JOURNAL OF MATERIALS SCIENCE34 (1999) 509-513

Dynamic tensile properties of Ti-47Al-2Mn-2Nb
alloy

Y. WANG, D. LIN (T. L. LIN)*

Department of Materials Science, Shanghai Jiaotong University, Open Laboratory of
Education Ministry for High-Temperature Materials and Tests, Shanghai, 200030, PR. China
E-mail: dllin@mail.sjtu.edu

Y. ZHOU, Y. XIA
Department of Modern Dynamics, University of Science and Technology of China, Hefei,
Anhui Province, 230026, PR. China

C. C. LAW
Materials and Mechanics Engineering, United Technologies Corporation—Pratt & Whittney,
400 Main Street, East Hartford, CT 06108, USA

Room temperature tensile properties of polycrystal Ti-47Al1-2Mn-2Nb alloy with near
lamellar (NL) microstructures were investigated at the strain rates between 10~° and
1000s~" using a self-designed Split-Hopkinson tensile bar setup with a rotating disk and
conventional testing machine. It was found that tensile ductility varies within a narrow
range with the strain rate, while dynamic strengths (o4) of the alloy are obviously higher
than static strengths (o5). There exists linear relationship between o5 and the logarithm of
the strain rate (In¢), and between o4 and the strain rate itself (¢). Fractography analysis
indicates that the alloy fractures in a mixed mode of predominant transgranular cleavage
and minor intergranular cracking under static and dynamic strain rates. Environmental
effect is excluded from the main cause for the room temperature brittleness of the
investigated alloy. © 1999 Kluwer Academic Publishers

1. Introduction ing a self-designed Split-Hopkinson tensile bar (SHTB)
Two-phase titanium aluminides, which are composed setup and found some interesting dynamic tensile be-
of a major phase of/—TiAl and a minor phase of haviors of the investigated intermetallics. In this pa-
ax—TizAl, are receiving increasing attention becauseper, the same SHTB setup is used to study tensile pro-
of their high specific strength and stiffness, excellentperties of polycrystaline Ti—47Al-2Mn—-2Nb alloy with
oxidation resistance, and low density [1]. As the al-near lamellar microstructure under the strain rates be-
loys are expected to be used as structural material$ween 20 and 10s~1. For comparison, static tensile
their mechanical properties have been investigated inproperties of the same alloy are also investigated using
tensively and extensively. However, the investigationconventional tensile techniques.

is far from being complete. In the course of machin-

ing and future utilization, TiAl alloys are possibly sub-

jected to dynamic or shock loads, which necessitate2. Experimental procedures

the knowledge of mechanical properties at high strainThe investigated alloy, referred to TIAIMNNb alloy
rates, or dynamic strain rates. Unfortunately, most ohereafter, has chemical composition of Ti—47 at%
the numerous research efforts conducted up to now oAl-2 at% Mn-2 at% Nb. Its preparation has been
the mechanical properties of TiAl alloys are limited accounted for elsewhere [11]. Its initial microstruc-
to static or quasi-static loading, whose strain rates arture was etched by a mixture of 2.5 vol%HF
less than 10*s~2. Chinet al. [2] and Maloyet al. [3-7] 2.5 vol % HNG; + 95 vol %H,0 and observed by a
investigated mechanical response to dynamic compredNeophot—Il optical microscope.

sion in Ti-48Al—-(5-15) vol % TiB, and in some inter- Plate tensile specimens were cut from the plates by
metallic alloys, including Ti—-48AlI-2Nb—2Cr under the EDM (electro-discharging machining) and then the sur-
strain rates of 500 and 2000 respectively. More faces were carefully ground to about 0.5 mm deep using
recently, Wanget al. [8] and Cheret al. [9, 10] investi-  emery paper to remove the damaged materials. Finally,
gated dynamic tensile properties oP&[8], Ni Al [9] the specimens were electro-polished to remove surface
and polysynthetically twined (PST) TiAl alloys [10] us- scratches [11]. Static tensile tests were conducted on a
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2 1 is cross-section area of the tested part of the specimen.

AN 4 6 Input strain wave; (t) and reflective strain wavs (t)
B 1l =7 =t ] _ are measured by strain gauges (7) on the input bar while
T the transmissive strain waggt) is measured by strain
A gauges (7) on the output bar.
. ) Fracture surface of specimens tested at static and dy-
Superdynamic Tansien omputer . . . .
oainmeter | ] o namic strain rates were studied under S520 scanning

electron microscope (SEM), operated at an accelerat-
Figure 1 Sketch of dynamic tensile setup 1—hammer 2—block 3— ing Voltage of 20 kV.
short metal bar 4—input bar 5—specimen 6—output bar 7—strain
gauges.
3. Results
The initial near lamellar microstructure of the investi-
gated alloy is shown in Fig. 3. Fig. 4 presents a typi-
cal dynamic tensile curve and corresponding strain rate
. versus strain curve. Upon tension, the strain rate rises
mens is 15< 3.5 x 2 mm.

promptly, monotonously, and smoothly. It reaches and

Dynamic tensile tests were carried out on a self-__. " . _
designed Split-Hopkinson tensile bar (SHTB) appara—mamtams at alevel approximate to the anticipated value

tus whose setup and measuring principle, accounted for
in details elsewhere [8-10], are shown in Fig. 1. The , ===
specimen, whose shape and size are shown in Fig. 2, Z&/

{
W
o

was glued to the slots in the ends of input and output 4 * “5& 7»
bars (4 and 6). As the hammer (1) on the high-speed « .~~~ Z;
rotating disk (not drawn in Fig. 1) impacted the block %%
(2), the short metal bar (3), which is made of strain rate-
insensitive aluminum alloy and was connected with the |
block, was deformed to breaking and an approximately
rectangular input stress impulse was produced and '
transmitted through the input bar (4) to the specimen
(5). One part of the input impulse was reflected to the
input bar and the other part was transferred to the output !
bar (6). The wave signals were recorded on a transient i}k/
converter through a superdynamic strain meter. =

For the input and output bars made of the same marigyre 3 Initial microstructure.
terial and having the same area of round cross section,

Shimadzu AG-100kNA testing machine at room tem-
perature under the strain rates of 0104, 1073,
102, and 10 s1. The gauge size of the static speci-

according to the supposition of one-dimension wave gy, 104
and homogeneity of stress and strain in the specimer ]
the measuring formula of straixft), strain rates(t) and ]
stressy (t) of the specimen are as follows: 600 1103
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whereE, A, andCg are the Young’s modulus, cross-
section area, and elastic |0n9|tUd|nal wave speed of iNigyre 4 Dynamic tensile curve and corresponding strain ratstrain
put and output bars, respectively, the length, and\y  curve.
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Figure 2 (a) Configuration of specimen and (b) its connection with input and output bars.
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TABLE | Strain rate sensitivities afp 2 andoy, in TIAIMnNb alloy

os=A+Blng¢ og=A+BlIne og=C+ D¢
A, MPa B, MPa A, MPa B, MPa P C, MPa D, MPas P
002 455.0 8.54 429.00 19.33 0.79775 495.52 0.093 0.94931
ob 458.5 6.89 460.46 26.96 0.82853 554.06 0.128 0.97341
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Figure 5 (a) Variation of strengths and (b) elongation with the strain rate in TIAIMNNbD alloy.

before the tested specimenyields. Moreover, nonconstiat 103 s~ to 0.2% between 1¢~10"1s1. However,

tute oscillation, which inevitably shows up in dynamic when the strain rate increases further to 2§ the elon-

compressive curves reported in literature [3-6], doegjation increases again. Dynamic elongation increases

not occur in all dynamic tensile curves in this study.  slightly with the strain rate except for the abnormally
Fig. 5a and Fig. 5b demonstrate the variation of ten{ow ductility around the strain rate of 700% It should

sile strength (including yield strenggi > and ultimate  pe pointed out that owing to the low room temperature

tensile strengtl,) and the elongatiof with the strain  ductility of the investigated alloy, the elongation varies
rate. Although botlg 2 andoy, increase monotonously  within a very narrow range (0:20.8%).

with the strain rate in the whole investigated strain rate Typical static and dynamic tensile fractographs
range, the relationship between static strengthand  shown in Fig. 6 exhibit no obvious difference between
the strain rate: can be better fitted as the following static and dynamic fracture modes. Both fractographs
semi-logarithm linear equation point to a mixture of predominate transgranular cleav-
) age and minor intergranular failure.
os=A+Blné @ 2 g
where regressive coefficients A and B are listed

. ) . , . 4. Discussion
in Table I, while the relationship between dynamic o . . :
strengths and the strain ratecan be better fitted as The less than 1% elongation manifests the brittleness

the following direct linear equation of the investigated alloy. Room temperature static brit-
9 9 tleness in TiAl alloy has been attributed to low mobility
o4=C+ Dé (5) ofdislocation[12], directional bonds of Ti-Tiand Ti-Al

[13], low cohesive strength along/y andy /a; inter-
where the regressive coefficients C and D are also listeface [14], and environmental embrittlement [15]. The

in Table I. The advantage of Equation 5 over Equation 4environmental embrittlement in TiAl alloys involves

in fitting the relationship betweesy ande is reflected  the reaction of Ti and Al atoms with moisture in the

by the higher relative coefficiengsbetweensy ands  air, which generates atomic hydrogen that penetrates

than that betweesy and Ins (Table I). into crack tips to reduce overall tensile ductility [15].
Elongation fluctuates with the strain rate within the It should not be blamed mainly for the low ductility of

investigated strain rate range. It decreases from 0.7%iAIMnNDb alloy. If the environmental effect played a
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Figure 6 SEM fractographs of TIAIMnNb alloy at the strain rates of (aj 4@~ and (b) 1§ s1.

main role, the ductility would increase when the strainrange energy barrier to be overcome by a moving dis-
rate is raised from 16 s™! to 10°~10"%s71. But, in  location, V is activation volume, and effective stress
fact, the elongation decreases from 0.7% at®0! t* =1 —1,, wherer is external applied stress, while
t0 0.2% between 1¢~101s~! (Fig. 4b). The contra- 7, is long-range internal stress and is almost indepen-
diction between the expectation and experimental resulient of temperature and the strain rate. To the first ap-
rules out the possibility of environmental embrittiementproximation, where V does not vary wittt, Equation

as a main cause for room temperature static brittleness can be converted into

of the investigated alloy.

The dynamic brittleness should not be attributed to =1, + AR + k_T(m;9 —In &) 7)
the environmental embrittlement, either. As elonga- \% \
tion is less than 1% and the strain rate ranges fro
20~10°s1, the whole dynamic plastic deformation is
completed within 10°5~103s. It is hardly possible,
in such a short time, for atomic hydrogen to generat
through chemical reaction and diffuse into crack tip s
as to embrittle the alloy. Although dynamic ductility, on
the whole, does increase slightly with the strain rate, i
should attributed to another mechanism, which remain
to be investigated further.

Fig. ba indicates that dynamic strength of TIAIMnNNb
alloy is obviously higher than static strength, which is
similar to the compressive cases reported by @h.

[2] and Maloyet al.[3]. The former found that compres-

sive strength jumps from 6501050 MPa at 10°s! h . . locity of the dis| ion. b is th
to 1750~1700 MPa at 500°¢ in Ti-47ATiB, [2],  Wnere Vs moving velocity of the dislocation, bis the
' _.._magnitude of its Burgers vector, & called drag co-

while the latter found that compressive strength leaps ... =. L .
from 900 MPa at 10*s-1 to 1150 MPa at 20002 in efficient andy macroscopic viscosity. Because the low

4 pa.
Ti—48AI-2Cr [3]. All of these results share a common yalue (usually between 16 and 10 Pa: s) of B, o

characteristic of dynamic strengthening, irrespective ogrgﬁglr'agt'gle’ unless at high moving speecr high
tension or compression. '

. . . If the strain rate is higher than a critical valegor,
Furthermore, static and dynamic tensile strength O]:e uivalently, the externally applied stress is higher than
TiAIMnNb alloy varies with the strain rate in different q Y yapp 9

ways: the former observes Equation 4 while the Iatte'?aﬁmelzceali(;/ralU(l:e);Cr’ritgreog:Slgcii?grr?;/lirtigrsnsegr%?rr\]grr;al
observes Equation 5. Equation 4implies a thermally acécti?/ation cggases makir?/ )e/ffect As a resu1lt the stress
tivated plastic deformation while Equation 5 suggests a 9 : '

viscousdislocation-motion-controlled plastic deforma—component that balances the drag resistapcghould
' o | i bet — 1,
tion, which is elucidated as follows:

The strain rate of thermally activated plastic deforma-
tion, in analogy to Arrhenius equation, can be written
as [16],

"Given the temperature, as long as + AF/V —
(KT/V) - Ingg, and kT/V are independent of the strain
e(ate, Equation 7 is identical to Equation 4 and also
shows a linear relationship between the flow stress and
Ine.

Onthe other hand, according to dislocation dynamics
16], any moving dislocation dissipates its moving en-
ergy to the surrounding, and such dissipation is equiv-
alent to the exertion on it of a drag resistance force,

which depends linearly on the strain rate

=B"-v/b=rné (8)

D=T—T 9)

Combination Equation 8 and Equation 9 will result in

& =g exp{—[AF—/o V(t*) dt*:|/kT} (6) T=1.+n¢ (10)

wheresy is a constant, almost independent of the tem-which is identical to Equation 5 consideriag=f - z,
perature,AF is the height of rate-controlling short- where f is Taylor factor.
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The transition from Equation 4 to Equation 5 in the tergranular cracking under static and dynamic strain
relationship between the flow stress and the strain rateates.

is usually expected to occur around®30? or higher
[17]. Such expectation is derived from compressive

data. Because of the inherent shortcomings in SHPBy¢cknowledgements

ing, the tested specimens are not compressed undefe®ce Foundation of China and United Technologies—
constant strain rate, and the yield point is difficult to pyatt & Whittney Company, USA.

determine because of the severe nonconstitute oscilla-
tion in the early section of dynamic compressive curve.
The expectation is, at most, only valid for large plas-
tic strain deformation, where nonconstitute oscillation
disappears, and cannot apply to uniform-strain-rate dy-,
namic tensile yield points. In fact, the critical tensile
strain rates¢ in Ti alloy was shown to be around 50's

[18], which is approximate to the critical value in this 3
paper. Even for compression, the leap in the compres-

sive strength in Ti—-48AI-TiB alloy from 500MPa at 5
10~3s~! to 1000 MPa at 5008 by Chinet al.[2] can

be well interpreted by the transition in rate-controlling
mechanism from thermal activation process to viscous®:
motion, which also points to a critical strain rate less

than 50052, not so high as pointed by [17]. "

5. Conclusions 9
1. Dynamic tensile strengtdy in Ti—47Al-2Mn—2Nb
alloy is obvious higher than static strengthat room

temperature. There exists a linear relationship betweetf:

static strengthss and the logarithm of the strain rate
(cs=A + Blng), and between dynamic strengtl
and the strain rate itselib§ = C + D¢), which sug-
gests that the rate-controlling dislocation mechanism

for plastic deformation changes from thermal activated-%

process under static strain rates to viscous motion undet,
dynamic strain rates.

cause for the room temperature brittliness of the inves;
tigated alloy.

11.

.M.
14.
2. Elongation of the investigated alloy at room tem-15.

perature fluctuates within a narrow range with the strairié.
rate. Environmental effect is excluded from the mainl’:
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