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Abstract: A new high strength titanium alloy containing elements Cr, Fe, Mo, W and Al was designed in order to achieve an excel-
lent combination of ultra-high strength and good fracture toughness. Both the a/f and S heat treatment were introduced to study the
effect of microstructure on mechanical properties of the alloy. The result shows that the alloy with a/f solution plus aging treatment
is composed of mixture microstructures including a few equiaxed or short billet-like primary o phase and fine lamellar secondary «
phase. The alloy has an excellent combination of ultra-high strength and good fracture toughness. The corresponding tensile strength
exceeds 1400 MPa and fracture toughnesses Kic is up to 50.7 MPa -m*2. Compared with the alloy after a/f heat treatment, the alloy
with S region heat treatment presents representative Widmanstatten structure which has higher fracture toughnesses and lower

strengths than the bimodal microstructure.
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S titanium alloys have been widely used in aerospace and
automotive applications due to their higher strength-to
-density ratio enhanced processing characteristics, excellent
strength/toughness combination and superior corrosion re-
sistance ",

For structural materials, the strength and toughness are
considered to be important properties for material selec-
tion and component design®. It is well known that the
optimization of mechanical properties (strength, toughness
and ductility, etc) is achieved by controlling the micro-
structure for titanium alloys'). There have been numerous
studies about microstructure and mechanical properties.
For example, S. Osovski et al ® studied the effects of ma-
terial properties and microstructure features on crack
growth resistance when the fracture mechanism is room
temperature grain boundary ductile fracture. Li Yang et
al ! had discussed the relationship between microstructure
and mechanical properties of aged Ti-1300 alloy. G.
Srinivasu et al " researched the interrelationships be-
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tween rolling and solution treatment temperature, micro-
structures and mechanical properties.

A new g titanium alloy which contains the g stabiliz-
ing elements Cr, Fe , Mo, W and the o stabilizing ele-
ment Al was designed by Northwest Institute for Non-
ferrous Metal Research (NIN) in China. The molyb-
denum equivalent of the new alloy is about 13 according
to the composition and the empirical equation. Its design
is to achieve an excellent combination of ultra-high
strength and good fracture toughness. In the present pa-
per, two heat treatments were carried out to prepare dif-
ferent microstructures of the alloy. The tensile properties
and fracture toughness with two different microstructures
were studied, and the fracture mechanism of the alloy
was analyzed.

1 Experiment

The alloy used in this research was a forged billet with 80
mm in length of side from which cuboid specimens (11 mm
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x11 mm =70 mm for tensile test and 52 mm >0 mm x 25
mm for fracture toughness test) were cut linearly. Fig.1
shows the microstructure of the alloy billet. The micro-
structure consists of primary o phase (white particle in
Fig.1) surrounded by transformed g phase (black zone in
Fig.1). The transus temperature (T;) of the material ob-
tained by examination of microstructure is (88045) <C.

To achieve the desired microstructure, two heat treat-
ments were applied on the microstructure. One was solution
treatment at 900 <C for 2 h followed by furnace cooling (FC)
to temperature of 400 <C and then air cooling (AC). The
other was solution treatment at 850 <C for 1 h followed by
air cooling and then aging at 600 <C for 6 h and f air cooling.
The experimental scheme was given in Table 1. Tensile
tests were performed in air at room temperature using
Instron 1196 testing. The tensile specimens had gauge di-
mensions of 5 mm (diameter) and 50 mm (length). Fracture
toughness tests were conducted using standard CT (compact
tension) specimens with dimensions of about 50 mm x 48
mm %20 mm in accordance with ASTM standard E-399!!
using an MTS810 fatigue testing machine. Microstructure
was observed using a microscope of OLYMPUSPM-G3.
Fracture surfaces of the specimens after the fracture tough-
ness tests were observed using a scanning electron micros-
copy SEM-JSM6460.

2 Results and Discussion

2.1 Microstructure and mechanical properties

Representative material microstructures taken from dif-
ferent heat treatment are shown in Fig.2. It can be seen that
microstructures of the two specimens are obviously differ-
ent. The microstructure of specimen A is a mixed micro-
structure which contains equiaxed or short billet-like pri-
mary o and lots of secondary o phase. SEM micrograph
(Fig.2b) demonstrates the shape of secondary « is fine la-
mellar structure with 200~300 nm in length. While the mi-
crostructure of specimen B is representative Widmanstatten
structure, in which the intracrystalline « colony size ranges
from 100 pm to 300 pm and the width of grain boundary a
is approximately 5 pm.

Fig.1 Original microstructure of the alloy billet

Table 1 Heat treatment schedule

Specimen Heat treatment
A 850 <T/1 h, AC + 600 <C/6 h, AC
B 900 T/2 h, FC 400 <C, AC

Table 2 displays the average tensile properties and frac-
ture toughness of the alloy. It can be found from Table 2,
the ultimate tensile strength of specimen A can exceed 1400
MPa with an excellent fracture toughness, and its K¢ is
50.7 MPa m"2 Compared with other high strength titanium
alloys (Ti-5553, TB10 etc™*), the new alloy exhibits the
better optimization of ultra-high strength and high fracture
toughness. By contrast, specimen B gets clearly lower
strengths value than specimens A, and its ultimate tensile
strength is merely 1041 MPa. The strengthening in /8 heat
treatment is attributed to the fine dispersion secondary al-
pha led to a high resistance against dislocation movement
[ The fracture toughness of a material generally exhibits
a reverse trend to the strength **!. The fracture toughness of
specimen B shows the larger values of K,c=103.6 MPa m".
These differences clearly indicate that fully-lamellar a col-
onies exhibit greater toughness compared with the mixed
microstructure. This theory agrees with the research by
Ghosh et al 16171,

Fig.2 OM (a, ¢) and SEM (b) microstructures of specimen A (a, b) and specimen B (c)
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Table 2 Mechanical properties of the alloy

Specimen uTs/ YS/ EL/ RA/ Kic/ "
MPa MPa % % MPa m
A 1407 1346 10.5 45 50.7
B 1047 1016 19.5 37 110.4

2.2 Fracture morphology characteristics

It is necessary to investigate the fracture morphology
characteristics of the alloy in order to explain the different
effects of two microstructures on the fracture toughness.
Fig.3 exhibits microscopically morphologies of the fracture
toughness specimens A and B. It can be found that these
fracture surfaces of the two specimens have obvious dif-
ference in characteristic. The fracture surface for specimen
A is relatively flat with large secondary crack, but the frac-
ture surface of specimen B is obviously rougher and some
ravines can be observed on its fracture surface. The rough-
ness of the fracture surface corresponds in general to the
degree of the crack deflection &

The crack propagation routes of specimens A and B at
high magnification are shown in Fig.4. Compared to lower
fracture toughness specimen A, the crack propagation route
of specimen B is branched and zigzag. For microstructure
of specimen B, the crack will change its direction when
crack traverses the grain boundary alpha layers or different
direction intracrystalline « colonies which enhance the crack
deflection effect and thus increase crack path tortuosity ™.
These processes require additional energy and result in in-
creased fracture toughness of the material.

Fig.3 Fracture morphologies characteristics of specimen A (a)
and specimen B (b)

Fig.5 shows the fracture surfaces of specimens A and B
at high magnification using SEM. It can be found that there
still exist great differences of the fracture mechanisms be-
tween the two specimens. The fracture surfaces of specimen
A is of ductile intercrystalline crack character, while spec-
imen B shows ductile transcrystalline fracture, separation
surface appears at coarse f grain boundaries and there exist
microcracks besides primary g grain boundaries which will
lead to stress release, thus increasing the toughness’.

10

Fig.4 Crack propagation paths of specimen A (a) and specimen
B (b)

Fig.5 Fracture surfaces of specimen A (a) and specimen B (b)
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