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Abstract: The microstructure evolution in hot forming will affect the mechanical properties of the formed product.

However, the microstructure is sensitive to the process variables in deformation process of metals and alloys. A

microstructure evolution model of a titanium alloy in hot forming, which included dislocation density rate and prima-

ry a phase grain size, was presented according to the deformation mechanism and driving forces, in which the effect

of the dislocation density rate on the grain growth was studied firstly. Applying the model to the high temperature

deformation process of a TC6 alloy with deformation temperature of 1133 ~1223 K, strain rate of 0.01 ~50s™ ' and

height reduction of 30%, 40% and 50% , the material constants in the present model were calculated by the genetic

algorithm( GA) based objective optimization techniques. The calculated results of a T C6 alloy are in good agreement

with the experimental ones.
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1 INTRODUCTION

Titanium alloys have been intensely studied o-
ver the last few decades due to their important
technological applications. The low density, high
specific strength, excellent resistance against cor-
rosion and high temperature strength retention,
have prompted the use of titanium alloy in a wide
variety of applications ranging from aircraft engine
and structural components to bio-applications. It is
well known that the microstructure of titanium al-
loy is very sensitive to the process parameters in
deformation process, which also results in a strong
sensitivity of the service properties of the work-
simulation of microstructure

piece. Therefore,

evolution in metal forming has been paid more at-
tention to in recent years'' .

In order to make an accurate computation for
microstructure in hot forming, many researchers
have developed diverse microstructure evolution
models. Sellars'”’ captured an empirical formula
for recrystallization behavior by powerlaw func
tions of the process parameters, including strain,
strain rate and deformation temperature. The ap-
plication of statistical methods to microstructure
prediction of recrystallization after hot forming was
Ashby" applied in-
ternal state variables to describe the microstructure

carried out by Bailer et al'” .

evolution. Ding et al''” coupled fundamental met-
allurgical principles with the cellular automaton
(CA) technique to simulate the dynamic recrystal-
lization process. In recent years, the microstruc
ture evolution of titanium alloy has been paid more
""" established a model for

microstructure evolution during isothermal forming

attention to. Li et a

of titanium alloy, by means of the fuzzy set(FS)
and artificial neural network( ANN), and applied it
to simulate the grain size and the volume fraction
of the primary a phase during isothermal compres-
sion of a cylinder.

The existing models are accurate enough but
lack of adequate capabilities for revealing the inter-
nal deformation mechanism. Along with the mech-
anism and driving forces for the microstructure
evolution being fairly well understood inch by
inch, a novel model based on the deformation
mechanism could be proposed. The internal state
variables model not only has the higher reliability
in prediction of microstructure, but also can reveal
the deformation mechanism, so the internal state
variables model gained considerable momentum.

The present work is focused on the identifica-
tion of mechanism and driving forces for grain
growth of titanium alloy. Based on the identified
mechanism, a microstructure evolution model in-
cluding dislocation density rate equation and grain
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growth rate equation is proposed. In addition, the
genetic algorithm (GA) based objective optimiza-
tion technique is used to determine the material
constants arising in the model from the experimen-
tal data of a TC6 alloy at different temperatures,
height reductions and strain rates.

2 MICROSTRUCTURE EVOLUTION MODEL

2.1 Dislocation density rate

It is well known that the dislocation structure
developed in plastic deformation constitutes a driv-
ing force for microstructure evolution, such as re
crystallization and grain growth. Dynamic recrys-
tallization( DRX) is commonly associated with high
temperature plastic deformation of metallic materi-
als with relatively low-to-medium stacking fault
energy. It was pointed out that the stacking fault
energy of two-phase titanium alloy is fairly
high! ' .

in the two phases region, there is no dynamic (or

Therefore, when the deformation occurs

metadynamic) recrystallization for all the experi-
mental conditions'.

Dislocation density P in hot forming depends
on two competing processes: work hardening and
dynamic recovery (softening). Kocks and Mecking
have pursued a phenomenological approach (the K-
M model) to predict the variation of dislocation
density with strain for stage Illhardening of met-
als''”’. The model is based on the assumption that
the kinetics of plastic flow is determined by a sin-
gle structural parameter ( dislocation density P)
which represents the entire current structure. In
the K-M model, the dislocation storage rate is pro-
portional to @?, and the dislocation annihilation
rate is proportional to @ so the variation of the
mean dislocation density with respect to strain can
be expressed as

dp [
= — 1
a5, kN P- kP (1)
where & is the plastic strain, the coefficient ki is

a constant, k> represents a thermally activated
process of dynamic recovery by dislocation cross
slip (at low temperature) or dislocation climb (at
high temperature), which is a function of tempera-

% . 15
ture and strain rate, and can be described as'"!

Fo.= By %I 1- exp(- 0.7R‘P)

Q
RT (2)

& and § are the reference and applied

exp

where
strain rates, ( is the activation energy for cross
slip and recombination, R is the gas constant(8. 31
J* mol'" K''), T is the absolute deformation
temperature( K), R. is a cut-off radius beyond
which dislocations cannot cross-slip and recom-
bine, and k2 is a proportional constant. The multi-

plicative factor (k2 & ) is used as a fitting con-
stant. In the hot forming of metal, the dislocation
density Pis so large that the exp(— 0. 7R{F) in
Eqn. (2) is close to zero. Therefore, Eqn. (2) is
simplified as the following equation:

k2 = ko %expl - l_%% (3)
Substituting Eqn. (3) into Eqn. (1), the dislo-
cation density rate P can be written as

p= adlgl- aen|- &[0 (4

where a and @& (= ko0& ) are the material con-
stants. The right hand side of Eqn. (4) has two
terms, the first term characterizes the processes of
dislocation storage and the second term characteri-
zes the concurrent dislocation annihilation by re-
covery. In steady deformation state, the variation
of dislocation density is so small as to be ignored,

i.e. P=0.

2.2 Grain growth rate

The microstructure of two-phase titanium al-
loy is composed of two phases: an hep a phase in-
cluding the primary a phase and the secondary a
(d ) phase, and a bee B phase which are stable at
low and high temperatures. For the two-phase ti-
tanium alloy, the mechanical performance is affect-
ed greatly by the shape and size of primary a
phase. So to describe the primary a phase grain
growth is the key to the microstructure modeling
in hot forming.

In the absence of dynamic recrystallization,
grain refinement caused by dynamic recrystalliza-
tion will not occur. The primary a phase grain
growth is composed of the static grain growth,
plastic strain induced dynamic grain growth, grain
growth and grain refinement due to the variation of
dislocation density.

The static grain growth at high temperature
can be modeled by

dstalic = ]W_doﬁm (5)
where M is the mobility of grain boundaries and

Out is the grain boundary energy per unit area '* .

The multiplicative factor (M Ouws) is used as a fit-
ting constant, so Eqn.(5) can be expressed as
domic = Bd ® (6)
where & and ¥ are the temperature dependent
material constants.
In hot forming, the plastic strain induced dy-

g . 17
namic grain growth can be expressed as''”

dapamic = B g la (7)
where B and ¥ are the temperature-dependent
material constants.

During deformation process, the dislocation
density is changing intensely due to the work hard-

ening and dynamic recovery. So the influence of
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the dislocation density on the grain size is too great
to be ignored. Some scholars proposed that the av-
erage grain size is inversely proportional to disloca-

[18, 19]

tion density in hot forming , and can be de-

scribed by the following equation:
d= (8)
Jp
where K is the material constant.

According to Eqn. (8), the influence of the
variation of dislocation density on the grain growth
is proposed in this paper:

das = - BP2d5 (9)
where B, ¥ and % are the material constants.

Considering the static grain growth, plastic
strain induced dynamic grain growth and the influ-
ence of the variation of dislocation density on grain
growth, the grain growth rate may take the form
as

d=d static + ddynami(; + ddis =

Bd o+ Blgld - Bp2d> (10)

By introducing the effect of the dislocation
density on the grain growth, the microstructure
evolution model is fit for all deformation condition,
which overcomes the problems in the material
models proposed by some researchers''” * that are
only able to model the static grain growth and the
dynamic grain growth induced by plastic strain in
superplastic deformation.

In summary, the physically based model for
microstructure evolution in hot forming of titanium
alloy is expressed as

P= a.lpl E‘pl— @exp| — I_?%I P

d= Bd o+ Blegld - Bp2ds
a, ®, B, B, B, w v, % and % are
the material constants to be determined from ex-

(11)
where

perimental data using GA-based objective optimiza-
tion technique.

3 APPLICATION OF MODEL TO TC6 ALLOY

3.1 Material

The T C6 alloy was chosen to verify the micro-
structure evolution model in this study, which is
one of the best two-phase titanium alloys with
good resistance against heat and corrosion, and has
been widely used in the aviation and aerospace in-
dustries. The TC6 alloy produced by Baoji Nonfer-
rous Metal Works, China, is of 42 mm in diame-
ter. The
Table 1. The heat treatment procedure before iso-

chemical composition is shown in

thermal compression tests was as follows: heating
to 1 143 K and holding for 1 h, then to 923 K and
holding for 2 h, and finally cooling in air to room
temperature. The cylindrical specimens with 8mm
in diameter and 12 mm in height were machined
from the heat-treated bars.

Table 1 Chemical composition of T C6 alloy
( mass fraction, %)

Al Cr Fe Mo Si Ti

6.29 1.42 0.42 2.71 0.33 Bal.

3.2 Hot compression

The isothermal compression experiments with
constant strain rate were conducted at THER-
MECMASTOR-Z simulator. The specimens and
compression rams were heated by high frequency
induction heating system under the vacuum condi-
tion to avoid oxidation. The specimens were kept
for 3 min before the commencement of deforma-
tion. After compression, the specimens were im-
mediately quenched by nitrogen gas at the cooling
speed of 30 K/s to retain the as-deformed micro-

structuresm] .

3.3 Microstructure tests

The Btransus temperature of the TC6 alloy is
about 1233 K. The nominal deformation tempera-
tures were ranged as 1 133, 1193 and 1223 K, and
the strain rates were 0. 01, 1 and 50 s ' for each
deformation temperature. The isothermal com-
pression tests were performed with 30%, 40% and
50% reductions in height at each combination of
deformation temperature and strain rate. For mi-
crostructure measurement of the TC6 alloy, four
locations in four directions and a location near the
center on equatorial plane of each specimen were
chosen. The measurement of microstructure was
LABOR-LUXI2MFS/ST
microscope for quantitative metallography with
QUANTIMET 500 software of image analysis, in

which three visual fields at each location of speci-

carried out at Leica

mens were chosen to measure. The selected experi-
mental results, which are the average values of all
the visual fields for each specimen, are shown in

Table 2.

Table 2 Primary a phase grain size under
different deformation conditions

Grain size/ Pm

Deformation Height
temperature/ K reduction/ % gy -1 4! 50!
1133 30 4.10 4.09 5.78
1193 40 3.91 3.85 3.85
1223 50 2.37 3.11 4.16

3.4 Determination of material constants

T he optimization techniques for obtaining the
material constants arising in the model were based
on minimizing the sum of the errors between the
(22231 For the

microstructure evolution model, an objective func

experimental and calculated data
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tion was defined in terms of the square of the
difference between the experimental and the calcu-
lated data of the primary a phase grain size:

n m

f(x) = Zgwgl(d?)j— (ds);l? (12)

T
where f(«x) is the residual for average grain size,
x(= [x1, x2,
constants and s is the number of the constants to
be determined, (di); and (d{); are the calculated

and experimental average grain size for the same

.-, %,]) represents the material

strain level ¢ and strain rate j, m is the number of
the experimental average grain size data for the
strain ratej, nis the number of strain rates consid-
ered for grain growth, wj is the weight coefficient.
The calculated grain size (di); is not available di-
rectly and has to be determined from the grain
growth Eqn. (10) by means of a numerical integra-
tion method. The determination of material con-
stants within the model is to minimize the above
objective function.

By using conventional optimization method, it
is very difficult to search the global minimum in
the multrmodal distribution space. In order to
search the global minimum quickly and effectively,
a novel algorithm must be introduced.

Genetic algorithm( GA) is a kind of search al-
gorithm based on the concepts of natural selection
and survival of the fittest. GA can model the life
evolutional mechanism and search the global mini-
[24]

mum quickly in complex system' ™. In this paper,
a genetic algorithm based optimization techniques
was developed and programmed to determine the
material constants in the microstructure evolution
model. Sixteen sets of the experimental data of
TC6 alloy at deformation temperatures of 1133~
1223 K and strain rates of 0. 01 =50 s

the sampled data. The determined material con-

acted as

stants are listed in T able 3.

Table 3 Optimized material constants for
microstructure evolution of T C6 alloy

a ® & B
0.7375 1.0x107° 0.2020 0.9350

B Yo Vi Y Y
2.13x 1077 6.0278 15.28 0.984 9 3.5209

3.5 Comparison of calculated results with experi-
mental ones

The model of Eqn. (11) with the material con-
stants listed in Table 3 was used to calculate the
grain size of T C6 alloy at high temperature deform-
ation.

The calculated and experimental results of the
primary d phase grain size are shown in Fig. 1. The
average relative error between the sampled experi-

mental data of the sixteen sets and the calculated is
4.3% . The average relative error between the non-
sampled experimental data of the five sets and the
calculated, which is not included in the optimizing
calculation, is 10.1%. It can be seen that the
microstructure evolution model can be used to re
present the primary a phase grain size of T C6 alloy
at deformation temperatures of 113371223 K and
strain rates of 0.01 =50 '.

M@

Temperature: 1 133-1223K
| Strain rate: 0.01-5057!

E 5 True strain: 0.3-0.7
;
B 4} .
< ol
Fi

I

Q

(VS )
¥

Mean relative error: 4.3%

2 3 4 5 6
Experimental resalt/um
6
(b)
Temperature: 1 133-1 223K
st Strain rate: 0.01-5057!
g True strain: 0.3-0.7
E a
3 L
-]
=
Q
? -
©3 Mean relative error: 10.1%
[ ]
1 > L
2 3 4 5 6

Experimental result/um

Fig. 1 Comparison of calculated results with

experimental ones of primary a phase grain size
(a) —Sampled data; (b) —Norr sampled data

4 CONCLUSIONS

1) Based on the analysis of deformation mech-
anism and driving forces, a microstructure evolu-
tion model including dislocation density rate and
grain growth rate was proposed. In the grain
growth rate equation, the effect of the dislocation
density rate on the grain growth was studied for
the first time.

2) The material constants within the model
were determined from the experimental data of
TC6 alloy in the temperature range 1 133 71 223 K
and strain rates 0. 01 =50 s~ ' by the GA-based ob-
jective optimization technique. This provides a rea-
sonably accurate fitting over the whole range of
temperature and strain rates of current interest.
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3) The microstructure evolution model pres-

ented in this paper, which are genetic in nature,

are applicable over most of two-phase titanium al-

loy.

[ 11]

[12]
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