AD-A278 288 racet e - vos 0188

N ] t 1 !
Pty reamit i;l“ I 1.} I }I VP UE TRAMIAIE A ludiag IRE TIMP D) L wiewei JIRETU LUty W e MR '--\I;:\q Gate \uite,
ather oy ane M||| (‘ i | ( ON OF IAIQrMALON  Send COMMER @ (sl g 1y Buiden riliMmale O any Yylher aunect of -
u‘]llf-l TN LI Ll ‘ ! I HEaAQuAr e’ Seruicey LhreCIrate T informanun Qtwatinay w0 W Nemuty 21y jefteeyn

Davnntt (" ewa M oand tiudijet #iperwore Redunnn ' 0ir {0 70<-0188; Warivagran 1C 2030 )
7. AGENC. .. T REPORT TYPE AND DATES COVERED
l Notification o£ Publication
4. TITLE AND SUSTITLE S. FUNDING NUMBERS
"L1,Al T1 based Alloys with Al,Ti Precipitates (IIl):

gormation Behavior of Single Crystals",Acta Met.
et Mat., in press.

6. AUTHOR(S) 611021 23006 AS
D. Pope and Z.L. Wu

7. PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES) 8. PERFORMING ORGANIZATION

' REPORT NUMBER
Univ of Pennsylvania D I l‘

3231 Walnut Street, Suite 200

94-12066

AR mbam

944201)

§

FOSRTR- @ ‘
Philadelphia, PA 19104 ELECTE p 04 0179
APR 211994
9. SPONSORING / MONITORING AGENCY NAME(S) AND SS(ES) 10. :z%:zeﬁ:;g&:}ﬂ:&f&):&:ﬁ
AFOSR/NC

110 DUNCAN AVENUE SUITE BIIS__‘“”‘“ - ,, 4962097~ 1-0019
BOLLING AFB DC 20332-0001

11. SUPPLEMENTARY NOTES
/7{1,)‘(4// /qu*/u Vol ‘/.71' “A/d }ﬂf’ S19- Sl

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED.

Ad...

13. ABSTRALT (Maximum 200 words)

The operating slip systems and flow behavior of single crystalline Algg gTiy7 4Fes g, a two phase
L1,+Al;Ti material, was investigated as a function of temperatures using specimens with compressive axes near
(001}, (1131.{T12], {013] and (133). The material shows a very limited compressive ductility, and fracture occurs by

. cleavage along planes of low indices, such as {011), {001}, {013} and (111}. Slip occurs exclusively on the
octahedral slip systems at low temperawres, and on both octahedral and cube systems at high temperatures. A
b ransition in operating slip systems from octahedral slip to cube slip, similar to the one seen in NizAl-type alloys,
occurs as the temperature increases and as the orientation of the specimens change from near-{001) to near-{111).
The transition in slip sysiem is attributed 10 the hardening effect of the AlyTi precipitates, rather than to the
anisotropy of APB energy on cube and octahedral slip planes of the matrix. Becausc of the large hardening effect of
the AL, Ti, the two phase material is substantially stronger than single L1, phase materials. The shape (but not the
fevel) of the flow stress-temperature curve for the two phase material resembles that of the single phase L1, material
at low and intermcdiate temperatures. Al high temperatures, however, the flow stress of the two phase material
exhibits a sharp decrease, a feature which is not observed in the single phase L 15 materials and can be correlated with
a continuous dissolution of the AI3Ti precipitates at high temperatures.

14. SUBJECT TERMS 15. NUMBER Of PAGES

16. PRICE COOE

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION [ 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT

ObRE W s 1r1ED OF A% 1r1ED OF ASRHYIs1FIED

NSN 7540-07-280-5500 Standard Form 298 (Rev 2-89)

®.escnipnd Dy AN St 29918




N

\,
S’

e

(+

Acta metall. mater. Vol 42, No. 2. pp. S19-526, 1994
Printed 1n Great Britain. All rights reserved

0956-7151-94 $6.00 + 0.00
Copyright « 1994 Pergamon Press Lid

AFOSRTR. 94 0170

L1, Al, Ti-BASED ALLOYS WITH AL Ti PRECIPITATES—IIL
DEFORMATION BEHAVIOR OF SINGLE CRYSTALS

Z. L. WU and D. P. POPE

Department of Materials Science and Engineering. University of Pennsylvania, Philadelphia.
PA 19104, US.A.

Approved for public release}
distributionunlimited.

(Received 27 May 1993)

Abstract—The operating slip systems and flow behavior of single crystalline Al Ti,; Fe,. a two phase
L1, + Al, Ti material, was investigated as a function of temperatures using specimens with compressive
axes near {001], [T13}, [T12}, [013] and [T33]. The material shows a very limited compressive ductility, and
fracture occurs by cleavage along planes of low indices, such as {011}, {001}, {013} and {111}. Slip occurs
exclusively on the octahedral slip systems at low temperatures, and on both octahedral and cube systems
at high temperatures. A transition in operating slip systems from octahedral slip to cube slip, similar to
the one seen in NijAl-type alloys, occurs as the temperature increases and as the orientation of the
specimens change from near-[001} to near-{T11]}. The transition in slip system is attributed to the hardening
effect of the AL, Ti precipitates, rather than to the anisotropy of APB energy on cube and octahedral slip
planes of the matrix. Because of the large hardening effect of the AL Ti, the two phase material is
substantially stronger than single L1, phase materials. The shape (but not the level) of the fiow
stress—temperature curve for the two phase material resembles that of the single phase L1, material at low
and intermediate temperatures. At high temperatures, however, the flow stress of the two phase material
exhibits a sharp decrease, a feature which is not observed in the single phase L1, materials and can be

correlated with a continuous dissolution of the Al Ti precipitates at high temperatures.

INTRODUCTION

In searching for new high strength materials for
aerospace applications, a great deal of attention has
been recently given to three intermetallics in the
Ti-Al system: Ti;Al, TiAl and Al Ti. These alloys
have relatively high melting temperatures and low
densities since they are composed of two light el-
ements. However, brittleness is the major barrier to
practical use of these materials. Among the three
titanium aluminides. Ti,Al and TiAl have already
been studied in great detail. Of the three, ALTi
contains the largest fraction of aluminium, and as a
result, has the lowest density (~ 3.3 g/cm®) and best
oxidation resistance. The surface of AL Ti is com-
posed of Al,O,, which acts as a highly effective
barrier against oxygen diffusion [1], while the oxide
films formed on Ti;Al and TiAl are TiO, and a
mixture of TiO, and Al,O,, respectively {2,3]. In
stoichiometric form AL Ti has the DQO,, tetragonal
crystal structure. Studies of the deformation of binary
AL Ti started with the work of Yamaguchi and
coworkers [3-5]. These investigators found that the
deformation modes are temperature dependent: at
low temperatures, deformation is carried by twinning
on octahedral planes, while at high temperatures,
both twinning and cube slip contribute. They
suggested that one way to improve the ductility of
Al Ti is to alloy it with elements which enhance the
activation of ordered twinning and/or cube slip.
Elements such as Zr and Hf have been found to
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improve the ductility to some extent by causing cube
slip {4]. but no substantial improvement has been
achieved so far.

A possible alternative approach to the above-men-
tioned methods of "~ nproving ductility is to transform
the DQO,, structure of Al;Ti into the high symmetry
f.c.c.-based LI, structure via appropriate alloying.
Such a transformation might possibly cause an im-
provement in ductility by increasing the number of
available slip systems. A number of elements, such as
Cr, Mn, Fe, Ni, Cu, Zn, Pd and Ag, are known to
promote the DQ,, to L1, transition [6-16). According
to the work of Mazdiyasni et al. [11], the single phase
L1, fields at 1200°C in the Al-Ti-X (where X = Fe,
Ni and Cu) ternary systems have widths of approxi-
mately 7, 4 and 11.5 at.%, respectively. However, the
size of the L1, phase field shrinks between 1200 and
800°C, and the shrinkage is not concentric but skews
towards the Al-rich corner. Our previous study of the
Al-Ti-Fe ternary system has shown that the shrink-
age continues at even lower temperatures, and at
room temperature the single phase L1, field appears
to vanish [17]. Five different second phases are found
to be in equilibrium with the L1, matrix, depending
on overall compositions. Among the five second
phases, AL, Ti has the largest effect on the mechanical
properties. A detailed study of the temperature- and
composition-dependent stability of the Al,Ti has
been presented in the accompanying paper [18]. In
this paper the effect of Al,Ti on the deformation
behavior of the L1, Al;Ti-based alloys is described.
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Flg 1. The orientations of the single crystalline specimens
used in this study.

EXPERIMENTAL

A single crystal of nominal composition Al Fe, Ti,,
was produced using the same procedure described in
[18). The distribution and composition of phases in
the crystal were checked using X-ray powder diffraction
and fully quantitative energy dispersive spectroscopy
inan SEM. Specimens of dimension 3 x 3 x 5 mm with
compressive axes near {001], [013], {113], [112]} and [133]
(Fig. 1) were cut using an electron discharge machine
and then abraded on grade 600 SiC paper. The two
orthogonal faces were subsequently metallographically
polished and the specimens were then annealed for two
hours to remove the surface strain induced by the mech-
anical polishing and then cooled to room temperature
at a rate of about 65-C/h. The two orthogonal faces
were given a final polishing for later operating slip
system analysis. Compression tests were performed on
an Instron Universal Testing Machine at tempera-
tures between 77 K and 1300 K, at a nominal strain
rate of about 1.7 x 107*s~! (unless otherwise noted).

Fig. 2. A surface of a single crystalline specimen after being
polished and chemcally etched, where the Al Ti platelets are
easily seen to form on !100! planes.

The operating slip systems were identified using two-
surface slip trace analysis in an optical microscope
equipped for Nomarski interference contrast.

RESULTS AND DISCUSSIONS

The as-grown crystal is of overall composition
Al Ti.s g Feqx. with an L1, matrix and a large
volume fraction of second phase ALTi. Figure 2

Fig. 3(a). Caption on facing page.
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cracks which are tormed dunng processing prior to
mechanica!l defodivauon, and in addition the inter-
faces between the preaipitates and the matrix are
particularly weak [20]. Therefore, cracks can easily
nucleate and propagate within the precipitates and/or
along the intertuces. The ALTI, on the other hand,
does not scem to embrittie the matenal directly by
providing sites for crack initiation. However, the
phase has a large hardening effect (as will be discussed
later) which can indirectly affect the ductility of the
material by substantially increasing the flow stress.

(@) Near {0C1)

Ty

(1

xSy

20 um

The operating slip systems seen in the specimens
with compiessive axes near [001], [i12]. [013] and
(133] tested at elevated temperatures were analyzed
[Fig. S(a-d)]. The AL, Ti phase is not visible in Fig. §
since the surfaces of the specimens were not chemi-
cally etched. The slip bands seen in all the deformed
specimens are coarse, uncevenly distributed, and lim-
ited in number. In comparison, the slip lines pre-
viously seen in nearly single phase LI, materials,
Al Fe,Tiy, and Al;Cr,Tiy, were fine dense, and
evenly distributed across the entire surface of the

(b) Near {013]

Fig. 5(a.b). Caption on facing page.




WU and POPE: DEFORMATION IN AL Ti-BASED ALLOYS—II 52

()

Near {T12)

d)
Near (T33)

(010)

Ty

(111)
(001)

Fig. 5. The operating slip systems observed in specimens of the orientations indicated. Details are discussed
in the text.

deformed specimens [21, 22]. In the two phase speci-
mens with compressive axes near [001] and [013], the
operating slip systems at all temperatures are pre-
dominantly octahedral, although some cube slip lines
are also seen at high temperatures. For these two
orientations the Schmid factor for cube slip is sub-
stantially smaller than for octahedral slip (see

AMM 422--M

Table 1). In specimens orientated near [112] and
[133], the Schmid factors for cube and octahedral slip
are comparable, however, only octahedral slip is
observed at low temperatures. But as the temperature
is increased, both octahedral and cube slip are acti-
vated, and in the near-[133] specimen the number of
cube slip lines at high temperatures exceeds the




—
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Table 1. Schmid factors on the major ship systems ior single crystalline specimens of four different
orientations

Orientations (To iy {101kT1n

oIty [1ToKo001) 1101)010)

! 0.476 0.463
2 0.482 0.436
3 0.483 0418
4 0.497 0.473
s 0.445 0.326
6 0.461 0.360

0.405 0.19% 0.158
0410 0.323 0.242
0.390 0373 0.292
0.349 0.288 0.252
0.162 0.447 0.437
0.385 0433 0.340

number of octahedral slip lines [Fig. 5(c, d)]. Such a
transition in slip system from octahedral-type to
cube-type as the temperature is increased and as the
compressive axis is moved from [001] towards [T11]in
the standard unit triangle, has been commonly ob-
served in L1, Ni; Al-type alloys [23), and is explained
in terms of anisotropy of the APB energy on cube and
octahedral slip planes of the matrix, as well as a
decreasing Peierls stress for cube slip as the tempera-
ture is increased {24]. In the material studied here,
however, the transition is much more gradual than in
Ni; Al, and is probably not intrinsic to the L1, matrix

800

0.1% Yield Strees (MPa)

0 500 1000 1500

Temperature (K)

400
(b}

CRSS on (1111011 (MPa)

001 013 012 01t

0 500 1000 1500

100

Temperature (K)

Fig. 6. (a, b) The flow stress and corresponding CRSS on
{T01)(111) as functions of temperature and orientation. Note
the yield stresses are measured at 0.1% instead of the 0.2%
offset plastic strain since small cracks often occur after 0.2%
plastic strain. Note also that Schmid’s law is obeyed.

since it was not observed in nearly single phase
Al Fe, Tiys and Al, Cr, Tiy, [21, 22). In fact, since the
transition only occurs in samples containing rela-
tively high Ti contents and large volume fractions of
Al, Ti precipitates, it is probably related to the pre-
cipitates themselves. Although octahedral slip is fa-
vored in single phase L1, Al,Ti-based alloys at all
deformation temperatures, it is probably not favored
in the Al Ti precipitates because of their complex
tetragonal structure and therefore the CRSS is high
for slip on {111} in the two phase samples. Two
possible reasons may account for the cube slip at high
temperatures: (1) (110> superdislocations have been
seen to dissociate on cube planes of the L1, matrix
only at high temperatures [25-27]. Due to their sessile
core structures [28] these dislocations are difficult to
move in single phase materials where octahedral slip
can be activated at relatively lower stresses. However,
in two phase materials octahedral slip is inhibited by
the precipitates and the flow stress is then high
enough to activate the cube slip in the matrix. (2) The
deformation modes in the Al,Ti precipitates at high
temperatures may encourage cube slip when the stress
level is high, as in (1). At high volume fractions of
Al, Ti the slip plane of the composite sample may be
determined by the properties of both the matrix
({111} slip) and the precipitates ({010}) slip near

400
3004 AlgssFessTizra
(]
E A
<]
= 2001
<
-]
5
? AlgrCraTigs
100 1 AlgrFesTiyg
0 T T
0 500 1000 1500
Temperature (K)

Fig. 7. A comparison of flow behaviors of single crystalline
specimens having compositions Al Fe,Tiy) .. Alg; FeyTiyg
and Al CrTiys.
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[T11]). Such a hypothesis can be tested by analyzing
the deformation modes in a single phase Al,Ti alloy,
but that is beyond the scope of the present study.

Figure 6(a) and (b) show the flow stress and
corresponding CRSS as functions of temperature and
onientation. Here the yield stresses are measured at
0.1% instead of the more usual 0.2% offset plastic
strain, since small cracks often occurred after 0.2%
plastic strain. The differences in CRSS for specimens
of different orientations are very small, implying that
Schmid’s law is obeyed by this material. The material
is very strong with a CRSS around 275 MPa at room
temperature. In comparison, the CRSS for the near-
single phase Al,Fe;Ti,; and Al,,Cr,Tiys (at 0.2%
plastic straw) are only about 90 and 85 MPa, yespect-
ively. Gederally, the yield stress a .d the CR8S of the
two phase samiples are relatively constant in the
intermediate temperature range, but decrease rapidly
with temperature at low and high temperatures. This
feature of the flow behavior is similar to that of the

near single haeamg,m,u;. Bnd: Al CR iy (s8e”

Fig. 7)., except at lemperatutcrh‘gher than- 750 C

whc ?gf}Ang pmc:puatcs start.to dissolve and the”

mare rapidly tba’n for the near-single '
phase ena! The CRSS V8 témperature: behavior
of the single phase L1, samples and the L}, + AL Ti
samples are explained in the following way: in the
single phase samples, the (101> superdlslppﬁuoR%m
dissociated into two {112},3 dislocations &parated
by SISF at low temperatures [21,29]. Since these
dislocations are expected to have a nonplanar core,
motion at low temperatures is thermally activated,
leading to the sharp drop in CRSS with increasing

temperature. At intermediate and high témperatures _

the dissociations dissociate into two <{1(1)/2 super-
partials separated by APB, which have planar cores.
Since the cores are planar, thermal acuvatlon is not
required and the CRSS is roughly lemperature-mde-
pendent. In the two phase material, the same tem-
perature dependence (but a higher level) i$ seen at low
temperatures, again because of the nonglanar cores.
The CRSS then drops to the athermal level necessary
to drive dislocations through the AL, Ti platelets and
remains at that relatively high level until; the precipi-
tates dissolve, leading to a dramatic drop-in CRSS.
Thus the flow stress~temperature curve of the two
phase material is the same as that of the single phase
material, but uniformly shifted to higher stress levels
(except at high temperatures where the precipitates
dissolve). We therefore conclude that the hardening
is not due to a change in dislocation structure as
suggested by Potez et al. [30], but is simply the result
of dislocation-precipitate interactions.

CONCLUSIONS

Two phase single crystalline L1, Al Fes; Tiy, is
very brittle. The brittleness is caused by cleavage on
{oo1}. {011}, {013} and {111} planes. A small
amount of Ti;NAI further embrittles the material.

0

Plasuc deformation in the alloy is carried by octa-
hedral slip at low temperatures and by both cube and
octahedral slip at high temperatures. A transition in
slip mode from octahedral-type to cube-type occurs
as the temperature increases and as the orientation of
the specimen changes from near-{001] to near-[T11],
and has been correlated to the hardening effect of the
AL, Ti. The flow behavior of the two phase material
is controlled by both the core configurations of the
(110>{111} superdislocations and the hardening
effect of the AL, Ti precipitates. The flow stress de-
creases rapidly with temperature at low temperatures
and is athermal at intermediate temperatures, due to
a change in the cores of the superdislocations from
nonplanar (sessile) at low temperatures to planar
(glissile) at intermediate temperatures. The effect of
the Al, Ti is simply additive in this temperature range
(since thermal activation does not assist in dislocation
penetration of the precipitates). The flow stress at
high temperatures decreases sharply as the Al,Ti

cat"nwl_yﬂines.
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