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Abstract: As candidate of structural material for advanced domestic aircraft, a new high strength and toughness ti-

tanium alloy T C21 was studied focusing on forging technology and microstructure as well as mechanical properties.

Two specification ingots and bars were adopted. The results show that basket-weave microstructure is obtained in

bars produced by beta finish-forging method; while duplex or trrmodal microstructure appears in bars manufactured

by nearbeta forging technology. Essential reason affecting structure characteristics is the difference in forging tem-

perature and deformation amount. Variation in lamellar spacing results in fluctuation of properties corresponding to

basket-weave microstructure; however, ideal matching of properties can be reached by nearbeta forging.

Key words: titanium alloy; bars; beta forging; nearbeta forging; microstructure; mechanical property

CLC number: TG 146.23, TG 115, TG 319

Document code: A

1 INTRODUCTION

New alloys have been developed for various
demands'". Advanced titanium alloy with high
strength and toughness is one of the important de-
velopment directions in the related area'”. TC21
titanium alloy is a new (a+ B) high strength and
toughness alloy that belongs to TrAFSn-Zr-Mo-
CrNb-Si system. This alloy was patented in
China'”, and quite promising for the structural
parts of advanced aircraft. Several papers described

|

its characteristics recently'™ . Though forging

techniques of titanium alloys have been broadly in-

vestigated' ™ *

, the forging technology suitable for
T C21 alloy is still a novel project.

Beta forging is a kind of hot deformation
process, in which heating and forging are carried
out above phase transus of a studied alloy. This
process is often applied in the conventional forging
of titanium alloys, especially in cogging of ingots
and deformation of semrproducts, sometimes in

=42 .
. Conventional

finished forging of products’’
two-phase forging is another hot deformation
process, in which heating and forging are carried
out at temperature below 40 =~ 50 C of phase tran-
sus. Nearbeta forging is an advanced hot process

technique invented by ZHOU and ZHANG'", in

which heating and forging are carried out at tem-
perature below 10 =20 C of (a+ B)/ B phase tran-
sus, in order to obtain the favourable alFround
properties of the alloy. At present, the nearbeta
forging was successfully applied to TC11, TAIS,
and TC17 alloys'*" .

T he purpose of this paper is to prepare T C21
alloy bars by near-beta forging technique, compare
this technique with typical beta forging process,
and evaluate the possibility of nearbeta forging
method in manufacturing of T C21 alloy bars.

2 EXPERIMENTAL

T ested materials were derived from 350 kg in-
got and 1 t ingot, which were VAR-melted by
Northwest Institute for Nonferrous Metals Re-
search (NIN). The squaresection billets with size
of 200 mm x 200 mm were prepared via bete
cogging and conventional two-phase forging
processes, and the finished bars of d90 mm and
d180 mm were made by beta or nearbeta forging
methods. Quenching metallograph method was a
dopted to measure phase transus of TC21 alloy bil-
lets, that is, samples were heated to certain tem-
perature within 940 =970 C region at intervals of 5

‘C, held for 45 min and water quenched, then the
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transus was determined by analysis of microstruc
ture for the quenched specimens eventually. Beta
forging of the finished bars was carried out at tem-
perature of Ts+ 30 C, while near-beta forging was
done at temperature of Ts— (10 = 20) C. Hot
pressed bars were prepared by 1 600 t hydraulic
press. Heat treatment of phase transus-determina-
tion samples was completed in tube furnace with
temperature precision of £2 C, and heat treat-
ment of the finished bars was performed in box re-
sistance furnace with temperature precision of *5
C. The samples for mechanical property measure-
ment were cut by spark machine, according to the
relative GB standards. The gauge size of tensile
specimens is d5 mm X 25 mm, and size of CT frac
ture toughness specimens is 20 mm X 48 mm x 50
mm. Measurement of mechanical properties was
carried out by INSTRON materials test system,
and microstructures were observed under OLY M-
PUS optical microscope.

3 RESULTS AND DISCUSSION

3.1 Transus measuring of TC21 alloy billets

Phase transus ( Ts) measurement of TC21
alloy semrproduct (200 mm % 200 mm square
billets) should be determined before the criterion
of beta forging and near-beta forging is selected,
because the exact forming temperature of two
different upset processes are based on it. Typical
transus measured photographs of 1t ingot of T C21
alloy is shown in Fig. 1. Typical structure at 945
C is displayed in Fig. 1(a); and the area with pri-
mary alpha phase at 955 C is represented in Fig. 1
(b). The result shows that beta phase transus
(Ts) of this batch of material is (950 £5) C. The
same transus T's of billets from 350 kg ingot is also
determined, indicating the stable melting process.

3.2 Results and analyses of TC21 alloy bars pro-
duced by beta forging

Beta forging tests in beta single-phase region
were performed at 980 C. T he finished products of
d90 mm bars (A-D1) and d180 mm bars (B-D1)
were made from billets of 350 kg and 1t ingots re-
spectively. Both kinds of bars were double an-
nealed, i.e. 900" °C, 1 h AC+ 550" C, 4** h
AC. The micrographs of heat-treated bars at cross
exhibiting basket-
It is observed that the
short and close-packed alpha aciculae mesh exists

section are shown in Fig. 2,
weave microstructures.

in A-D1 bars, and the original beta grain bounda-
ries are not destroyed completely; whereas the
long and straight alpha aciculae or platelets appear
in B-D1 bars, and a few coarse strips of alpha
phase (with width of about 7 Pm) distribute ran-
domly in the grey transformed B matrix.

Tl45mi

10#-A-b 955C/45minWQ
Fig.1 Metallurgical micrographs of

1t ingot billet of TC21 alloy
(2) —945 C; (b) —955 C

Fig.2 Micrographs of TC21 alloy bars

produced by beta forging
(a) —d90 mm bars; (b) —d180 mm bars

M echanical properties of betaforged bars are
listed in Table 1. Bars with diameter of 90 mm ( A-
D1) possess high tensile strength and fracture
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toughness, but low and unstable ductility, which
cannot meet the technique requirements. Analyses
show that the basket-weave microstructure consis-
ting of fine and dense acicular alpha phase increases
micro-crack propagation resistance, resulting in
higher strength and toughness. In the meantime,
the acicular alpha phase and interrupted grain
boundary that configure coarse original beta phase
grain boundary deteriorate deformation coordina-
tion of polycrystal, hence making plastic deforma-
tion instable and decreasing plasticity of the alloy.

Table 1 Transverse properties of Bforged
T C21 bars at room temperature

S G,/ .2/ o Y Kic/ )
MPa  MPa % % (MPa*m'"?)
A-D1 1150 1040 4.0 7.8 78
A-D1 1190 1055 8.0 10 i
BDI 1090 970 14 30 86
BDI 1090 960 12 26 88

Designed 21100 21000 26 210 270

B-D1 bars possess high tensile plasticity and
fracture toughness but low strength, which cannot
meet the technique requirements. Compared with
A-D1 bars, although forging technology is the
same, and heat treatment schedule is also similar,

difference in properties exists. The reason may be
the difference of ingot types and specifications of
bars. Generally, strength of titanium alloys de-
scends as dimension of bars rises, and different
types of ingots may also cause slight discrepancy of
From the
view point of microscopy, the increase in width to

alloy microstructure and properties.

length ratio of alpha platelets may also improve
plasticity and fracture toughness of the studied al-
loy, but decrease strength simultaneously. It is
shown that the lamellar span of basket weave nor-
mally is less than 5 Hm in Fig. 2(a); while lamellar
span normally lies within 10 = 20 Hm in Fig. 2(b).
Corresponding to the specification of mechanical
properties, the moderate lamellar span of 5~ 10 Pm
should be selected. It is considered that the essen-
tial reason causing difference of lamellar span is
due to the variation of deformation extent during
the finished forging. Lamellar span decreases as the
deformation extent increases. At the same time the
grains, subgrains or colonies in microstructure are also
refined and the alloy is strengthened at last.

3.3 Results and analyses of TC21 alloy bars pro
duced by near-beta forging

Nearbeta forging for 200 mm % 200 mm billets

of TC21 alloy from 350 kg ingot was performed at

930 C and d90 mm bars (A-F3) were produced, as

shown in Fig. 3(a). The same processing was also

- 0

G502 ]

Fig. 3 Appearance and microstructures of T C21 alloy bars produced by near-beta forging
(a) and (b) —Bars of A-F3; (¢) and (d) —Bars of B-D0O
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performed to 200 mm %X 200 mm billets of TC21 al-
loy from 1 t ingot at 940 C and d 180 mm bars
(B-DO) were produced, as shown in Fig. 3(c).
Two kinds of bars were also double annealing trea
ted with schedules of 900"”°C, 1hAC +

550" C, 4" h AC. The optical micrographs of
heat-treated bars in cross-section are shown in Fig.
3(b) and Fig. 3(d). Bars of A-F3 exhibit typical
duplex microstructure, with 30% ~ 40% content of
primary equiaxial alpha phase, 57~ 10 Hm diameter
of alpha sphere, and homogenized basket weave
transformed matrix. Particularly, bars of B-DO
show trrmodal microstructure characteristics ( pri-
mary equiaxial a+ acicular a+ Btransformed ma-
trix), with 15% ~20% content of primary equiaxial
alpha phase. The results of mechanical properties
are listed in Table 2, showing appropriate matc
hing of strength, duectility and toughness, meeting
technical specification and the requirements of ad-
vanced titanium alloy candidates.

Table 2 Transverse properties of near- Bforged
T C21 bars at room temperature

Sample a/ @.2/ g RA/ Kic/ .
MPa  MPa % %  (MPa*m"?)
A-F3 1120 1045 9.2 42 78
A-F3 1160 1070 9.2 32 76
BDO 1110 1030 15 38 84
BDO 1140 1080 13 32 81

Designed 21100 21000 26 210 270

It is demonstrated that, during the processes
of near-beta forging, drastic phase transformation
cannot occur in the microstructure of T C21 alloy,
thus basic microstructure characteristics of two
phase forging method maintain. The deformation
resistance of nearbeta forging decreases, because
the forging temperature of near-beta forging is 20~
30 C higher than that of conventional forging.
This is beneficial to promoting the procedure of
plastic deformation, and avoids cracking induced
by lower performing temperature and poor plastici-
ty of the titanium alloy. The near-beta forging can
also increase the proportion of basket-weave struc
ture and promote formation of the trrmodal micro-
structure with ideal synthetic properties. The
effect of each structure element is: the equiaxial al-
pha phases contribute to plasticity; the secondary
alpha platelets contribute to toughness, and the
microstructure refined by appropriate matching of
the two form of alpha as well as existence of trans-
formed beta matrix & contributes to the strength of
the alloy.

Primary alpha content of d 180 mm bars
(B-DO) is less but the content of secondary basket

alpha is more when compared with that of d90 mm
bars (A-F3), thus fracture toughness of trrmodal
microstructure characterized B-DO bars is higher
than that of A-F3 bars. There are three influencing
factors on the structural morphology of the two
kinds of bars: batches of ingots, specifications of
bars, and deformation extent. Authors consider
that the key factor is the difference of deformation
extent during finished upset processes. Deforma-
tion extent of B-DO bars is about 36%; while de
formation amount of A-F3 bars reaches 84%. So,
increase of deformation extent under (a+ B region
facilitates equiaxial structure or spheroidization of
primary alpha phase and the amount of it. Summa-
rily, the trrmodal microstructure is an intermedi
ate microstructure between the basket weave and
the duplex, and thus possesses the features of both
typical microstructures.

4 CONCLUSIONS

1) Basket-weave microstructure exists in beta
forged bars of TC21 titanium alloy. It is difficult
to match microstructure with mechanical properties
during hot processing due to the non-uniformity.

2) The uniform duplex or trrmodal micro-
structures appear in near-beta forged bars of T C21
alloy. The optimized microstructure consists of
15% ~ 40% equiaxial primary alpha, fine basket-
weave and balanced B, which enables the ideal
matching of strength, ductility and fracture tough-
ness of the alloy.

3) The unsuitable match between strength and
ductility can occur in betaforged products easily
with basket-weave microstructure, due to the diffi-
cult control of lamellar span. While trrmodal mi-
crostructure of d180 mm bars with 36% deforma-
tion and duplex microstructure of d90 mm bars
with 84% deformation produced by near-beta forg-
ing method possess ideal mechanical properties.
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