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1.0 SUMMARY

The ternary alloy, Ti - 49 at% Al - 2 at% W, was produced using Rotating
Electrode Powder (REP) compacted by hot extrusion. The tensile properties
of this alloy (strength, ductility and fracture mode) were studied from room
temperature to 900°C. Constant load creep properties were measured from
700 10 900°C and analyzed using conventional power law equations to
calculate the stress exponent and activation energy. These parameters were
approximately 4 and 40() KJ/mole respectively. TEM examination show:d
that the W was held in solid solution during the :cnsile and creep
detormation when the material was tested in the ‘as-extruded’ condition.
These results are interpreted as evidence for solid solution strengthening of
the TiAl matrix by the W solute.

2.0 INTRODUCTION

Advanced acrospace systems arc putting increased emphasis on lighter
weight structures @i the same time that they are requiring higher operating
termperatures {from the matenals comprising those structures.,  Ordered
intermetallic alloys have been the subject of intense interest due in large part
to their retention of attractive properties at elevated temperatures.  As is well
documented in the liicrawre, a lack of low temperature ductility and
toughness is their major deficiency.  ‘The alloys based on the ordered
compound TiAl are no exception [1: 2: 3: 41, ‘This compound has a low density,



oxidation resistance to 850°C and an clastic modulus significantly greater
than either of its elemental constituents [5).

Ternary elements are known to have dramatic effects on the physical and
mechanical properties of intermetaliic compourds. While some progress has
been made in understanding the alloying effects on low temperature ductility
in TiAl (6], less information is available in the literature concerning temary
effects on high temperature deformation behavior. Since the material under
study was made by powder metallurgy techniques, specifically the REP
process using a tungsten clectrode to maintain an arc on the spinning ingot,
it seemed appropriate to delincate the potential efiects of W temary
additions on TiAl. Although W has not been found in large quaniities in
previous alloys in bulk chemistry (3; 4], unintentional inclusions of W could
cause the local chemistry to approach severai atomic percent. Some data on
the mechanical properties of TiAl+W, in a microstrucural condition
approaching equilibrium, have already been discussed (7; 8]. This paper will
present data on the same alloy, nominaily Ti- 49 at% Al- 2 at% W, except
that the majority of the ternary W addition has been held in solid solution
instead of hetereogeneously precipitated on internal surfaces. Both uniaxial

tensile data and tensile creep properties have been determined from room
temperature to 900°C.

3.0 EXPERIMENTAL PROCEDUKE

The prealloyed ingots were cast into iron pipe to become a suitable form
for conversion to powder by Nuclear Metals, Inc. using the REP process.
The chemical composition of the resulting powder is listed in Table I.
Following a sieve to -35 mesh, the powders were s:aled in Ti-6Al-4V
extrusion cans, cvacuated and extruded. Extrusion conditicns were varied in
order to explore the limits of formability and their effects on the dynamically

Table I. Chemical composition of the TiAl + W alloy (wi%).
I A W E QG M 0 N i+ L
bal 323 977 012 0049 0.049 0.064 0.012 0.002 0.014

recrystallized griin size and resulting properties of the product. The billei
preheat temperature varied from 1400°C to 1260°C with the extrusion ratio
being cither 26:1 or 40:1. ‘The extruded rod was machined into tensile
specimens to the configuration described elsewhere (4] using low stress
grinding techniques. ‘The same specimen geometry was used for both tensile
and creep testing.



All testing was conducted in air in a three zone clamshell fumace where
temperature gradients were limited to +1°C over the gage length. Tempera-
wure stability (£1°C of setpoint) was attained in the furnace for at least 30
minutes prior to beginning the test in order to ensure temperature uniformity.
Tensile testing was conducted on a screw-driven Instron at an initial strain
rate of 3X10# sec!. Specimen cxtension was measured by an LVDT
(outside of the furnace hot zone during elevated temperature tests) calibrated
so that small plastic extensions (<1% plastic eclongation) could be measured
accurately. The elongations reported are the uniform plastic elongation
measured either to the ultimate stress or to the fracture sress whichever
occurred first. The yield stress reported uses the 0.2% plastic offset criteria
while the fracture stress reported is a true stress using the final diameter
measured after fracture. Creep testing was conducted on a constant load
type frame employing automatic load arm ieveling and continuous
monitoring of strain with a single LVDT outside the furnace.

4.0 RESULTS
4.1 Microstructures Tested

The small diameter product (<1.25 cm diameter) was air cooled following
the high temperature extrusion. This processing schedule resulted in a fine
recrystallized grain size. Figure 1 shows the optical and transmission
clecron microscopy (TEM) of the temary TiAl containing W following
extrusion at 1400°C and 26:1 reduction. The primary clements of the
microstructure are the equiaxed TiAl (y) grains coexisting with the colonies
of lamellae comprised of Ti Al (a,), v, and twin relaied v (3;4]. Energy
dispersive x-ray analysis in the TEM identified W rich precipitates which
were located primarily in the equiaxed y grains. Comparison of this
microstructure with the near equilibriura heat treated condition previously
discussed [7; 8] clearly illustrates that the y phase, in the ‘as-extruded’ condi-
tion, is supersaturated in W,

Altering the exmusion conditions resulted in refinenient of the
dynamically recrystallized grain size without changjing the fundamenta!
constituents of the microstructure. Observation at higher magnifications did
not show any diffcrences, i.c. the W was primarily in solid solution
following all extrusion conditions.

Table Il summarizes the teasile test results of material extruded from
1400°C with a redution ratio of 26:1. At least two specimens were tested at
cach temperature.  While the ductilitics measured were always modest, the
ternary alloy averaged ().7% uniform plastic eloneation at rousm temperature.



Figure 1. Optical and TE
extrusion at 140X)°C - 26:1 reduction.

Table II. Tensile data for TiAl+V/; extruded at 1400°C with a reduction
of 26:1; tested ‘as-extruded’; average of multiple tests.

Temp.  Yield Stress  Fracture Stress RA - Plastic Flong.  # of Tests

25 599 737 1.3 (.7 5
260 524 69?2 2.0 1.0 2
S0 582 829 39 1.5 2
700 528 800 49 32 2
800 48K 733 K.5 5.1 2
a(X) 385 505 8.0 23 M

Table I Tists the tensile data for the W madified ternary alloy following
the more aggressive extrusion conditions. Only a limited amount of tensile
data is presented: specifically at 25 and 700°C. Comparison with Table 11
clearly indicates that the fine grain sized material showed increased yield
and fracture strengths, “The effect of these processing conditions on the
duculitv s difficult to discern from the limited data available. However, the
data sugpests that the standard extrusion condition ¢ 13007°C with 26:1



reduction) may result in a lower ductility, at both room temperature and
700°C, at least compared to the extrusion processed at 1340°C with 40:1 re-
duction in area.

Table 11I. Tensile data for TIA1+W as a function of extrusion parameters;
tested ‘as-extruded’; average of multiple tests.

Extrusion Temp. Yield Fracture @ RA  Elong. #of Tests

1340-40:1 25 718 864 1.6 1.0 2
700 564 902 7.7 4.2 2
1315-40:1 25 740 813 0.7 0.8 2
700 583 866 7.6 5.3 2
1260-40:1 25 - 868 1.1 0.1 2
700 680 856 6.5 3.8 2
1260-26:1 25 . 821 0.2 - 3
700 649 827 42 3.0 2
43 Creep Data

Table IV summarizes the constant load creep results. The specimens
were tested following air cooling from the exmusion conditions. Only two
of the exnusion conditions discussed above were tested in creep. A limited
number of specimens were available for the finer grained (lower extrusion
temperature) material. Inspection of the similar creep conditions shows that
the fine grain sized material had identical creep properties at 700°C to the
material extruded at higher temperature but became progressively inferior ai
increasing tcmperatures.  Comparison shculd be made between the
850°C/173 MPa creep test results where the time to 1% strain is shorter for
the fine grain size material (29.5 versus 96 hours) although it exhibited a
lower minimum strain rate (3X104 versus 8X104 hr!). Since the
continuously measured strain-time curves fer this alloy showed conventional
primary and secondary creep stages, this anomaly can be explained hy
noting that the strain which occurred in the primary stage of creep for the

fine grained material was greater than that observed in the coarser grained
cxtrusion.

Conventional power law analysis of the second stage creep rate of this
alioy in the large prained condition is possible even with the limited data in
Table 1V [9). In this approach, the minimum strain rate is used to determine



Table IV.

Creep data for TiAl+W as a function of extrusion parameters; tested in
the ‘as-exauded’ condition.

Exmusion  Temp. O, g € in Life* Elong.*
(C-Ratio)y (°C) MPa) (hrs)  (hsh) (rs) (%)
1400-26:1 700 345 - 1.5X10%  (100) (0.16)
700 414 273 2.5X10°  (311) (L.D)
750 173 - 2.6X106  (527) (0.6)
760 276 260  2.8X10°  (288) (l.1)
850 173 96 7.9X104 404 9.4
900 104 145  47X10°  (149) (1.0
750 345 o 9.0X107 o s
800 “ o 4.7X10% ke b
850 “ o 2.5X107 b e
1340-40:1 700 414 287  27X10° (3300 (1.2)
850 173 29.5  2.9X104 154 13.7
900 104 38 24X104 (42) (LD

* Most tests were were interupted prior to failure. The time and strain at
interuption arc shown in paranthescs.

** One specinmien held at constant stress with the temperature sucessively
increascd in order to determine the activation cnergy.

the stress expouent, n, and :he activaiion energy, Q, using the rclation;
&€= A o" cxp (-Q/RT) (1

Assuming that the step-wise increase in temperature at constant stress
resuited in the true value of the minimum strain rate, the activation energy
can be determined as shown in Figure 2. The value found, 400 KJ/mole. is
slightly greater than the activation energy for the same alloy in the heat
treated condition (8]. Dectermination of the stress exponent is hampered by
the limited data in that only pairs of tests were conducted at constant
temperature and different stresses. In the temperature range studied, 700 to
850°C. the estimated value of the stress exponent is in the range of 4 10 5, as
noted tor this alloy in the equilibrium condition (K],
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Figure 2. Creep activation energy for TiAl + W "as-extruded'.

5.0 DISCUSSION
s.1_Tensile Def .

Comparison of the yield and fracture strengths of the TiAl+W with the
single phase y reported earlier {3; 4], indicates that the W modified alloy has a
higher yield strength. This may be due to cither the modest microstructural
refinement associated with W additions or the efrects of solid solution W in
the TiAl matrix. Microsmm:ctural refinement is unlikely to be the sole source
of this strengthening. The impact of solid solution strengthening on flow
stress at elevated temperatures 1s not usually considered to be large (10]. The
major factor in the current case is the ordered nature of the matrix which
may alter the importance of both microstructural scale and solid solution ef-
fects. limited fundamental work has been done on the additivity of these
strengthening mechanisms in intermetallic compounds [10; 11].

The ductility of the TiAl+W alloy does not show the marked ductile-
brittle transition observed in the binary TiAl studied previously [4]. This
again may be due to the effect of the matrix being saturated in W which
could be inhibiting elevated temperature dislocation motion. This observa-
tion is consistent with the implication of solid solution strengthening by W
in the TiAl lattice being significant, even at relatively high temperatures.

5.2 Creep Deformation

The activation cnergy for this alloy, in the condition where the ¥ is super-
sawurated in W, is only slightly higher than that noted for the heart treated
condition where the W has precipitated on intemal surfaces (8], In addition,
the stress exponent (as determined by the minimum of only two data poin:s)



is in the same range as noted in the previous study [8]. Since the minimum
strain rates and t,; values were significantly lower for the supersaturated
condition, analysis using equation (1) to determine ‘n’ and ‘Q’ and therefore
explain the increased creep resisiance is unsatisfactory. The only parameter
that is left in equation (1) to explain the difference in the conditions is the
pre-exponential factor ‘A’. It is possible that solid solution strengthening
could have a linear impact on the strain rate without affecting the stress or
temperature sensitivity. Extensive TEM examination of specimens follow-
ing creep failed to show precipitation of W rich particles on dislocatons.
Precipitatior: on dislocations is usually evident in the dislocation strain field
as a ‘wavy’ line [12; 13]. Figure 3 shows a typical y grain having both ordi-
nary and superdislocations following creep deformation and such contrast is
not observed. Therefore, dynamic strain aging cannot be used to explain the
strengthening observed in this alloy leaving solid solution strengthening as
the only remaining mechanism to rationalize the creep resistance.

Figure 3. TEM bright field micrograph following creep at
700°C - 345 MPa.

6.0 CONCLUSIONS
From these results, we can conclude the following:

I. Microstructural refinement through thermal-mechanical process manipu-
lation can increase the tensile strengths up to 700°C.

2. The addition of W to TiAl can lead to solid solution streng  aing, as cv-
idenced by both tensile and creep properties to 900°C, compared to a sim-
ilar binary alloy.



3. The precipitation kinetics for formation of the W-rich precipitates is slow
enough that long time exposure during creep deformation does not cause

nucleation and growth of the equilibrium phase, even on heterogeneous
sites such as dislocations.
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