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Abstract: To control the tri-modal microstructure and performance, a prediction model of tri-modal microstructure in the isothermal
local loading forming of titanium alloy was developed. The staged isothermal local loading experiment on TA15 alloy indicates that
there exist four important microstructure evolution phenomena in the development of tri-modal microstructure, i.e., the generation of
lamellar a, content variation of equiaxed a, spatial orientation change of lamellar « and globularization of lamellar a. Considering the
laws of these microstructure phenomena, the microstructure model was established to correlate the parameters of tri-modal
microstructure and processing conditions. Then, the developed microstructure model was integrated with finite element (FE) model
to predict the tri-modal microstructure in the isothermal local loading forming. Its reliability and accuracy were verified by the
microstructure observation at different locations of sample. Good agreements between the predicted and experimental results suggest
that the developed microstructure model and its combination with FE model are effective in the prediction of tri-modal
microstructure in the isothermal local loading forming of TA15 alloy.
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1 Introduction

The large-scale complex components of titanium
alloy have gained increasing applications in aviation and
aerospace fields due to their features of high
performance, light mass and high reliability [1].
However, it is difficult to form these components due to
the hard-to-deform properties of titanium alloy and the
complex shape of component. The isothermal local
loading forming technology proposed by YANG et al [2]
integrates the advantages of local loading forming and
isothermal forming, providing a highly attractive way to
form these components. For the forming of these
components, the shape and the microstructure are highly
required to assure the service performance. GAO et al [3]
found that the tri-modal microstructure, consisting of
equiaxed a (o), lamellar a (a;) and g transformed matrix
(fr), can be obtained through near-f forging combined

with conventional forging in the isothermal local loading
forming of titanium alloy. The tri-modal microstructure
is a preferable microstructure morphology due to its
good combination of strength, ductility and fracture
toughness [4]. However, the parameters of tri-modal
microstructure, such as the content, scale and distribution
of each constituent phase, still play a critical role in the
final performance. Therefore, it is essential to study the
prediction of tri-modal microstructure in the isothermal
local loading forming of titanium alloy, so as to
quantitatively control the microstructure parameters and
mechanical properties.

During the local loading forming, only partial
workpiece is loaded and the component is formed by
accumulating local deformation, as illustrated in
Fig. 1 [3,5]. The workpiece undergoes multi-fire forging
with complex temperature routes and severe unequal
deformation, which makes the development of tri-modal
microstructure undergo complicated microstructure
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Fig. 1 Schematic diagram of local loading forming [3,5]

evolution phenomena. It involves the content variation of
a,, generation of a, spatial orientation change of ¢; and
globularization of a;, and so on. Due to the complex
microstructure evolution and coupling effects of
multi-factors, it is difficult to predict the tri-modal
microstructure in the isothermal local loading forming of
titanium alloy:.

By now, the existing microstructure prediction
models for the isothermal local loading forming of
titanium alloy are all aimed at the bi-modal
microstructure produced at a simpler
temperature route. LI et al [6] predicted the a, grain size
of bi-modal microstructure during the isothermal local
loading forming of TA15 alloy by coupling an artificial
neural networks (ANN) based microstructure model into
the finite element (FE) model. FAN et al [7] established
the through-process microstructure evolution model of
bi-modal microstructure for the local loading forming of
titanium alloy using internal state variable (ISV) method.
It can predict the volume fraction and grain size of a,.
However, the production and evolution of o), an
important  constituent phase of the tri-modal
microstructure, are not considered in the above models.
GAO et al [8] and SUN et al [9] developed an ANN
model to predict the content and grain size of a,,, and the
content and thickness of ¢; in the double heat treatments
of TA15 alloy. However, they don’t consider the spatial
orientation change of ¢; and globularization of a;, which
are important microstructure evolution phenomena for
the development of tri-modal microstructure in
isothermal local loading forming. Therefore, it is still
needed to develop the prediction model of tri-modal
microstructure  under complex thermomechanical
processing history in the isothermal local loading
forming of titanium alloy.

In this work, the development mechanisms and
rules of tri-modal microstructure in the isothermal local
loading were revealed based on the staged experiments.
A microstructure model was developed to correlate the
parameters of tri-modal microstructure and deformation
conditions. Then, the microstructure model was
successfully implemented into FE model to achieve the
prediction of tri-modal microstructure during isothermal
local loading forming of TA15 alloy.

which is

2 Experimental

TA15 titanium alloy used in this study has the
following chemical compositions (mass fraction, %) of
6.06 Al, 2.08 Mo, 1.32 V, 1.86 Zr, 0.3 Fe, balance Ti.
Its p-transus temperature is 1263 K. The initial
microstructure is shown in Fig. 2, which consists of
about 60% o, and S..

An analogue experiment (Fig. 3 [10]) that can
reflect the deformation characteristics of local loading
forming was carried out in this work. It included two

Specimen

(b)

Y

Flat anvil

Specimen

Fig. 3 Analogue experiment of local loading forming [10]
(unit: mm): (a) First loading step; (b) Second loading step
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loading steps in one loading pass. In each loading step,
the specimen and anvils were heated to the deformation
temperature at 12 K/min, held for 15 min, compressed
isothermally at a nominal strain rate of 0.01 s ' and then
air cooled. The middle of the specimen was deformed in
the first loading step, while the two sides of the specimen
were highly deformed in the second loading step. The
deformation temperatures in the first (77) and second (73)
loading steps ranged in 1183—1253 K and 1203—-1223 K,
respectively. The reduction rates were 30%, 50% and
70%, which indicates the height reduction rate of final
formed sample. Figure 4 shows the specimen deformed
to 50% reduction after the local loading experiment. The
heat treatment route after isothermal local loading was
1083 K, 1 h, AC. At last, the specimen was quartered
along the two symmetric planes and prepared for
metallographic observation.

In the authors’ previous work [11], FE simulation
was applied to calculating the local strains for
microstructure analysis. Figure 4(b) shows the simulated
sample, which closely matches the experimental result.
The simulated strain histories (Table 1 [3]) of Regions
A-C (marked in Fig. 5 [3]) suggest that they could

() (b)

10 mm

Fig. 4 Samples formed by local loading [11]: (a) Experimental
result; (b) Simulated result

Table 1 Strain at microstructure observation locations (Fig. 5)
of local loading formed samples [3]

) Strain in Strain in
Reduction first loading step second loading step
rate/%
B C A B C
30 0.52 026 0.10 0.10 026 044
50 098 056 0.26 026 049 0.86
70 1.53  0.66 0.22 040 0.84 1.29

N 4

(¢) 3 mm

Fig. 5 Microstructure observation locations for samples
deformed to different reductions [3]: (a) 30%; (b) 50%; (c) 70%

reflect the deformation characteristics of the first-loading
region, transitional region and second-loading region,
respectively. Thus, Regions 4—C in Fig. 5 are taken as
microstructure observation locations. Their effective
strains in the second loading step will be used in the
microstructure modelling in Section 4.

3 Development mechanisms and rules of tri-
modal microstructure

To reveal the development process and rules of
tri-modal  microstructure, staged local loading
experiments were conducted. The microstructure change
in transitional region under condition of 77=1243 K, T,=
1203 K and reduction rate of 70% is taken as an example
to illustrate the development process of tri-modal
microstructure, as shown in Fig. 6. In the heating of the
first loading step, the allotropic transformation of a—p
proceeds, leading to obvious decrease of the o, content.
As a result, the microstructure before deformation is
composed of a certain content of a, and S phases
(Fig. 6(b)). During the deformation and cooling process,
the content and morphology of a, change little, while
fine secondary o produces in S phase. So, the bi-modal
microstructure was generated after the first loading step,
as shown in Fig. 6(c). In the heating of the second
loading step, some secondary a in f; is not transformed
to f phase but becomes a; (Fig. 6(d)), because the
temperature of the second loading step is lower than that
of the first loading step. During the subsequent
deformation, o, phases would gradually rotate themselves
perpendicular to the compression direction, thus
changing the spatial orientation disorder of a; (Fig. 6(¢)).
Besides, some ¢; would get globularization, i.e., dynamic
globularization. During cooling, S, would produce,
obtaining the tri-modal microstructure after the second
loading step (Fig. 6(e)). In the annealing, &, and o; would
get coarsening slightly due to the precipitation and
mergence of a phase, which makes the contents of &, and
o, both increase a little. In addition, the static
globularization of o; would occur in the annealing, as
shown in Fig. 6(f).

It can be found that the content variation of ap,
generation of aj, spatial orientation change of ¢, and
globularization of ¢; are four important microstructure
phenomena in the development of tri-modal
microstructure, which greatly influence the final
microstructure parameters. Therefore, their dependences
on the processing conditions should be revealed and
caught in the microstructure modelling. According to the
results of staged experiment, the influencing laws of
processing on the parameters of tri-modal microstructure,
including the volume fraction of o, (f; ), volume fraction
of ay (f,), spatial orientation disorder index of & (D,,) and
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globularization fraction of & (f,), are summarized in
Table 2. The quantitative experiment results and
influence laws will be described in detail in the
microstructure modelling (Section 4).

4 Model of tri-modal microstructure

The common approaches for microstructure
prediction of metals include the empirical methods,
advanced statistical methods (such as the ANN [12]),
physically based ISV methods [13] and direct simulation
approaches (such as cellular automaton model [14,15]).
As mentioned above, the development process of
tri-modal microstructure is very complex. Moreover,
some underlying microstructure evolution mechanisms,
such as the change of spatial orientation of a;, are still

not fully understood. Thus, it is extremely difficult to
model the tri-modal microstructure using the physically
based ISV methods or direct simulation approaches. The
empirical method links the microstructure parameters
and processing parameters explicitly with empirical
equations, in which the underlying mechanisms are not
required. Thus, the empirical method was applied to
modelling the tri-modal microstructure in this work.

4.1 Model of volume fraction of equiaxed a

As presented in Table 2, the content change of a,
can be divided into two stages. In Stage 1, i.e., the first
loading step, the f, significantly decreases with the
increase of temperature. Moreover, the contents of a, in
various loading regions with different strains are
very close. This means that temperature is the only key

After annealing

After Step 2

Before deformation in Step 2

Fig. 6 Development process of tri-modal microstructure in isothermal local loading forming (Step 1 and Step 2 represent first and

second loading steps, respectively)

Table 2 Key influence factors and laws for parameters of tri-modal microstructure

Parameter Key evolution process Key factor Influencing law
Stage 1: f, significantly changes in LS, T, Ja, decreases with increase of T

Jo Stage 2: f,, increases by (4.98+1.25)% in LS, and AP - -

Stage 1: a5 produces in heating and holding of LS, T, T, Ja increases with (77—T) and T}
Z Stage 2: f,, increases by (8.31+2.60)% in AP - -
D, D, changes in deformation of LS, S, D, increases with S,

Stage 1: Dynamic globularization of ¢; occurs in LS, N Jag increases with S, and T,
Je Stage 2: Static globularization of ¢; occurs in AP S, Jsg increases with S,

LS,, LS, and AP represent the first loading step, the second loading step and the annealing process, respectively. S, represents the strain in the second loading
step. fqg and f;, denote the dynamic and static globularization fractions of oy, respectively
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influencing factor for the f, . Figure 7 shows the f, at
different temperatures after the first loading step. In
Stage 2, i.e., the second loading step and annealing, the
Jo, slightly increases because of the precipitation and
mergence of a phase. It should be noted that the
increments of a, content locate in the range of
(4.98+1.25)%, which vary little with the processing
conditions in this work.

0.6
& = Experimental result
9 0.5r — Fitted result
8
2 04F
[F]
[
=]
£ 03}
3] 2
: ozl R*=0.997
]
£
=
© 0.1
>

i 11I80 11§0 12‘00 l2l10 12‘20 12I30 12:40 1250
Temperature in first loading step/K

Fig. 7 Variation of volume fraction of a, %p) with

temperature in first loading step

According to the above evolution rules, an
empirical equation (Eq. (1)) was applied to fitting the
volume fraction of a, after the first loading step. In
Eq.(1), fljp represents the volume fraction of a, after
Stage 1, fo and f; are fitted material constants, T} is the
f-transus temperature. This equation has been widely
used to correlate the deformation temperature and
volume fraction of @, in the hot working of titanium
alloy, as reported in Ref. [16]. Figure 7 shows the fitted
result. It can be seen that the experimental dada were
well fitted by Eq. (1) with Adj. R* of 0.997 and the
average error of 1.51%. The fitted fy and f; are 0.68 and
0.0174, respectively.

T, = fo {1=expl=£i(T; =11} (1)

The final f, can be obtained by adding the value
after Stage 1 (/! ) and the increment in Stage 2. The
average incremen; value (4.98%) was used in this work.
Then, the final f, can be calculated as follows:

o = 0.68{1—exp[~0.0174(1263 - T; )]} +0.0498 2)

GAO et al [3] pointed out that the temperature of
the first loading step (7)) is required to locate in the
near-§ region to obtain tri-modal microstructure. Thus,
the range of 77 in Eq. (1) is set as 1228—1258 K.

4.2 Model of volume fraction of lamellar a
Similar to ay, the evolution of a; content can also be

divided into two stages, as listed in Table 2. The ¢ is
generated in the heating of the second loading step
(Stage 1). In this stage, the volume fraction of a; is
determined by the coupling effects of temperatures in
two loading steps. In the annealing (Stage 2), the volume
fraction of a; also slightly increases due to the
precipitation and mergence of o phase. Similarly, the
increment of o; content is also little influenced by the
processing conditions, locating in the range of
(8.31£2.60)%.

Considering the coupling effects of 7 and 75, the
volume fractions of a; after Stage 1 are fitted by the
following equation:

.fil =ay (T, / Ty)" {1—exp[-a, (T, - T,)]} (3)

where ay, a; and a, are fitted material constants. Table 3
gives the comparison of experimental and fitted results.
The average error is 1.96%. The fitted a, a; and a, are
3.248, 8.869 and 0.0027, respectively.

Taking the average value (8.31%) as the increment
in Stage 2, the final f;, is expressed as

oy =3.248(T; 1 T,)** {1-exp[~0.0027(T; — T,)]} +0.0831
“)

forging from (7,-60) to

(Tp—40) K is needed in the second loading step to get

tri-modal microstructure [4]. Thus, the range of 73 in
Eq. (4) was set as 1203—1223 K.

The conventional

Table 3 Comparison of experimental and fitted volume fraction
of a (f,,) after Stage 1

T/K T,/)K Experimental f,/%  Fitted f,/% Error/%
1243 1223 14.06 14.82 5.44
1243 1213 22.02 21.94 0.40
1243 1203 28.85 28.86 0.04
1253 1223 23.94 23.55 1.96
1253 1203 37.54 38.22 1.96

4.3 Model of spatial orientation disorder index of

lamellar a

As described in Section 3, during the deformation of
the second loading step, the o, phases would gradually
rotate themselves towards the orientation perpendicular
to compression direction [17], thus changing the spatial
orientation disorder of a;. For example, Fig. 8 shows the
spatial orientation distribution of a; under conditions of
T,=1243 K, T,=1203 K and reduction rate of 50%. Here,
x-axis represents the title angle between the o, trace and
compression axis, and y-axis denotes the volume fraction
of o). The distribution of &=0 corresponds to the
microstructure prior to deformation. It can be seen from
Fig. 8 that the spatial orientation distribution of o
gradually changes from homogeneous to concentrated,
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i.e., the spatial orientation disorder of «; decreases, with
the increase of strain. Moreover, the experimental results
suggest that the spatial orientation disorder of a; is
mainly determined by the strain in the second loading
step.

0.28
e =0

024 mme=0.26(A)
mm ¢ =0.49 (B)

020f mme=0.86(C)

0.16}

0.12

0.08

Volume fraction of lamellar

0.04

0 10 20 30 40 50 60 70 80 90
Titlt angle from compression direction/(“)

Fig. 8 Spatial orientation distribution of ¢, traces relative to
compression axis for sample under processing conditions of
T1=1243 K, 7,=1203 K and reduction rate of 50%

To develop the quantitative relationship between the
spatial orientation disorder of a; and deformation
conditions, a spatial orientation disorder index (D,) was
proposed to measure the degree of orientation disorder:

9 _
D, = /Z(f; -?*/9 )
i=1

where f; is the volume fraction of ¢, in every 10° interval

9

in the range of 0°-90°, and ? = Zfl /9. It should be
i=1

kept in mind that higher D,, represents worse orientation

disorder.

Based on the above analysis, only the effect of
strain is considered when modelling the D,,. Figure 9
shows the variation of D, with strain in the second
loading step. According to the variation law of D, with
strain, the following equation was adopted to fit the
experimental results:

D, =4 +(4 —4)/[1+(5/ %,)"] (6)

where ¢ is the strain, 4;, 4>, x, and p are fitted material
constants. From Fig. 9, It can be found that the
experimental dada are well fitted by Eq. (6) with Adj. R’
of 0.922. The fitted A4, 4,, xy and p are 0.029, 0.108,
0.740 and 2.956, respectively.

4.4 Model of globularization fraction of lamellar «

As mentioned in Section 3, the globularization of
oy consists of dynamic globularization in the second
loading step and static globularization in the annealing.
It is suggested from Refs. [18—20] that the dynamic

globularization fraction of o; during the hot working
mainly depends on the deformation temperature, strain
rate, strain and thickness of ¢;. In this work, the strain
rate is fixed as 0.01 sfl, and the thicknesses of ¢, are very
close under various conditions ((1.03+0.04) um). So, it
can be speculated that the deformation temperature and
strain should be the key influencing factors for the
dynamic globularization of a;, which agrees with the
laws concluded from experimental results (Table 2). In
addition, it is found that the dynamic globularization
occurs when the strain is greater than the critical strain,
and its fraction approximately increases with the increase
of the strain in a sigmoid way at a certain temperature.
This rule has also been found in the dynamic
globularization of TC1l and BT25 alloys by SONG
et al [21] and MA et al [22]. They suggested that this
change law can be well fitted by the Avrami type
equation:

fi =1-exp[-k(e—&,)"] (7

where fy, is the dynamic globularization fraction, ¢ is the
strain, k is the temperature-dependent kinetic constant, &,
is the critical strain for the initiation of dynamic
globularization, and 7 is the Avrami exponent. Thus, the
Avrami type equation was also applied to fitting the
variation of dynamic globularization fraction of ¢ with
strain, as shown in Fig. 10. In this work, the
globularization was taken to be an a-phase morphology
with aspect ratio less than 2.5. It can be seen that the
fitting results agree well with the experimental results at
various temperatures. Table 4 [3] lists the fitted material
constants at different temperatures.

0.11

0.10 F = Experimental result
— Fitted result

0.09
0.08
0.07
0.06
0.05

Orientation disorder index

0 02 04 06 08 1.0 12 14
Strian
Fig. 9 Spatial orientation disorder index of  vs strain in

second loading step

From Table 4, it can be found that the fitted
parameters change with temperature. To predict the
dynamic globularization, it is necessary to build the
relationship between the fitted parameters and
temperature. Based on the variation rules of fitted
parameters with temperature, the following three
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Fig. 10 Dynamic globularization fraction of ¢, vs strain in
second loading step at different temperatures: (a) 1203 K;
(b) 1213 K; (c) 1223 K

equations were proposed to fit their relationships:

Ing, =b,(1/T,)+b, ®)
k=c,(T, 1 Ty)+c, ©)
n=dy+d\(Ty/ Ty)+dy(Ty | Ty)’ (10)

where by, by, cy, 1, dy, di and d, are fitted parameters.
Table 5 shows the fitted parameters for Egs. (8)—(10).
The calculated results by Eqgs. (8)—(10) are very close to
the original data, as shown in Table 4. By the
combination of Egs. (7)—(10), the dynamic globulari-
zation fractions of o; under different temperatures and
strains can be predicted.

As for the static globularization of @ in the
annealing, it is revealed that if the strain in the second
loading step exceeds the critical strain for dynamic
globularization, the static globularization will produce.
Moreover, the static globularization fraction increases
with the increase of the strain but changes little with
temperature. Figure 11 shows the static globularization
fractions at various e—¢. values in the second loading
step. It can be seen that the static globularization fraction
is approximately linearly related to e—¢., thus, Eq. (11) is
applied to fitting their relationship. It can be seen from
Fig. 11 that the experimental dada are well fitted by
Eq. (11) with Adj. R* of 0.934. The fitted k; and b are
0.082 and 0.006, respectively.

Jo =k(e—g)+b (11)

where f;, is the static globularization fraction, k; and b are
fitted material constants.

Based on the above analysis, the total
globularization fraction of a; can be expressed as

fg :fdg+fsg _{l—exp[—k(g—gc)”]+k1(g—gc)+b, £>¢,

0, e<g,

(12)
where ¢, k and n can be calculated by Egs. (8)—(10),
respectively. It should be noted that when the strain in
the second loading step is smaller than the critical strain,
neither the dynamic globularization nor the static
globularization occurs.

Table 4 Fitted parameters in Avrami type equation at various temperatures [3]

Temperature/K  Fittede,  Fitted k4  Fittedn  Calculated . by Eq. (8)  Calculated £ by Eq. (9) Calculated n by Eq.(10)
1203 0.320 0.590 1.230 0.320 0.589 1.230
1213 0.280 0.650 1.452 0.282 0.650 1.452
1223 0.249 0.712 1.624 0.249 0.712 1.625

Table 5 Fitted parameters for Egs. (8)—(10)

by by Co

do d, d

—16.465 18434.964 —6.763

—383.985 777.742 —391.933
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Fig. 11 Static globularization fraction of a; vs ¢—¢. of second
loading step

5 Application of tri-modal microstructure
model

In the isothermal forming, the temperature of
workpiece almost keeps uniform and unchanged in each
loading step. So, the f, and f, in the final tri-modal
microstructure are also uniform in the whole workpiece,
which can be directly predicted by Egs. (2) and (4),
respectively. Figure 12 shows the variations of f, and f,
with the temperatures of two loading steps within
1228 K<T1<1258 K, 1203 K<7,<1223 K.

However, the predictions of D, and f, are more
difficult compared with the f, and f,, owing to the severe
unequal deformation during local loading forming. To
predict the distributions of D,, and f, on the workpiece, it
is required to obtain the strain distribution first.
Incorporating the microstructure model and FE model is
a feasible way to solve this problem. Thus, the models
for D, and f, (Egs. (6) and (12), respectively) were
combined with FE model by user subroutine of
DEFORM-3D.

To verify its accuracy, the integrated model was
used to simulate the isothermal local loading experiment
of TA15 alloy (Section 2). The prediction of macroscopic
deformation has been validated by the sample shape in
Ref. [11]. In this work, the microstructure observations
were carried out in different regions to verify the
integrated microstructure  prediction model. The
verification experiment was conducted under the
condition of 71=1253 K, 7,=1213 K and reduction rate of
50%, which was not applied in the microstructure
modelling in Section 4. Figure 13 shows the distribution
of strain in the second loading step. Figures 14(a) and
(b) show the FE-based prediction results of D,, and f, of
the final tri-modal microstructure, respectively.

The microstructures at four points (P;—P, in Fig. 13)
with different strains were characterized to validate the

£
[==]
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—_ [y] [ae] W (98]
h ] wh Lo ] (%]
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5 1 1
1225 1230 1235

1240 1245 1250 1255 1260

T,/K

Volume fraction
of equiaxed a,/%

1215

T,/K

1211

1207

1203 i
1228 1234 1240 1246 1252 1258
T/K

Fig. 12 Variations of volume fractions of ¢, (a) and ¢; (b) with
temperatures of two loading steps

Effective strain

1.2
.
b 04
0.8
|
0.4
- I
0

Fig. 13 Distribution of strain in second loading step

simulation results, as shown in Fig. 15. It can be seen
that the f, and f, of the four points are very close.
Quantitative analyses indicate that the average measured
Jo, and f;, of the four points are 17.32% and 37.15%,
respectively. By Egs. (2) and (4), the f, and f, are
predicted as 15.84% and 39.29% with the errors of 8.5%
and 5.8%, respectively. Meanwhile, the predicted D,, and
/¢ are also compared to the experimental results, as given
in Table 6. It can be found that the simulated results all
agree well with the experimental results. The average
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prediction errors for D, and f, are 8.4% and 7.6%, with FE model are effective in the prediction of tri-modal
respectively. The above comparisons indicate that the microstructure during the isothermal local loading
developed microstructure model and its combination forming of TA15 alloy.

. . . Globularization fraction
Orientation disorder

(

' 0.33
0 0 I

0.11 0.50
Fig. 14 FE-based prediction results of orientation disorder index (a) and globularization fraction (b) of @ of final tri-modal

2 | IO .
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i ¥ I
microstructure
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Fig. 15 Microstructures in verification experiment under conditions of 77=1253 K, 7,=1213 K and reduction rate of 50% at different
locations: (a) Py; (b) Ps; (c) Ps; (d) Py

Table 6 Comparison of microstructure parameters between experimental and predicted results

Point ] Orientation disorder index of ¢ Globularization fraction of oy
in Fig. 13 Strain Experimental Predicted Error/% Experimental Predicted Error/%
P, 0.26 0.033 0.032 3.0 0 0 -
P, 0.49 0.041 0.047 14.6 0.096 0.088 8.3
P 0.69 0.068 0.064 59 0.214 0.202 5.7

Py 0.86 0.070 0.077 10.0 0.283 0.308 8.8
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6 Conclusions

1) The content variation of equiaxed o, generation
of lamellar a, spatial orientation change of lamellar o and
globularization of lamellar o are four important
microstructure evolution phenomena in the development
of tri-modal microstructure during isothermal local
loading forming of titanium alloy. The dependences of
phenomena on processing
conditions are quantitatively summarized.

these  microstructure

2) The microstructure model including the volume
fractions of equiaxed a and lamellar o, spatial orientation
disorder of lamellar o and globularization fraction of
lamellar a, was established to correlate the parameters of
tri-modal microstructure under the local loading
processing conditions.

3) The developed microstructure model was
incorporated with FE model to predict the tri-modal
microstructure in the isothermal local loading forming of
TA15 alloy. The prediction results were validated by
experimental microstructure observations. The prediction
model would provide basis for the quantitative control of
tri-modal microstructure and performance in the

isothermal local loading forming of titanium alloy.
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