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[ Abstract] Using Instron 1342 at a displacement rate of 0. Smm/ min, tensile tests were conducted in hot-rolled and an-

nealed commercial pure titanium at room temperature and 77 K, respectively. Fracture surfaces and microstructures after

tests were investigated by SEM and TEM respectively. The results show that both the strength and the ductility of titanr

um at 77K are higher than those at room temperature. The main deformation mode of pure titanium changes from slip-

ping at room temperature to twinning at 77 K. Twinning induced plasticity is put forward to interpret the abnormal high

ductility of titanium at low temperature of 77 K.
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1 INTRODUCTION

Pure titanium is used widely in power stations
and chemical plants because of its excellent physical,
chemical and mechanical behaviors. The absence of a
ductile-brittle transition in pure titanium results in
satisfactory strength and ductility at cryogenic tem-
perature. Therefore, pure titanium is a very potential
candidate material used in the low temperature condi
tion where materials with high strength and good
ductility are required, and investigation on the me-
chanical behavior of pure titanium at cryogenic tem-
perature is very necessary. As for pure titanium, the
abnormal high ductility at 77K has been reported .
Moskaleko et al'?! studied tensile stress-strain curves
as well as microstructures at 393~ 135K and used the
theoretical disclination model to interpret the mi
crostructure formed in titanium at low temperature.
But the explanation of higher ductility at low temper-
ature has received little attention. In this paper ten-
sile tests are carried out in hot-rolled and annealed
pure titanium at room temperature and 77 K respec
tively. The fracture surface and microstructure are al-
so studied by means of SEM and TEM observation re-
spectively. Finally twinning induced plasticity is put
forward to interpret the higher ductility at 77 K.
Moreover, this will give a new way to strengthening
and toughening titanium alloys besides traditional
method! >

2 EXPERIMENTAL

The commercially pure titanium was supplied as
hot-rolled bars with diameter of 16 mm. The chemical

The microstructure
of hot-rolled titanium includes equiaxed a grains and

composition is given in Table 1.

some elongated a grains. The hot-rolled pure titani-
um bars were annealed at 1023 K for 2h in vacuum.
The average grain size after annealing is about 40 Pm.
Cylindrical specimens with 7. 5 mm minimum diame-
ter and 13 mm gauge length were machined from the
titanium bars. Tensile tests were conducted at room
temperature in air and 77 K in liquid nitrogen, using
Instron 1324 at a displacement rate of 0. 5 mm/min.
A cryostat was designed to be full of liquid nitrogen
during tests, the specimen was fixed in it and pre
cooled for 15 min in liquid nitrogen before tensile
tests. The load-displacement curves were recorded by
an X-Y recorder. Fracture surfaces were examined by
a scanning electron microscope HITACHF2700, and
microstructures were observed in a transmission elec
tron microscope JEOL200CX with the thin foils pre-
pared by jet electrolytic polishing on both sides.

Table 1 Chemical compositions of pure titanium

(w/!%)
Fe Si C H N (0) Ti

0.12 0.105 0.02 0.001 0.019 0.15 Bal

for tests

3 RESULTS AND DISCUSSION

3.1 Stress strain response in tensile tests

The data of strength and ductility of hot-rolled
and annealed pure titanium are given in Table 2. The
stress-strain and true stress-strain curves of pure tita-
nium at room temperature and 77K are shown in Fig.
1(a) and Fig. 1(b) respectively. The strength and
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Fig. 1 Tensile stressstrain curves of pure titanium
(a) —Engineering stressstrain at 77 K; (b) —True stress strain curves
1 —Hot-rolled titanium tested at 77 K; 2 —Annealed titanium tested at 77 K;
3 —Annealed titanium tested at room temperature; 4 —Hot rolled titanium tested at room temperature

ductility at 77K are higher than those at room tem-
perature for hot-rolled and annealed pure titanium.
The stressstrain curves of titanium at room tempera
ture remain smooth after yielding, while at 77 K the
stressstrain curves become serrated. The true stress
strain curves are obtained according to the following
equations: e= In(1+ € and s= O(1+ €. The work
hardening curves change from quastparabola at room
temperature to nearly line at 77 K.

Table 2 Tensile strength and ductility

Sample  T/K 09.2/MPa 0/MPa &% &/ %
293 356 454 50.3 625

Hotrolled  “77°  4g) 899 651  69.4
Aoneaed | 293 307 495 347 48.0
77 463 860  57.8  74.9

3.2 Fracture surface observation

Fig. 2 gives the typical SEM micrograph of frac
ture surface of hot-rolled pure titanium at room tem-
perature. The fracture surfaces at room temperature
are characterized by the equiaxed dimples, which
spread all over the surface. The SEM micrograph of
fracture surface at 77K is shown in Fig. 3. Apparent-
ly it is different from that at room temperature.
Many flats are observed in the middle of surface at
low magnification, as seen in the left part of Fig. 3.
The flats distribute along the direction nearly normal
to that of the crack propagation. Equiaxed dimples
are observed in the surface of flats at higher magnifi
cation, shown in the right part of Fig. 3. Fracture
surfaces at room temperature show that crack grows
through initiation, growth and coalescence of mr
crovoids. However, at 77K, the flats (or regarded as
tongue-like pattern) imply that crack grows through
separation of interface between twin and matrix be-
sides the microvoid mechanism.

3.3 TEM observation of microstructure
T he microstructures after tensile tests were studr

Fig.2 Microstructure of fracture surface
at room temperature

Fig. 3 Microstructure of fracture surface at 77 K

ed by TEM in the foils prepared normal to the stress
axis, as shown in Fig. 4 and Fig. 5. Fig. 4 shows the
dislocation cells at room temperature. Twin is seldom
observed in the microstructure. This indicates that
dislocation slipping is very active in the plastic defor
mation. Twins formed in the tensile tests at 77K are
shown in Fig.5. Twins are also found in Tr 2. 5Cu
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Fig. 4 Microstructure of pure T1i at
room temperature

Fig. 5 Microstructure (a) and electron disffraction
pattern (b) of pure Ti at 77K

and Tr5AF2.55n deformed at 77K. Apparently,
with temperature decreasing twinning becomes an im-

(=7 It is con-

portant deformation mode in titanium
sidered that twinning contributes to the ductility of
pure titanium at 77K through two aspects. One is
that twinning shear can induce tensile strain, which
can be calculated by'®!

&= [1+ S+ (S%2)1"*- 1 (1)
where S is twinning shear and & is the maximum

tensile strain. The twinning shears of six systems in

titanium have been reported. According to the report-
ed data, the maximum tensile strains in titanium are
calculated by Eqn. (1) and the results are given in
Table 3. As aresult, twinning increases the strain in
the plastic deformation of pure titanium at 77K,
which leads to higher ductility. The other is refine-
ment of original grains by twins. Fig.5(a) shows
some intersected twins, and their diffraction micro-
gragh is shown in Fig. 5(b) where obvious diffraction
rings are formed. This means that the twins in
Fig. 5(a) have refined the original grains. It is well
known that plasticity increases with decreasing size of
grains. As we know TRIP steel has been developed
based on martensite transformation induced plastici-
ty. Since twinning is very similar to martensite trans-

formation! !

, so twinning induced plasticity is sug-
gested to interpret the abnormal high ductility of pure

titanium at 77 K.

Table 3 Tensile strain induced by
twinning shear in titanium
Twin {1011} {1012} {1121} {1122} {1123} {1124}
mode  (1012) (1011) <1126) (1123) (3362) (1121)

Twinning o 105 0 167 0.638 0.225 0.553 0.254

shear

T ensile
strain

0.05 0.09 0.35 0.11 0.29 0.13
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