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Abstract: A micromechanics finite element (FE) model was established based on the actual microstructure of Ti-6A1-4V alloy.

And considering the dual-phase characteristic, the micro-deformation behavior was studied. The results show that the hard

transformed 8 matrix (f,) bears most external loading force, while the external load deformation is mainly carried out by the

soft primary a phase (a,). With the increase of macro strain, the strain ratio of a, to f, and the stress ratio of f to a;, are

basically unchanged at first, then increase rapidly, and finally remain stable. The volume fraction (f;) and grain size (d,) of a,

have an effect on strain and stress distribution in the phases. With the increase of £, or the decrease of d,, the strain ratio and

stress ratio increase and decrease, respectively.
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Titanium alloys have many advantages such as high spe-
cific strength, corrosion resistance, and low temperature
performance. They are widely used in national defense in-

51 Titanium alloys have many

dustry and civil industry
kinds of microstructures, and the duplex microstructure is
widely used due to its excellent performance, which con-
sists of primary a phase (a,) and transformed f matrix (5,)
at ambient temperature. When the alloy is deformed, the
deformation is almost symmetrical at macro level. In fact,
the significant discontinuity of the microstructure will re-
sult in different deformation behavior at different positions.
The deformation behavior is seriously asymmetrical at mi-
cro level.

There are some reports on the asymmetrical deformation
behavior of titanium alloys. He ! found that during the de-
formation of TA15, the plastic deformation is firstly ob-
served in f phase, and the deformation of the constituent
phases has coordination problems. This research only
qualitatively analyzed the deformation of the phases. Chen
et al ™ analyzed the deformation behavior of the constituent
phases in titanium alloy during high temperature deforma-
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tion. But it is assumed that the deformation of each phase is
uniform.

With the development of computer and FE technology, it
is possible to analyze the micro-deformation of the titanium
alloy by FE method. Ankem et al ' used the triangular
elements to establish the FE model of titanium alloy. Neti et

all®?

studied the influence of volume fraction and strength
ratio of the phases on micro stress and strain localization of
the titanium alloy. Tang et al " established a FE model
based on crystal plastic FE method. Li et al "' studied the
high temperature micro-deformation behavior of Ti-6Al-4V
alloy by crystal plastic FE method. The effect of volume
fraction, base plane texture strength and grain homogeneity
of a phase on deformation compatibility was quantitatively
calculated. Shao et al '*! established a FE model based on
actual microstructure, and studied the strain and stress dis-
tribution in constituent phases, but they did not conduct
quantitative researches.

The difference in mechanical properties between a, and
P leads to the failure of synchronous deformation. In this
work, considering the characteristic of two phases in
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Ti-6A1-4V alloy, the relationship between microstructure
features and macro properties was studied. A micro me-
chanics FE model was established based on actual micro-
structure and uniaxial tension conditions. The micro strain
and stress distribution of the phases in the alloy during am-
bient temperature tensile deformation, and the influence of
volume fraction (f,), grain size (d,) of a, were quantita-
tively studied. This study has a certain theoretical signifi-
cance for better understanding the deformation mechanism,
improving the comprehensive mechanical properties, and
taking full advantages of titanium alloy.

1 Experiment

The material is an annealed Ti-6Al1-4V alloy plate with a
thickness of 6 mm. A heat treatment process was designed
based on the (a+f)— S phase transition temperature. Firstly,
the target alloy was heated to 980 °C and held for 1 h, and
then it was heated again to 550 °C and held for 5 h. The
heating rate and cooling type for the two heating processes
were both 10 °C/s and air cooling. Then, AXIOVERT 200
MAT microscope was used to observe the microstructure,
and the result is shown in Fig.la. The picture is binarized
firstly. Then the quantity and area of a, can be acquired by
IMAGE PRO software. Finally, the software can output f,
and d,, and the results are 11.84% and 10.35 um, respec-
tively.

The uniaxial tensile test was also carried out on the sam-
ple. It was processed into tensile specimens, and INSPEK
TABLE 100 electronic universal testing machine was em-
ployed to measure the mechanical properties. The tensile
speed was set to 1 mm/min, and the gauge length was 44
mm. The strain rate during tension can be calculated, which
is 3.79x10™s™".

2 Establishment of FE Model

2.1 FE modeling procedure

At ambient temperature, Ti-6Al-4V alloy consists of o
and f,. Furthermore, B, consists of secondary a phase and
residual f phase. In order to simplify the model, the secon-
dary a phase and residual S phase are treated as one phase,

that is f,. The volume fraction of £, in the alloy specimen is
relatively high, which is 88.16%. It is considered that S, is
continuous phase, while a, is embedded phase. In addition,
the mechanical properties of the alloy are not only affected
by the phases, the interface between the two phases also has
a certain contribution to mechanical properties. However, in
the study on the contribution of a,, f, and a-f interface to
the hardness of TA15, it was found that the contribution of
a-f interface to the hardness is small, less than 8% 031 ¢
can be concluded that the effect of interface on mechanical
properties is small. And it is neglected when establishing
the model in this work.
2.1.1 Geometric modeling and meshing

Firstly, the microstructure is obtained, and the result is
shown in Fig.la. Then, the boundary lines of the phases are
recognized and vectorized, as shown in Fig.1b. Finally, the
vectorized graphic is optimized and imported into MSC.
Marc nonlinear FE software for meshing and setting mate-
rial plasticity and boundary conditions. The elements of the
phases in FE model are shown in Fig.1c.
2.1.2  Stress-strain relationship of constituent phases

The stress-strain curves of the phases at ambient tem-
perature have been established in Ref.[14]. They can be ex-
pressed as Eq.(1) and Eq.(2).
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where ¢ is the stress, g, is the yield strength; E is the
Young’s modulus; & and ¢, are the elastic strain and plastic
strain, respectively; a, M, u, b and k are the material con-
stant, Taylor factor, shear modulus, Burger’s vector and re-
covery rate, respectively; n is the strain hardening expo-
nent.
2.1.3 Boundary condition

Periodic boundary conditions are applied in the FE model.
Nguyen et al '"*! claimed that periodic boundary conditions
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Fig.1 Metallographic microstructures of the heat treated titanium alloy (a), vectorized boundary lines of the model (b), and mesh and

boundary condition of the model (c)
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can promote the accuracy of the simulated results. As
shown in Fig.1c, the nodes on left edge are fixed in x direc-
tion, only can move in y direction. The nodes on right edge
are controlled by displacement mode in x direction, and the
strain rate is 3.79x10* s'. And those nodes can move freely
in y direction. The nodes on top edge can move synchro-
nously in y direction, without any constraint in x direction.
The nodes on bottom edge have the same boundary condi-
tions as those on top edge "%,
2.2 Influence of mesh quantity on results

In order to improve the accuracy and reduce computing
time, the simulated stress-strain curves of Ti-6Al-4V alloy
based on different mesh quantity are analyzed and com-
pared with experimental result, as shown in Fig.2. There are
errors between the simulated and experimental results, but
the maximum error is about 12%. When mesh quantity »g is
reduced from 25 367 to 11 531, the error only increases by
0.34%. It can be seen that the mesh quantity has little in-
fluence on simulated results. Therefore, in the follow-up
simulation, the mesh quantity is controlled at about 12 000.
2.3 Effect of different region microstructures on

results

In order to avoid the influence of the microstructure of
different positions on the results, five microstructures of
different positions in the sample are used to establish the
FE models. Fig.3 shows the results of stress-strain curves of
the alloy achieved by the models, and comparison with the
experimental result. The simulated stress-strain response is
almost the same. Although there are errors between the
simulated and experimental results, the errors are within
acceptable range. It indicates that the size of the model is
large enough to contain abundant microstructural charac-
teristics, and the microstructural characteristics of different
regions will have no significant effect on the simulation

results.
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Fig.2 Effect of mesh quantity on simulation results of stress-

strain curves for Ti-6A1-4V alloy
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Fig.3 Effect of microstructures in different regions on simulation

results of stress-strain curves for Ti-6Al-4V alloy

3 Results and Discussion

3.1 Strain and stress distribution in constituent
phases

The strain and stress of different positions are obtained
from the simulated result. Then the percentages of different
strain and stress ranges are counted. Fig.4a shows the per-
centage of different strain intervals for the phases when the
macro strain are 0.05 and 0.1. When the macro strain is 0.05
and 0.10, the proportion of strain exceeding macro strain in
a, is 86.45% and 87.49%, respectively. While the propor-
tion of strain exceeding macro strain in f, is 47.74% and
47.88%, respectively. It means that the strain in most re-
gions of a, is larger than the macro strain, and the strain in
more than half of 5, is smaller than the macro strain.

The statistical results indicate that o, and f; are soft
phase and hard phase in Ti-6Al-4V alloy, respectively. The
plastic strain is firstly observed in a,, and the plastic strain
of a, is greater than that of f, in the whole macro-deforma-
tion process. In addition, even within the same phase, the
strains in different positions show greater heterogeneity.

1 7% studied the deformation behavior of

Ankem et a
two-phase materials, and significant strain gradient was
observed in the interface between the constituent phases,
similar to the results found in this study. Yu et al ''"! found
that ferrite grains in dual phase steel show uneven
deformation along tensile direction and other directions,
and confirmed the essential characteristics of non-uniform
deformation of dual phase materials. Fig.4a also indicates
that the g, participates in strain distribution at low macro
strain, which is the same as study of Ghadbeigi et al "* on
the dual-phase steel.

Fig.4b shows the percentage distribution of different
stress intervals when macro strain is 0.05 and 0.1. The
stress interval of 800~850 MPa possesses the highest per-
centage in a, when macro strain are 0.05 and 0.1. While in



Chen Guoxing et al. / Rare Metal Materials and Engineering, 2020, 49(11): 3662-3668 3665

45
. < a
777 Macro strain of 0.05
D Macro strainof 0.10
<30}
S
=
g 7 Pri h
rimary a phase
5 I5F
) NARnAf
) {11
S 30p
=
8
=] ~
& 15}
Transformed /8 matrix
0 | S T I T I T
R WE NSRS e RS RS gge
€S8 -SC -8R0 danTTEs
S oS oS oSS SSISTS oS oS o
SisESdsdSqsrsdgdsdgs
S888=2-"2-8adafndanIs<y
faLeLeeeeeeasallleaess
Strain Interval
L A Macrostrain of 0.05 b
D\ Macrostrain of 0.10
=
S
5 Primary aphase
2 20t
o
~
| %ﬂn_.
X
3
S 40
|53
o
53
~ 20
Transformed fmatrix
| P X il
g2gzgsgegszagegsgeEgeEs
D v Y2y e ) v
P8R BIag88=28d4a84
P —— —
SEgSZEiEsEcssSs52¢8
PR BRLEIERERTSETERS
OS2 00 EZRIARSISISEgLIA
[SAFpri/pan SNIPEA. B et
oo oD s

Stress Interval/MPa

Fig.4  Quantitative statistics for strain distribution (a) and

stress distribution (b) in constituent phases

B, the stress intervals with the highest percentage at macro
strain of 0.05 and 0.10 are 1100~1200 MPa and 1200~1250
MPa, respectively. When macro strain is 0.05, the stress in
most regions of a, exceeds 750 MPa, which is greater than
the yield strength. Meanwhile, part of S, is still in elastic
deformation stage. The results show that a, yields earlier
than f3,.

The stress in f; is greater than that in a,. Zang %) and

h % et al researched the micro-deformation behavior

Jinoc
of Ti-8Mn alloy, and found that the stress localization is
firstly observed in soft phase. However, the greatest stress
appears in hard phase finally. The deformation inconsis-
tency between a, and f; can cause strain and stress interac-
tion between them.
3.2 Strain and stress ratios of constituent phases

The strain ratio between oy, and f, stress ratio between f;
and o, and the variation curves with macro-strain are
demonstrated in Fig.5. The ratios show the same evolution
tendency. With the development of macro strain, the strain
and stress ratios firstly keep steady, then increase rapidly
with the increase of macro strain, and finally remain stable.
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Fig.5 Variation curves of strain and stress ratios with macro

strain

The deformation of dual-phase materials can be divided
into three stages according to the deformation of constituent
phases *""**!. Ti-6A1-4V alloy is a two-phase material, and
in the first stage, both a, and g, are in the stage of elastic
deformation. The strain and stress ratios almost keep steady,
because the elastic moduli of the phases differ very little.
Since a, and B, are soft phase and hard phase, respectively,
the former assumes more strain and the latter assumes more
stress during the deformation. So the strain and stress ratios
are both greater than 1. With increase of macro strain, the
deformation turns into the second stage. The plastic defor-
mation is observed in a,, whose strain increases with fast
rate, while the flow stress increases less. Since f; is still in
elastic stage, the strain increases slightly but the stress in-
creases rapidly. The strain and stress ratios are rapidly rise.
In the third stage, 5, undergoes plastic deformation, and the
deformation of the phases is in a relatively stable state. The
ratios no longer significantly change, indicating that the
deformation coordination between the constituent phases
achieves a stable state, but does not mean that the deforma-
tion is in a perfect compatible state.

3.3 Influence of f, on micro-deformation behavior

When alloy elements are fixed, the macro mechanical
properties mainly depend on microstructure, such as the
volume fraction and grain size of the constituent phases™ **!.
a, is duplicated and randomly distributed in 8, on the basis
of the original microstructure. The f, increases to 23.68%,
and the average grain size remains the same.

Fig.6 shows the effect of f, on strain and stress distribu-
tions, which is the statistical result when the macro strain is
0.1. £, has a significant effect on micro deformation behav-
ior.

In Fig.6a, when £, is 11.84%, the strain distribution dif-
ference in range of 0.1~0.3 is small for a,, showing a sig-
nificant inhomogeneous deformation behavior. When £, is
23.68%, the strain of a;, is mainly concentrated in range of
0.125~0.175, and the uneven deformation phenomenon is
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Fig.6 Effect of volume fraction of a, on strain distribution (a)

and stress distribution (b) of constituent phases

improved. In addition, the proportion of strain interval of
0~0.075 in B, increases as f, increases from 11.84% to
23.68%, whereas the proportion of strain interval exceeding
0.075 decreases. It indicates that the macro strain assumed
in f5; decreases. The same conclusion can be drawn from the
quantitative statistical results of stress interval percentage
shown in Fig.6b. In a,, the stress interval of 800~850 MPa
wins the maximum percentage whether £, is 11.84% or
23.68%. But the stress interval percentage of 800~850 MPa
increases when f, increases from 11.84% to 23.68%. It
suggests that f, can promote the uniform deformation. In g,
the stress intervals of 1200~1250 MPa and 1150~1200 MPa
win the maximum percentage when f, is 11.84% and
23.68%, respectively. The stress of f, decreases with the
increase of f,.

The effect of f, on strain and stress ratios is shown in
Fig.7. The variation laws of strain and stress ratios with
macro strain are not affected by f,. However, the strain
ratio increases and stress ratio decreases with increase of

Chen Guoxing et al. / Rare Metal Materials and Engineering, 2020, 49(11): 3662-3668

f.. The strain ratio or stress ratio of each phase is com-
plementary. The previous analysis shows that the strain
and stress of B, decrease relatively when f, increases.
Correspondingly, the strain and stress of a, increase.
Therefore, the strain ratio of a, to B, increases, while the
stress ratio of § to a, decreases.

3.4 Influence of d, on micro-deformation behavior

a, is replicated thrice on the basis of original micro-
structure, and its length and width are shrunk to 1/v/2
times of the original size. Consequently, f, and d, are
23.68% and 7.32 um, respectively. In addition, the length
and width of a, are enlarged to v/2 times of the origi-
nal size. So f, and d, are 23.68% and 14.64 pum, respec-
tively.

Fig.8 shows the effect of d, on strain and stress distribu-
tion, which is the statistical result when macro strain is 0.1.
d, also has a significant effect on micro-deformation be-
havior. In Fig.8a, although the maximum percentage strain
interval of a, is 0.125~0.15 for different d,, the percentages
of different strain intervals vary greatly. The strain of f,
mainly concentrates in small strain interval. The proportion
of large strain intervals increases significantly as d, in-
creases. When d, is 7.32, 10.35, and 14.64 um, the strain
intervals with high proportion are 0.025~0.1, 0.05~0.125
and 0.075~0.125, respectively. As shown in Fig.8b, the
stress interval of 800~850 MPa wins the largest proportion
in a,, but the proportion of this stress interval increases
significantly with increase of d,. While the proportions of
other stress intervals are very small in a;,. The stress distri-
bution of S, is mainly concentrated in 1150~1250 MPa, but
the percentage of each stress interval varies significantly
when d, changes.

The effects of @, grain size on strain and stress ratios are
shown in Fig.9. The variation laws of the strain and stress
ratios with the macro strain are not affected by the grain
size. As the grain size increases, the strain ratio decreases
and the stress ratio increases.
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Fig.7 Effect of volume fraction of a, on strain and stress ratios
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4 Conclusions

1) The strain and stress distribution in the constituent
phases of Ti-6Al-4V alloy are greatly different during
deformation.

2) The strain and stress ratios firstly keep steady, then

increase rapidly, and finally remain stable, indicating that
the deformation coordination between the constituent
phases achieves a stable state.

3) With the increase of f,, the asymmetrical deformation
behavior of a, is improved, while the deformation degree
and stress of 3, are reduced.

4) The proportion of each strain and stress interval of the
phases varies significantly with the change of grain size.
With the increase of the grain size, the strain ratio decreases
and stress ratio increases.
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