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Abstract: Influence of thermomechanical treatments (mill annealing, duplex annealing, solution treatment plus aging and triple
annealing) on microstructures and mechanical properties of TC4-DT titanium alloy was investigated. Results showed that
thermomechanical treatments had a significant influence on the microstructure parameters and higher annealing and aging
temperature and lower cooling rate led to the decrease of the volume fraction of primary « and the size of prior-§ and the increase of
the width of grain boundary a and secondary a. The highest strength was obtained by solution treatment and aging due to a large
amount of transformed f and finer grain boundary a and secondary a at the expense of slight decrease of elongation and the ultimate
strength, yield strength, elongation, reduction of area were 1100 MPa, 1030 MPa, 13% and 53% separately. A good combination of
strength and ductility has been obtained by duplex annealing with the above values 940 MPa, 887.5 MPa, 15% and 51% respectively.
Analysis between microstructure parameters and tensile properties showed that with the volume fraction of transformed f phase and
the prior-f grain size increasing, the ultimate strength, yield strength and reduction of area increased, but the elongation decreased.
While the width of grain boundary a and secondary o showed a contrary effect on the tensile properties. Elimination of grain

boundary a as well as small prior-f grain size can also improve ductility.
Key words: TC4-DT titanium alloy; thermomechanical treatment; microstructures; tensile properties

1 Introduction

Titanium alloys have been widely used in aerospace
and industrial applications due to their high strength, low
density, and good corrosion resistance [1,2]. TC4-DT is
an o+f titanium alloy produced based on TC4 with the
volume fraction of C, N, O and H in a controlled level at
an expectation to attain high fracture toughness and
crack propagation resistance which is similar to the
American alloy Ti—6Al-4V ELI alloy [3]. Depending on
thermomechanical treatments, this alloy can acquire a
large variety of microstructures with different o
morphologies which pose different influence on
mechanical properties [4]. Microstructure of alloys
depends mainly on chemical composition, processing
history and heat treatment, which finally decides the
properties of alloys [5—7]. The control of these processes
can be realized by the selection of the parameters of heat
treatment such as temperature, holding time and cooling
rate [8]. As a common sense, the transformation of f

phase is decided by the cooling rate, the relative volume
fraction of a and f phase is decided by the temperature
and the morphology of a phase is decided by the primary
microstructure and holding time during heat treatment.
For the otf titanium alloy, deformation and heat
treatment in o+f phase field will change from equiaxed
to bi-modal microstructure. A bi-modal microstructure
was reported to have advantages in terms of yield stress,
tensile stress, ductility and fatigue stress [9]. Previous
studies mainly focused on the relationship between
mechanical properties and thermo-mechanical processing
in a+p phase field of fully lamellar microstructures, and
less research involved the initial equiaxed
microstructures.

The aim of the present study was the determination
of the relationship between heat treatment conditions and
microstructures and the effect of microstructure
parameters on the mechanical properties of TC4-DT
titanium alloy. Optical microscopy, X-ray diffraction
(XRD), transmission electron microscopy (TEM), image
analysis software and static tensile test were utilized to
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study the microstructure evolution during
thermomechanical treatments and intrinsic mechanisms
between microstructures and mechanical properties.

2 Experimental

The as-received material used in this work was a
TC4-DT hot-rolled bar with a diameter of 215 mm from
which cuboid specimens (30 mmx14 mmx66 mm) were
spark machined. The chemical composition of TC4-DT
titanium alloy is listed in Table 1, and the f transus
temperature (7;) of the material obtained by
metallographic  technique was 975 °C. The
microstructure of the hot-rolled bar is shown in Fig. 1. It
has a fully homogeneous equiaxed microstructure,
consisting of 70% primary o phase with the average
grain size of 9 um and transformed f with secondary
lamellar o thickness of 1.4 um.

Table 1 Chemical composition of TC4-DT titanium alloy (mass
fraction, %)
Al \'% Fe C N H O Ti
6.20 4.10 0.04 0.017 0.014 0.0012 0.11 Bal.
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Fig. 1 Optical micrograph of TC4-DT hot-rolled bar

Hot compression and heat treatments were
conducted with the scheme shown in Table 2. Hot
compression was finished on a computer-controlled 630 t
hydraulic press which allowed the specimens to be
pressed at a constant strain rate.

The heat treatments were conducted in resistance
furnace with temperature error of +5 °C, including mill
annealing (MA, specimen B), duplex annealing (DA,
specimen C), solution treatment and aging (STA,
specimen D) and triple annealing (TA, specimen E).
After the furnace heat treatment, each specimen was
machined to two cylinders with 71 mm in height and 10
mm in diameter to remove the oxygen-contamination
surface layer and prepared for the tensile test. The tensile
tests were executed on the ENST—1196 stretcher at room
temperature, and the stretch direction of tensile test is
vertical to the compression of specimen. Each result was

Table 2 Deformation and heat treatment scheme for various
specimens

Specimen No. Deformation condition Heat treatment

A 945 °C, 60%, AC -
B 945 °C, 60%, AC 800 °C, 1 h, AC
(930 °C, 1 h, AC)+
o 0,
C 945 °C, 60%, AC (560 °C, 4 h, AC)
(930°C, 1 h, WO)+
o 0,
D 945 °C, 60%, AC (560 °C, 4 h, AC)
(930 °C, 1 h, AC)+
E 945 °C, 60%, WC (900 °C, 1 h, AC)+

(600 °C, 4 h, AC)

the mean value obtained from two tested specimens. The
microstructure obtained from the end of tensile specimen
was observed using the OLYMPUSPM-G3 microscope.
The samples were etched with 3%HF+6%HNO;+91%
H,O solution.

3 Results and discussion

The tensile properties of specimens B, C, D and E
are summarized in Table 3. For comparison, the tensile
property of an additional specimen (marked as A) which
had gone through deformation (940 °C, 60%, AC)
without heat treatment is also listed. As shown in
Table 3, after different heat treatments, the tensile
strength increases but elongation decreases with different
contents. For specimen B, the ultimate strength (UTS) is
932.5 MPa, which has only a slight edge to that of the
specimen A, while the yield strength (YS), elongation,
reduction of area (RA) are not as high as those of
specimen A. When the specimen D went through, the
UTS increases greatly from 927.5 MPa to 1100 MPa, and
the YS increases from 870 MPa to 1030 MPa, while the
reduction of area increases slightly from 50.25% to 53%,
and elongation decreases from 15.75% to 13% which is
the lowest among all these treatments. When the cooling
rate decreases (air cooling ) after high temperature aging
at 930 °C in the duplex annealing compared with
solution treatment (water cooling), the strength declines
but is still superior to that of specimen A, with UTS,

Table 3 Tensile properties of specimen

Specimen UTS/ YS/ Elongation/ RA/
No. MPa MPa % %

A 927.5 870 15.75 50.25

B 932.5 867.5 15 46.5

C 940 887.5 15 51.0

D 1100 1030 13 53.0

E 930 880 14.75 48.0
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YS, elongation, reduction of area 940MPa, 887.5MPa,
15%, 51%, respectively. Triple annealing has not
enhanced the property so much, improving only a little
of strength, but decreasing the ductility.

Above all, solution treatment and aging is the most
effective way to raise strength at the expense of a slight
decrease in ductility. Duplex annealing can improve both
the ductility and strength with the extent not so much as
the former.

The mechanical properties of specimen are closely
related to the microstructure characteristics. Figure 2
shows the final microstructures and X-ray diffraction
patterns after different heat treatments. It can be seen that
heat treatments have a significant influence on the
microstructure as shown in Figs. 2(a)—(e), but have a
minor influence on the micro-constitutes as shown in
Fig. 2(f). Comparing Fig. 2(a) with Fig. 2(b), it can be
found that after MA, the appearance of microstructure
has not changed so much. The difference lies in the fact
that the content of primary o increases and the grain

becomes coarser. However, the size of secondary a phase
in f matrix increases. The reasons for the difference can
be ascribed to the element diffusion effect that takes
place during annealing process [10]. Those elements that
are either strong a stabilizers (Al, O) or strong S
stabilizers (Mo, V) partition into a and f phases,
respectively. This element partitioning effect has its
consequence that a phase penetrates along f/f or o/
grain boundaries into f phase causing the decrease of S
and the coarsening of a phase. This process can proceed
deeply during the following cooling [8]. Besides that,
secondary a precipitates and grows through the f matrix
during the following cooling.

Figure 2(c) shows the microstructure of specimen
by DA. It is the so called bi-modal microstructure with
equiaxed primary o and small recrystallized f grains. The
plastic deformation (more than 60%) at 945 °C has
introduced enough stored energy (dislocations shown in
Fig. 3) which is sufficient to trigger recrystallization of
both a and f phases during the first step of (930 °C, 1 h)
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Fig. 2 Optical micrographs showing final microstructures of sample A without heat treatment (a) and samples B, C, D, E with
different heat treatments of MA (b), DA (c), STA (d), TA (e) and XRD patterns of samples B, C, D and E (f)
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Fig. 3 TEM image of deformed specimen at 930 °C with water
cooling

and this process produces equiaxed a at the triple
junctions of the equiaxed f grains. Alloying element
partition also takes place just as discussed above, but in
the opposite direction, that is f phase penetrates along
o/a or o/ff grain boundaries into a phase and causes the
separation of o phase into individual a grain. As
discussed by SAUER and LUETJERING [11], the
volume fraction of primary a phase is determined by the
temperature of the first annealing, and the size as well as
volume fraction of the a phase controls the £ grain size.
The a pins the f grain boundaries, restricting f grain
growth during the first step of DA, which is similar to
the results obtained by MEYER et al [12] and also
described by VO et al [13]. During the subsequent
cooling, primary a phase grows, continuous a layers
form at f-grain boundaries and coarse a plates in f phase
start to nucleate, all of which depend on the cooling rate.
In this experiment, grain boundary o does not appear
clearly during the cooling of the first annealing due to
the fast cooling rate. Figure 4(a) shows the
microstructure of specimen after the first step of (930 °C,
1 h) and air cooling. It is seen that the grain boundary «
is not distinct, the volume fraction and size of equiaxed a
are less compared with the microstructure in Fig. 2(b)
and S phase transforms to basket-weave microstructures,
and when this microstructure goes through the low
temperature aging, grain boundary a and secondary «
phase in £ matrix precipitate. Noticeably, most of a
colony size in bi-modal microstructure is equal to the f
grain size.

Microstructure of samples incurring STA shown in
Fig. 2(d) consists of equiaxed a phase and transformed /8
in which needle-like a phase or martensite a’' phase
emerges. Grain boundary a is hard to be distinguished.
Due to the faster cooling rate after the first solution
treatment of (930 °C, 1 h) and water cooling, the
microstructure is fairly different from that of
duplex annealing, the size and volume fraction of
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Fig. 4 OM micrographs of specimen after the first step before
low temperature aging: (a) 930 °C, 1 h, AC; (b) 930 °C, 1 h,
WC; (c) (930 °C, 1 h, AC)+(900 °C, 1 h, AC)

equiaxed o phase decrease and the secondary o phase
shows needle-like (or acicular) instead of platelet
morphology. However, what happened during the
soaking at (930 °C, 1 h) is totally the same to the DA
which shows the significant effects of different cooling
rates on the microstructures. Water cooling restrains the
precipitation of grain boundary a and the growth of
equiaxed o, prevents the transformation of £ phase into
platelet o, and changes the diffusion controlled
transformation into the diffusionless one. Hence, the
resulted microstructure of water cooling (see Fig. 4(b)) is
equiaxed a and o'+f [14]. VENKATESH et al [7] found
that after water quenching at a high temperature in o+f
phase field and subsequent aging at a low temperature
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the microstructure mainly consisted of primary a and
o'+f instead of a+f in Ti—6Al—4V ELI alloy, and the
subsequent aging resulted in precipitation of some fine
secondary o phase in the meta-stable § phase. The same
result is obtained in this experiment which is confirmed
by XRD test shown in Fig. 2(f). This illustrates that the
M; (the temperature at which the transformation of § to
martensite a'stops) of TC4-DT alloy is lower than room
temperature.

Microstructure of sample after TA treatment as
shown in Fig. 2(e) has the same morphology to that of
DA treatment (Fig. 2(c)) though the cooling rate after
deformation is different. The only difference is the larger
size of primary a phase and secondary a phase and more
volume fraction of primary a phase. This is not difficult
to understand when coming to the microstructure
evolution during every stage of TA. Water cooling after
deformation maintains the distorted energy (see Fig. 3) in
material to room temperature, and when the material is
heated to the first temperature of 930 °C, the distorted
energy together with the high temperature heating
supplies with the driving force for recrystallization of
both a and . At the second heating of (900 °C, 1 h),
element diffusion takes place further and leads to coarser
recrystallized a. Figure 4(c) shows the microstructure of
sample after TA treatment before low temperature aging.
It can be seen that the amount of primary o phase is more
than that in Fig. 4(a) which has only once annealing at
930 °C. Coarser secondary o clearly appears in the
primary £ matrix and grain boundary o is also
precipitated along primary S grain. Low temperature
aging makes the microstructure coarser.

Quantitative test was conducted through image
analysis software and microstructure features including
micro-constituents and morphology, primary o content
(area fraction of primary a phase) and prior-§ grain size,
D, grain boundary a width, /,, secondary o thickness, /,,,
in the primary f matrix at different heat treatment
conditions are summarized in Table 4. However, /, in the
specimen B was not confirmed due to its special
microstructure characteristics. From Table 4, it can be
concluded that the volume fraction of primary a and the
sizes of a and f are mainly determined by the annealing

Table 4 Microstructure features at different heat treatment conditions

temperature and cooling rate, and the same result was
also obtained by SEMIATIN et al [8], while the width of
secondary o and grain boundary a is mainly determined
by the cooling rate [15,16] and the low temperature
aging. It can be seen from Table 4 that higher annealing
and aging temperature and lower cooling rate lead to the
decrease of the volume fraction of primary a and the size
of prior-f and the increase of the width of grain boundary
o and secondary a.

In atp alloys, the most important parameters
controlling the mechanical properties are the volume
fraction of transformed S, a colony size (primary S grain
size) and the width of secondary a and grain boundary o
[17]. Figure 5 shows the tensile property variations with
the above mentioned microstructure parameters. As seen
in Figs. 5(a) and (b), the volume fraction of transformed
J phase and the prior-£ grain size have the same effect on
the tensile properties, that is, with the content and size
increasing, the UTS, YS and reduction of area increase,
although not so significantly for the reduction of area.
The highest strength and reduction of area are obtained
during STA treatment, whereas the lowest elongation is
received. However, the widths of grain boundary o and
secondary a have the opposite effect on the tensile
properties, that is, with the width increasing, the tensile
strength and reduction of area decline, and the elongation
increases. In this experiment, the reduction of area has a
contrary change with the elongation. From Fig. 8 it can
be also seen that when the volume fraction of primary a,
prior-f grain size and the widths of grain boundary « and
secondary o within £ grain vary in the specimens B, C
and E, the effect on the tensile properties is not so
significant. The sharp changes are reached for sample D
compared with other samples.

Figure 5 shows the effects of microstructure
parameters on the tensile properties. In fact, the tensile
properties are the results of the combined function of all
the factors [18], so when analyzing the relationship
between the microstructure and tensile properties, this
combined function should be taken into consideration.
DONACHIE [19] found that the effectiveness of
strengthening in titanium alloys appeared to center in the
number and fineness of a/f phase boundaries. Annealing

Specimen Micro- « phase morpholo Content of  Dy/ L/ L
No. constituent P Tprology primary /% um pm pm
i i i +

B atp Equiaxed and stripped primary « . . 6777 755 — 065

some amount of & plate nucleated and grown in  matrix
C otp Equiaxed primary a-+grain boundary a+platelet o in f matrix 38.68 9.72 0.83 0.48
ota+p Equiaxed primary o+ acicular a in  matrix +o’ 26.05 14.06 0.37 0.20
E otp Equiaxed primary a-+grain boundary a+platelet o in f matrix 44.12 922 1.00 0.57
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Fig. 5 Tensile properties of TC4-DT alloy with different microstructure parameters of specimens B, C, D, E: (a) Volume fraction of
phase; (b) Prior-a grain size; (c) Grain boundary a width; (d) Secondary o width

and rapid cooling, which maximized o/f boundaries for a
fixed primary a content, along with aging, which may
promote additional boundary structure, can significantly
increase strength. In this study, STA has obtained the
highest tensile strength but the lowest tensile ductility.
The reason can be explained with the theory above.
Water cooling on one hand hinders the growth of primary
a, which gives rise to more S phase (73.95%) when
cooling to room temperature, on the other hand makes
the grain boundary a and secondary o precipitated finer
during aging (0.37 um and 0.2 um respectively). This
can augment the grain boundaries which are the most
effective way to obstacle the dislocation movement [20].
Figure 6(a) shows the TEM image of the specimen D
under STA. It can be seen that besides the primary a, the
secondary a is very fine with the average thickness of 0.2
pum, and the crystal orientation is also different from each
other. Generally speaking, the finer the f grain size is,
the higher strength it will be obtained according to the
Hall—Patch formula. However, in the STA situation, the f
grain size is the largest with the diameter of 14.06 pm,
hence it may be accounted for that the positive effect of
finer acicular a on strength exceeded the negative effect
of the large S grain size. The second factor influencing

the strength and ductility in STA can be ascribed to the
retained o which did not decompose to a during aging.
XRD and TEM have confirmed the existence of the
martensite o' as shown in Fig. 2(f) and Fig. 6(b).
According to Ref. [21], the contribution of martensite o’
to strength is only moderate but it can deteriorate the
ductility severely, so caution should be exercised to
avoid a' phase in heat treatment [14]. However, in the
solution treatment and aging, the ductility is still at a
high level compared with other research owing to the
low content of martensite o'

Tensile ductility is mainly determined by two
factors, one of which is crack nucleation resistance being
the dominating one, and the other is crack propagation
resistance with a certain influence [11,22]. The former
depends strongly on effective slip length (« colony size)
and a layers at § grain boundaries [10,23]; the shorter the
slip length and grain boundary o are, the higher ductility
it will be acquired. In this work, the highest elongation
was obtained in the deformed specimen A due to the
nonexistence of grain boundary a. However, the ductility
in all the heat treatments remains at a high level. That
may be ascribed to the small § grain size (the largest one
is 14.06 um in solution treatment and aging) leading to
smaller a colony size.
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Fig. 6 TEM images of solution treated and aged specimen: (a)
Secondary a; (b) Martensite a

4 Conclusions

1) Thermomechanical treatments at a+f phase field
have a significant influence on the morphology of a and
volume fraction of primary a, but have a less effect on
micro-constituent. The volume fraction of primary a and
the size of prior-f decrease with the increase of
annealing temperature and the slower the cooling rate,
whereas the width of grain boundary a and secondary a
increases with the decrease of the cooling rate and the
higher the aging temperature.

2) The highest tensile strength is obtained for the
STA specimen at the expense of slight decrease of
ductility with the UTS, Y'S, elongation, reduction of arca
1100 MPa, 1030 MPa, 13%, 53% respectively, while the
compromise of strength and ductility has been reached
by DA with the above values 940 MPa, 887.5 MPa, 15%,
51%, respectively.

3) Analysis between microstructure parameters and
tensile properties shows that with the volume fraction of
transformed f phase and the prior-f grain size increasing,
the UTS, YS and reduction of area increase, and the
elongation decreases, whereas the width of grain
boundary « and secondary a shows a contrary effect on
the tensile properties.

4) A large amount of f phase plus finer grain

boundary o and secondary a and some retained o
improve the strength greatly during the STA but have a
negative effect on ductility. Elimination of grain
boundary a can enhance ductility with no heat treatment
and mill annealing conditions and small f grain size
improves the ductility by reducing the slip length or
grain boundary o length under all conditions.
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