to die forging process in specific dies including
four steps. The first three die forging steps were applied at
about 870 °C, and the last forging step was conducted at about
885 °C. After the last forging step, the Ti55511 component
was annealed in a+f phase field. Fig. 1 shows the Ti55511
component before and after die forging and local areas for
investigation. These areas were marked as area 1-1, area 1-2,
area 1-3, area 2-1, area 2-2, area 3-1, area 3-2 and area 3-3.
Because the component underwent different degrees of
deformation during die forging, it had different thicknesses at
different positions. The thickness was 20.0 mm for local area
1-1, 1-2 and 1-3, 4.4 mm for local area 2-1 and 2-2, and 10.6
mm for local area 3-1, 3-2 and 3-3.

According to calculations, area 1-1, 1-2 and 1-3 were
referred as the area with small deformation under engineering
strain of 20.0% (in the following just called strain), area 2-2
and 2-1 were referred as the area with large deformation under
strain of 82.4%, and area 3-1, 3-2 and 3-3 were referred as the
area with moderate deformation under strain of 57.6%.

The microstructure was characterized by Imager M2M
optical microscope (OM) and TESCAN VGA3 scanning
electron (SEM)
backscatter diffractometer (EBSD). The investigated surfaces
were ground by 400#, 800#, 1200#, 2000# and 3000# SiC
papers. Then, the samples were electropolished with the agent
consisting of 5% perchloric acid+95% alcohol, and corroded
in corrosive agent consisting of 3% hydrofluoric acid+7%
nitric acid+90% water for 5 s. To scan a large area during
EBSD experiments, the step size was set as 5 um, whereas the
step size was set to 80 nm for local areas. Orientation imaging
microscopy (OIM) software was used to deal with the EBSD
data. To test the texture of the f phase accurately and to
observe the microstructure of the  phase clearly, the T-inverse

microscope equipped with electron

LT

Fig.1 Schematics of Ti55511 bar after 10 passes of forging (a) and
billet for die forging compressed from the Ti55511 bar (b);
Ti55511 component after die forging (c) (T is compressing

direction during die forging)
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pole figure (T-IPF) map of S phase was presented by EBSD
with removing a phase data. By checking the grain orientation
spread (GOS), the recrystallized grains were picked out when
GOS value was below 2°P*, It is considered that GOS is
related to distribution of strain and stored energy within a
grain. A high value of GOS means a relatively high
dislocation density and stored energy of deformed grain and
vice versa.

2 Results and Discussion

2.1 Characteristics of microstructure and texture

It is well known that the metastable f-titanium alloys are
widely used in the aviation industry as large-sized structural
components with special shapes'!. This kind of components
must meet the strict requirements for mechanical properties.
However, the large-sized structural components usually have
microstructural heterogeneity, which leads to mechanical
behavior anisotropy. For bimodal microstructures of
metastable £ -titanium alloys, due to the non-uniformity of
temperature and strain of large-sized structural components
during die forging processes, the volume fraction, size,
morphology and microtexture of « phase are different, making
it difficult to achieve microstructural homogeneity of alloys
after die forging™ .

Fig.2 shows OM images of the Ti55511 component after
die forging, in which the white phase is o phase. It can be
observed that the grain size of £ grain is not uniform, so does
the distribution of primary o phase. This is due to different
degrees of deformation of grains with different orientations
and different internal deformation storage energies. The
microstructure differences among local areas are very small.

Fig.3 shows SEM images of the Ti55511 component after
die forging. After die forging, basket-weave microstructure
forms mainly in the Ti55511 component. In different grains,
the degree of precipitation of primary o phase varies.
Different degrees of deformation make the ability of grains to
induce precipitation, dynamic globalization and coarsening of

o phase. For example, in area 1-1, 1-2 and 1-3, the volume
fraction of equiaxed a phase is the lowest, whereas that is the
highest in area 2-1 and 2-2. The area 1-1, 1-2 and 1-3 have the
least strain during die forging, whereas area 2-1 and 2-2 have
the largest strain during die forging.

The formation of basket-weave microstructure in area 1-1,
1-3, 3-2 and 3-3 is due to the high forging temperature above
[-transus temperature. During the forging process, very few a
phases are precipitated. As a result, @ phase is mainly
precipitated during the cooling process, and the Burgers
relationship
deformation temperature of the first three steps of die forging
is about 870 °C, and some equiaxed a phases form through
dynamic globalization. However, equiaxed o phases gradually
disappear after the last forging step in area 1-1, 1-3, 3-2 and 3-
3. It also indicates that the degree of dynamic globalization in
these local areas in the early stage is low, otherwise the
equiaxed a phase will not dissolve at once.

Fig. 4 shows T-IPF maps of local areas corresponding to
Fig.2 and Fig.3. Bimodal structure exists in the area 2-1 which
undergoes the largest strain in the separated deformation
area as mentioned above. It can be observed that the number
of <100> oriented grains is the largest in area 2-1 and 2-2,
which undergo the largest strain. The number of DRX f grains
in area 2-1 is the largest. Low angle grain boundaries
(LAGBs) with misorientations 3°—15° are colored in red, and
high angle grain boundaries (HAGBs) with misorientations
greater than 15° are in black.

The reconstructed T-IPF maps of S phase are shown in
Fig.5, in which HAGBs are set as black. To check the texture
characteristics of S phase, the a phase is removed. The
microstructures of local areas are similar, and the grain shape
of S phase is approximately equiaxed, with a certain
orientation gradient inside, indicating a state of deformation
recovery. The grain size decreases slightly as the strain
increases. However, there is a significant difference in
orientation. In local area 2-1 with the largest strain, the

can be maintained well. Moreover, the

Fig.2 OM images of different local areas in samples after die forging: (a) area 1-1; (b) area 2-2; (c) area 3-1; (d) area 1-2; (e) area 2-1; (f) area 3-

2; (g) area 1-3; (h) area 3-3 (the phase with white color is a phase)
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Fig.3 SEM images of different local areas in samples after die forging: (a) area 1-1; (b) area 2-2; (c) area 3-1; (d) area 1-2; (e) area 2-1; (f) area

3-2; (g) area 1-3; (h) area 3-3 (the phase with black color is a phase)

Fig.4 T-IPF maps of different local areas in samples after die forging: (a) area 1-1; (b) area 2-2; (c) area 3-1; (d) area 1-2; (e) area 2-1; (f) area 3-

2; (g) area 1-3; (h) area 3-3

number of {100} orientated grains is the largest. In local area
1-1 with moderate strain, there are also some {100} orientated
grains. The orientation of local area with 20% strain is the
closest to its original orientation.

Fig. 6 shows pole figures extracted from Fig.5. It can be
observed that areas deformed with different degrees exhibit
different texture characteristics. No obvious <111> fiber
textures form in area 1-1, while some <l11>-oriented grains
can be observed in Fig.5a. The texture of area 1-3 is relatively
random. Overall, local areas with small deformation do not
have strong <100> fiber. It is reported that the formation of
<100> fiber texture is related to the formation of DRX grains
which begins with HAGB bulging”™**". Apparently, the
microstructures of the areas with small deformation do not
have this case. This may be due to the fact that strong <100>
fiber texture does not form. There is another possible reason
that the strain in this area is not enough to form <100> fiber
texture, and there are large grains with nearly <I11>

orientation (Fig.5a). This may be due to the fact that the area
with small deformation during die forging has experienced the
same deformation duration as the area with large deformation,
so the grains in the area with small deformation have enough
time to grow up.

Area 2-2 and 2-1 undergo large deformation during die
forging, in which area 2-1 undergo larger deformation than
area 2-2. It can be observed that <100>- and <l111>-oriented
grains are formed in area 2-1. Although there are some <100>-
oriented grains, they are not coarse grains. Area 2-2 and 2-1
have larger strain than area 1-1, 1-2 and 1-3 and faster strain
rate, but the substructure does not change much. This is due to
similar deformation temperature. Unlike the microstructure
during hot compression”® "), the grains in area 2-2 and 2-1 do
not become flattened, although this area has undergone the
largest strain. It is assumed that DRX occurs during die
forging, and the size of <100>-oriented grains is smaller than
that of other grains. It is predicted that the <100>-oriented
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Fig.5 Reconstructed T-IPF maps of different local areas of § phase by removing o phase: (a) area 1-1; (b) area 1-2; (c) area 1-3; (d) area 2-2;
(e) area 2-1; (f) area 3-1; (g) area 3-2; (h) area 3-3 (HAGBs are set to black color)
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Fig.6 Pole figures of different local areas of samples after die forging extracted from Fig.5: (a) area 1-1; (b) area 1-2; (c) area 1-3; (d) area 2-2;

(e) area 2-1; (f) area 3-1; (g) area 3-2; (h) area 3-3

grains are newly formed DRX grains, which are also found in
other metastable titanium alloys during hot compression™.
According to Fig.4, it can be observed that fine DRX f grains
are formed with the pinning of equiaxed o grains at the
boundaries. The dislocations with high density near equiaxed
a grains promote the formation of DRX S grains®'. In this
area, the existing of a large number of a grains contributes to
DRX definitely. The texture of area 2-2 becomes weakened
because area 2-2 has smaller strain than area 2-1 during hot
compression.

Apparently, the favorable texture that is formed by multiple
passes of forging in the early stage greatly weakens the

strengthening effect of <100> texture
deformation of die forging.

Area 3-1, 3-2 and 3-3 undergo moderate deformation.

during large

Compared with area 2-1, area 3-1 is mainly composed of
<111>-oriented grains. The texture characteristic of area 3-2 is
similar to that of area 3-1 but the intensity is weakened,
maybe because the strain from the center to the edge becomes
smaller. Because of the similar texture characteristics and
local microstructure, it is considered that the DRX mechanism
in area 3-1 is similar to that in area 2-1.

The texture characteristics of these areas after die forgings
show that <100>-oriented grains can be easily formed. If a
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strong <100> fiber texture is formed in the center of the bar
after multiple passes of forging, it can be further strengthened
along the hot compression direction, especially during die
forging at the high deformation position. This can
significantly reduce the mechanical properties of structural
components after the die forging™* >,

Fig.7 shows HAGBs, LAGBs and DRX grains defined by
GOS. Table 1 gives the fraction of GOS grains, HAGBs and
LAGBs. It shows that the fraction of HAGBs is higher in the
area with higher stain, such as area 1-1, 2-1 and 3-1, and
LAGBSs have the same trend.

It is found that HAGBs are not bulging, which are serrated
in all local areas, so do the LAGBs. The LAGBs are mainly
observed in the vicinity of HAGBSs, especially in area with
smaller strain, such as area 1-1, 1-2, 3-2 and 3-3. And the
grain boundaries become more and more serrated with
increasing the strain. In the area with higher strain, there are
sub-grain structures, such as area 2-1.

DRX grains are small, as shown in black frame area in

Fig.7. It should be noted that the small equiaxed black areas in
the vicinity of small blue DRX grains are not the unindexed
area, which are equiaxed o grains. It can be observed that
almost all DRX grains are accompanied with equiaxed «
grains. This phenomenon is also observed in local area in
Fig. 4. It is considered that the dislocation tangling around
equiaxed o grains leads to the formation of DRX S grains™’.
The size of the DRX f grains is about 5 um, which is similar
to the scanning step size of Fig.5. As a result, not all the DRX
f grains are indexed in the Fig.7. It can be seen that in the
separated deformation area, the fraction of the DRX grains in
area with higher strain is higher than that in area with lower
strain.

For the area undergone small deformation, because the
strain from the center to the edge becomes smaller, the strain
at the area 1-1, 1-2 and 1-3 decreases during deformation
(Fig. 1). From Fig.7, it is found that almost all grain boun-

daries do not bulge but become serrated, which is because the
26,31]

deformation temperature is near S -transus temperature'

Fig.7 EBSD grain boundary maps of f§ phase in different areas: (a) area 1-1; (b) area 2-2; (c) area 3-1; (d) area 1-2; (e) area 2-1; (f) area 3-2;

(g) area 1-3; (h) area 3-3 (GOS grains are set to blue color, HAGBs are set to black color and LAGBs are set to red color)

Moreover, the sub-grains are not equiaxed and do not coarsen
with strain. Apparently, this is not the typical microstructure
of dynamics recovery. It is predicted that stored energy cannot
cause dislocation climb and cross-slip due to deformation
temperature””.

As shown in Table 2, the average grain size of S phase does
not show obvious trend with strain in all areas, while the
average grain sizes of f phase decrease with increasing the
strain in the separated deformation areas. Fig. 8 shows the
grain size distributions. It shows that the grains with small
size (<30 pum) have the largest fraction, much higher than
fractions of other sizes of grains in all areas. The grain size

Table 1 Fraction of GOS grains, LAGBs and HAGBs

Area GOS grain LAGBs HAGBs
1-1 0.030 0.20 0.08
1-2 0.032 0.16 0.07
1-3 0.015 0.11 0.08
2-1 0.018 0.13 0.08
2-2 0.012 0.11 0.06
3-1 0.015 0.09 0.07
32 0.070 0.10 0.06
3-3 0.004 0.06 0.06
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Table 2 Average grain size of # phase in different areas

Area Grain size/pm
1-1 48.38

1-2 62.90

1-3 65.83

2-1 58.40

2-2 78.93

3-1 80.98

32 86.17

3-3 97.35

distribution does not show obvious trend with strain. This may

be because the grain size is not uniform before die forging.

Kernel average misorientation (KAM) maps are shown in

Fig.9. It shows that the grains in area with high strain always
keep high dislocation density inside the grains and in the rim
of grain boundaries, such as area 2-1, 1-1 and 3-1. In areas
with low strain, the dislocation inside grains is obviously
higher than that in rim of the grain boundaries.
2.2 Analysis of abnormal growth of grains

Fig.10 shows coarse grain zone in Ti55511 component after
die forging. From the low-magnification image of the
component (Fig. 10b), coarse grain zone can be observed, as
shown in frame area. The coarse grains (about several
millimeters, as shown by white arrows in FiglOc) are
separated from each other and surrounded by fine grains; the
long coarse grains are horizontal, which is consistent with the
flow direction of the alloy during compression.

Fig. 11 shows OM and SEM images of abnormal coarse
grain zones and fine grain zones. From Fig.11a—11d, it can be
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Fig.8 Grain size distributions of # phase in different local areas: (a) area 1-1; (b) area 2-2; (c) area 3-1; (d) area 1-2; (e) area 2-1; (f) area 3-2;
(g) area 1-3; (h) area 3-3

Fig.9 KAM maps of different local areas after die forging: (a) area 1-1; (b) area 2-2; (c) area 3-1; (d) area 1-2; (e) area 2-1; (f) area 3-2; (g) area

1-3; (h) area 3-3
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Fig.10 Coarse grain zone in Ti55511 component after die forging (a), local area pointed by red arrows in Fig.10a (b), and local area framed in

Fig.10b (c)

observed that grains in the coarse grain zone 1# in Fig.10a is
coarse and the grain boundaries are not obvious, whereas the
grain boundaries of grains in fine grain zone 2# in Fig.10a are
obvious. From SEM images (Fig.11e—11h), the a phase of fine
grain zone 2# edge is smaller than that of coarse grain zone
1#. This may be because the edge contacts the die directly
during compression, and the cooling rate of the edge is faster
than that of the center. It is also found that the arrangement of
o plates is relatively consistent, and the type of o variants is
few. However, there are more types of a variants in coarse
grain zones 1#.

Fig. 12 shows EBSD mappings and corresponding image
quality (IQ) maps of abnormal coarse grain zone 1# and

100 pm 100 um

20 um

Fig.11

% 500 pm

surrounding fine grain zone 2#. The grains are in deformed
state and there are no grains of static recrystallization.

The individual abnormal coarse grain is shown in Fig. 12a.
It is speculated that this large grain is the result of strain-
induced grain growth caused by the high temperature during
die forging.

The orientation characteristics of fine grains around coarse
grains are also measured (Fig. 13). The results show that the
orientation of them is random and the microstructure is
uniform. The grain size is not much different from that of
grains of local areas in Table 2.

Fig.14 shows EBSD mappings of fine grain zone 2# at the
edge of the component. It can be seen that the area has a

100 um

20 um

OM (a—d) and SEM (e-h) images of abnormal coarse grain zone 1# (a—b, e—f) and fine grain zone 2# (c—d, g-h) marked in Fig.10a

00 1pd

Fig.12 EBSD and corresponding IQ maps of abnormal coarse grain zone 1# (a) and fine grain zone 2# (b)
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0.5 mm

Fig.13  Fine grain zone 2# around coarse grain zone 1# (a) and corresponding 1Q mapping (b)

1 mm 1 mm

Fig.14 EBSD maps of fine grain zone 2# at the edge of the component (a) and corresponding 1Q mapping (b)

greater degree of deformation and more local areas are not
indexed. The orientation distribution of this area is random.
The grain size is similar to that of the fine grains around
coarse grain zone 1#.

3 Conclusions

1) The formation and evolution of texture change with
the cumulative strain of metastable f-titanium alloy Ti55511
during the four die forging steps are analyzed. <100>-oriented
grains form in the area with the strain of 82.4%, and the
original <110>-oriented grains disappear.

2) After die forging, the microstructural characteristic is
basket-weave microstructure. Basket-weave microstructure
forms due to the dissolution of the a phase. The equiaxed «
phase formed in the last forging process disappears.

3) In some small local areas, obvious grain coarsening
occurs. The millimeter-sized large grains appear near the
edges, which is caused by deformation induction during the
last forging process. There are orientation gradients within the
overall S phase grains, indicating deformed state of
microstructure.

4) From the center to the edge of the component, the
orientation rotation at the center is slightly faster than at the
edge, so area 1-1, 2-1 and 3-1 have a faster orientation
rotation than area 1-3, 2-2 and 3-3.
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