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Microstructural and mechanical property changes in the
Ta-base T-111 alloy following thermal aging
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Abstract

The microstructural changes occurring in the Ta-base T-111 (Ta–8W–2Hf) alloy during 1100 h thermal aging at 1098,
1248 and 1398 K under inert atmosphere and the influence on mechanical properties are reported. Electrical resistivity,
hardness and tensile properties are compared between the as-annealed and aged conditions. Microstructural evaluations
were performed by optical, scanning electron microscopy and transmission electron microscopy. An increase in the amount
of grain boundary precipitation with increasing aging temperature was found to decrease the electrical resistivity and mate-
rial strength. Precipitation at the grain boundaries was found to be a mixture of monoclinic and cubic structures, suggest-
ing the development of mixed Hf oxides, carbides and nitrides. Precipitate development caused pronounced embrittlement
of the alloy following aging at 1398 K.
Published by Elsevier B.V.

PACS: 81.40.Cd; 81.05.Bx; 89.30.Gg; 62.20.Fe
1. Introduction

Interest in fission reactor design concepts in sup-
port of higher performance, longer duration space
exploration missions has led to frequent evaluations
of refractory metal alloys to achieve the elevated
temperature requirements of such missions. Of the
possible Group V (V, Nb, Ta) and VI (Cr, Mo,
W) refractory alloys, Ta-base T-111 (Ta + 8 wt%
W + 2Hf) offers excellent formability and ductility
at low temperatures, while showing good high
temperature strength and alkali metal compatibility.
Though tensile properties [1–10], creep testing
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[11–14], corrosion testing [15–17], and weldability
studies [18–20] of T-111 have been investigated for
different levels of cold work and annealing, bringing
the technology to varying levels of maturity, the
effects of aging on the mechanical properties is not
as well understood. Earlier work on aging of
T-111 under vacuum and liquid metal environments
has shown conflicting results related to degradation
in material ductility following exposure. It was
observed by Watson and Stephens [21] and further
by Stephens [22,23] that embrittlement occurred in
material aged in a very narrow temperature range
around 1310 K due to the formation of Hf-rich
compounds at the grain boundaries. However, sim-
ilar work by Lessmann and Gold [24] did not reveal
any significant changes in material ductility.

mailto:leonardk@ornl.gov


354 K.J. Leonard et al. / Journal of Nuclear Materials 366 (2007) 353–368
The production of high-quality tantalum prod-
ucts has been well summarized [25]. The T-111 alloy
was commercially available from several vendors in
the 1960s [5]. However, developmental work on
most refractory alloys including T-111 was halted
in the early 1970s due to the suspension of funding
for nuclear space power systems [26]. The T-111
samples of this present study, part of the recent
NASA Prometheus Program, were fabricated from
a 1960s heat of material as there is no current com-
mercial vendor. It was the goal of this work to eval-
uate the changes in mechanical properties of T-111
as a result of aging at relevant space reactor temper-
atures between 1100 and 1400 K and to further pro-
vide experimental knowledge to the database of this
alloy for evaluation of its use in high temperature
applications. Characterization through the use of
electron microscopy techniques of the microstruc-
tural changes influencing the mechanical properties
were, for the first time, investigated.
2. Experimental

2.1. Sample fabrication

The T-111 alloy examined in this study was
provided by Pittsburgh Materials Technology Inc.
(PMTI), heat number 570–571, from a production
run in the late 1960s. The measured composition of
the alloy in the as-received condition and following
thermal anneal and aging is presented in Table 1.
Chemical analysis of the annealed and aged materi-
als was provided by Wah Chang, while analysis of
the as-received material was provided with the alloy
by PMTI.

Miniature sheet tensile specimens of SS-3 geome-
try (0.76 · 1.52 · 7.62 mm gauge and 25.4 mm over-
all length) were fabricated from the as-received
material using Mo-wire electrical discharge machin-
ing (EDM) with water as the cooling fluid to mini-
Table 1
Measured compositions (in wt% or wppm) of T-111 in the as-received,

Condition Ta (wt%) W (wt%) Hf (wt%)

As-receiveda Bal. 8.40 2.05
Annealed 1 h at 1883 Kb Bal. 8.69 2.01
Annealed + Aged 1100 h at 1098 K Bal. 8.62 1.96
Annealed + Aged 1100 h at 1248 K Bal. 8.72 1.99
Annealed + Aged 1100 h at 1398 K Bal. 8.75 1.83

a Chemical analysis provided by PMTI, 1960/1970 vintage analysis o
b Al, B, Be, Co, Cr, Cu, Fe, Ni, Si, and Ti levels below 50 wppm.
mize impurity pickup. Specimens were cut so that
the gage length of the tensile samples was parallel
to the rolling direction of the sheet material.
Following cutting, samples were polished to a 32
finish or better. After sample fabrication and prior
to annealing, all samples were electrochemically
cleaned for one minute in a solution of water, nitric
acid, and hydrochloric acid [27].
2.2. Heat treatments

A total of 21 tensile and four metallographic
T-111 samples were annealed for 1 h at 1883 K in
high vacuum 1.3 · 10�4 Pa (1 · 10�6 Torr) prior to
any long term aging. Specimens were placed inside
a Nb–1Zr box in the furnace to reduce the potential
for impurity pickup. Samples were furnace cooled
under vacuum, by cutting current to the furnace ele-
ments; resulting in an approximate 160 K/min cool-
ing rate from 1883 to 1473 K, 50 K/min from 1473
to 1073 K and less than 20 K/min below 1073 K.

The thermal aging treatments were conducted in
support of irradiation experiments conducted at
ORNL [28]. Therefore, the SS-3 samples were
loaded into pure Nb holders held in place with
Mo springs similar to their irradiated counterparts.
The Nb holders, each containing three tensile
specimens along with Ta foil wrapped metallurgical
samples, were loaded into alumina tubes with alu-
mina end-caps that were in turn placed in an alloy
600 tube and sealed with end caps. The superalloy
capsules were welded shut under the same inert
gas used in the irradiation study; helium for 1098
and 1248 K aging and neon for the 1398 K aging
(based on heat transfer issues of the irradiated coun-
terpart samples). Prior to welding, repeated pump-
ing and purging cycles were performed to ensure a
purified atmosphere in the encapsulated cans. Dur-
ing each pump cycle a vacuum of approximately
1.3 · 10�4 Pa (1 · 10�6 Torr) was obtained. Leak
annealed and aged conditions

Zr (wt%) C (wppm) N (wppm) O (wppm) H (wppm)

– 45 27 65 –
0.04 108 25 110 <3
0.04 86 <20 70 <3
0.04 81 <20 120 <3
0.03 78 110 150 <3

n original ingot.
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checking of the sealed capsules was performed prior
to aging for 1100 h in open air box furnaces at 1098,
1248 and 1398 K. The aging temperatures selected
were 25 K higher than the designed irradiation tem-
peratures used in the companion tests, based on the
margin of uncertainty in the design irradiation
temperatures. Temperatures in the box furnace were
monitored by placing thermocouples located near
the sealed capsules. The duration of all aging treat-
ments was 1100 h.

Visual inspection of the samples aged at 1098 and
1248 K showed no signs of oxidation/nitridation.
However, upon inspection of the 1398 K aging
capsule, discoloration (oxidation/nitridation) was
observed on the Ta foil and Nb holders. The discol-
oration appeared to be the result of a pinhole leak in
the welded end cap of the alloy 600 can, estimated
to have opened during cooling due to contractions
of the capsule body. Further discoloration was
observed on the edges of the SS-3 samples at the
ends of the grip sections that were nearest to the
open end of the Nb holder.

Chemical analysis of the impurity levels in the
annealed and aged samples was performed at Wah
Chang using inert gas fusion techniques for oxygen
and nitrogen, and by combustion analysis for car-
bon. Chemical analysis of the as-received material
was performed by PMTI and was provided with
the alloy. The interstitial impurity elements in the
material in the as-received condition and following
the 1 h anneal and 1100 h aging treatments are pre-
sented in Table 1. Analysis of substitutional impuri-
ties (Al, B, Be, Co, Cr, Cu, Fe, Ni, Si, and Ti) in the
annealed and aged alloy was also performed, with
values remaining below the detectable 50 wppm
level. Chemical analysis of the T-111 specimens
showed an increase in nitrogen content after aging
at 1398 K. While oxygen content was elevated, it
was relatively unchanged from the annealed condi-
tion. The influence of this increase on the mechani-
cal properties will be discussed later.

2.3. Microscopy and metallographic analysis

Pieces from the annealed and aged metallo-
graphic samples were polished and examined in a
Philips XL30-FEG scanning electron microscope
(SEM). The metallographic samples were then
etched with a solution of 40 vol.% HCL + 20%
mL HNO3 + 40% HF and examined by optical
microscopy (OM). Samples for transmission elec-
tron microscopy were cut by EDM and polished
to less than 0.25 mm thickness and jet-polished with
an electrolyte of 10 vol.% H2SO4 + 4% HF + 14%
Butoxy Ethanol in methanol at 268 K. Samples
were examined in a Philips Tecnai T20 and
CM200 FEG transmission electron microscope
(TEM) each equipped with energy dispersive
X-ray spectrometer (EDS).

Hardness measurements were made on the
annealed and aged tensile specimens using a Buehler
Micromet 3 hardness indenter equipped with a Vick-
ers indenter tip using a 1 kg load, with a dwell time
of 15 s. One specimen was analyzed for each thermal
treatment condition. At least seven measurements
were made per sample on the grip regions of the
SS-3 tensile specimens, well away from the gage
length so that later tensile tests were not influenced.

2.4. Electrical resistivity

Electrical resistivity was measured at ambient
temperature using a four-point probe technique on
the standard SS-3 tensile specimens of each alloy
in the as-annealed and aged conditions, in accor-
dance with ASTM B 193-87 [29]. The measured
voltage drop was readily converted to resistivity at
a reference temperature of 294.6 K. The resistivity
was calculated from the measured voltage drop
using

q294:6ðnX mÞ ¼ ðV � AÞ
ðI � LÞð1þ aðT m � 294:6ÞÞ ; ð1Þ

where

q294.6 resistivity in nanoOhm m at the reference
temperature of 294.6 K

V measured voltage at the measurement tem-
perature (in nanoVolts)

A cross-sectional area of sample in m2

I applied current (0.1 A)
L distance between inner electrodes =

0.00646 m for SS-3 sample holder
a temperature coefficient of electrical resistiv-

ity
Tm temperature of measurement (K).

For each specimen, the cross-sectional area was
measured using a calibrated micrometer with 1 lm
or better resolution. The width of the gage section
was measured at the center of the gage section and
the specimen thickness is measured at two locations
along the gage length. The temperature was mea-
sured before and after electrical measurements on
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each set of specimens. The temperature coefficient of
electrical resistivity, a, was selected as 0.0035 K�1

which is the value for pure Ta [30].

2.5. Tensile properties

Tensile testing was performed on the as-annealed
and aged SS-3 specimens following ASTM standard
E8-04 [31]. Yield stress, ultimate tensile stress, and
uniform and total elongation were determined for
each test. Tests at room temperature and elevated
temperatures were performed using a United Tech-
nology System SFM-10 test frame, equipped with
a Thermal Technology vacuum furnace. Tensile
tests were performed at a crosshead speed of
0.0076 mm/s (0.018 in/min), corresponding to a
nominal strain rate of �0.001 s�1. Testing of the
aged samples was performed at the same targeted
temperatures as their companion irradiated samples
(1073, 1223, or 1373 K). Temperatures were mea-
sured using a type-C thermocouple positioned
within 2 mm of the gauge section. Room tempera-
ture tests were conducted in air, while elevated tem-
perature testing was in vacuum, maintained at
2.6 · 10�4 Pa (2 · 10�6 Torr) or lower.

3. Results and discussion

3.1. Microscopy

Optical (OM), SEM and TEM examination was
performed on the as-annealed and aged samples.
The as-annealed material consisted of an equiaxed
grain structure with a mean grain diameter of
26 lm (Fig. 1). In addition, the as-annealed material
showed a sparse, random or non-uniform distribu-
Fig. 1. (a) Optical micrograph of T-111 annealed 1 h at 1883 K, and (b
oriented [011] electron diffraction pattern taken from the particle.
tion of particles throughout the material identified
by TEM analysis as HfO2. Particles were between
0.2 and 0.4 lm in diameter with a monoclinic crys-
tal structure. Twinning on the (100) was typi-
cally observed in the HfO2 particles, as shown in
Fig. 1(b).

While specific changes in the microstructure of
the T-111 alloy occurred on aging the as-annealed
material these further heat treatments did not pro-
duce any change to the measured mean grain diam-
eter of the solid solution grains. In addition, the
HfO2 particles observed in the as-annealed material
were retained in the samples following aging and
showed no statistical increase in size or change in
distribution of these retained particles. The small
Zr concentration in the alloy was determined by
EDS analysis to be segregated to the HfO2 particles
rather than remaining in the solid solution phase
(Fig. 2). On the other hand, the concentration of
W in the alloy was retained in the solid solution
matrix and did not preferentially segregate to the
HfO2 particles. No particles were identified as either
Zr- or W-base compounds in any of the conditions
investigated.

SEM examination of the 1098 K aged material
revealed only HfO2 particles, remnants from the
annealed condition (Fig. 3), and showed no evi-
dence of grain boundary precipitation. TEM analy-
sis (Fig. 4) of the 1098 K aged material confirmed
that no precipitation along the grain boundaries
had occurred. However, aging T-111 at 1098 K for
1100 h resulted in the development of rod-like struc-
tures, typically of 1 lm lengths and no more than
50 nm in thickness, distributed randomly through-
out the solid solution matrix. These particles
were observed as being both attached to the HfO2
) TEM image of HfO2 particle with insert showing the (100) twin



Fig. 2. Representative EDS spectra taken from an intergranular
HfO2 particle and the solid solution matrix, showing segregation
of Zr and W to the particle and matrix respectively. The HfO2

particle is a remnant of the as-annealed structure and is present in
the same structure, size and distribution following all aging
conditions.

Fig. 3. Back-scatter SEM image of T-111 aged 1100 h at 1098 K.
Faceted particles of HfO2 are the remnants of the annealed
structure.
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particles as well as unattached (Fig. 4(a)). Closer
examination of these features revealed an internal
structure consisting of alternating twin planes
(Fig. 5). Electron diffraction analysis (Fig. 6)
indexed the rods as hexagonal in structure with
lattice constants closely matching to the Ta2N
phase (P63/mmc, ao = 0.30445 nm, co = 0.49141 nm).
However, the Ta2C phase shows a similar rhombo-
hedral structure and lattice constants (P�3m1, ao =
0.31046 nm, co = 0.4944 nm) that can be indexed
using hexagonal convention. Efforts to determine
the structure by the convergent beam electron dif-
fraction technique were unsuccessful due to the
small size of the individual twin variants contained
within the rod. Twinning was observed on the
f�1011g planes with the rods aligned in the h110i
of the solid solution matrix. Analysis by EDS was
also unsuccessful in determining the chemistry of
the rods due to the small dimensional scale of the
material and the background signal from the sur-
rounding matrix. While a higher concentration of
carbon over nitrogen was measured in the alloy
through chemical analysis, the actual chemistry of
the rods is uncertain.

Increasing the aging temperature resulted in pre-
cipitation along the grain boundaries in T-111. This
was observed under back-scatter electron imaging in
the SEM of the 1248 and 1398 K aged samples
(Fig. 7). The amount of new precipitation in the
material was restricted entirely to the grain bound-
aries with the size of the precipitates increasing with
temperature. In addition, precipitate development
at the grain boundaries in the 1398 K aged material
resulted in the pinning of the migrating boundaries
as is observed in the SEM image shown in Fig. 7(b).
Though some boundary movement was observed in
the sample, the mean grain size in the aged material
showed no statistical change with respect to the as-
annealed condition.

Precipitation at the grain boundaries of the
1248 K aged material was examined in more detail
by TEM analysis (Fig. 8). The prepared TEM
samples from the 1248 K aged material contained
numerous grain boundaries and tri-junction loca-
tions for examination, from which it was evident
that the precipitation on many of the boundaries
was non-uniform in particle distribution, though



Fig. 4. TEM micrographs of T-111 aged 1100 h at 1098 K. (a)
Image showing HfO2 particles and unidentified rod-like particles
(marked with arrows) in the solid solution. (b) Image showing
grain boundary tri-junctions with insert showing a higher
magnification image of another tri-junction location. Aging at
1098 K resulted in no observed precipitation along the grain
boundaries with the exception of occasional HfO2 particles from
the annealing condition.

Fig. 5. Dark-field TEM image of a rod-like particle observed in
material aged at 1098 K showing its twinned internal structure.
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particle sizes were 50 nm or less. An example is
shown in Fig. 8(a) where precipitation along the
grain boundaries near a tri-junction varies from a
dense distribution to a nearly precipitate free
boundary extending away from the junction for at
least 2.5 lm. However, typical precipitate develop-
ment at the grain boundaries in the aged material
was found to be similar to that shown in Fig. 8(b).
The particles were determined by EDS to be Hf-
rich, though the exact chemistry could not be deter-
mined. In addition, due to the small size of the
particles, electron diffraction was unsuccessful in
positively identifying the structure of the particles.
Though intensities representing diffracted planes
from the precipitate phase do appear within the dif-
fraction patterns of the matrix grains, these intensi-
ties could be indexed to either the monoclinic,
tetragonal or cubic variants of the HfO2 phase. In
addition to the grain boundary precipitate develop-
ment, the 1248 K aged material also contained the
same rod-like features as that of the 1098 K aged
material (Fig. 8(c)). Again, these features showed
an internal twinned structure. Electron diffraction
analysis confirmed the structures to be hexagonal,
with twinning occurring along the f1�101g planes
(Fig. 8(d)). Interestingly, the ½11�20� pattern shown
in Fig. 8(d) was oriented with the Ta[111] zone axis,
which is different than that was observed in the
1098 K aged material. This difference was due to
different growth directions of the rod-like particles
along the h110i variants in the Ta solid solution.
In both aging conditions the particles showed twin-
ning along the f1�101g planes which were aligned
with the {110} planes of the matrix.

TEM analysis of the 1398 K aged material is
shown in Fig. 9. While the 1398 K aged material
contained the remnant HfO2 particles from the
annealing condition, common to all conditions,
the microstructure lacks the rod-like structures
that were observed in the 1098 and 1248 K aged
conditions. Extensive grain boundary precipitation
occurred during aging at 1398 K. Unlike the
1248 K aged material, investigation of the grain
boundaries in the 1398 K aged material revealed



Fig. 6. SAD patterns from the rod-like features observed in material aged at 1098 K. Patterns were indexed to a hexagonal structured
phase. (a) The Ta[111] rod½11�23� pattern showing twinning on f�1011g, and (b) the Ta[531] rod½11�26� pattern from one of the twinned
variants in the particle. The indexed Ta solid solution planes are shown in italics, while that of a twin variant in the rod is marked with a
‘T’.

Fig. 7. Back-scatter electron images of T-111 aged 1100 h at
(a) 1248 K and (b) 1398 K.
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differences in the size and distributions of the pre-
cipitate particles on the boundaries. Particles ranged
from large, widely separated precipitates of up to
0.6 lm in size (Fig. 9(a)), to smaller particles of
0.1 lm or less densely distributed along the grain
boundaries (Fig. 9(c)). The larger particles were
identified through EDS and their electron diffrac-
tion zone axis patterns as the monoclinic form of
HfO2 (Fig. 9(b)). Based on their size, the larger par-
ticles observed by TEM at the grain boundaries may
have originated from the original annealing treat-
ment. The angular appearance of these grain bound-
ary precipitates, in contrast to the more rounded
appearance of the intragranular HfO2 particles in
the sample and in the annealed material, suggests
some further growth of the grain boundary precipi-
tates during the aging. The lack of smaller particles
near them may have been due to the depletion of Hf
in the regions surrounding the grain boundary
precipitates.

Convergent beam electron diffraction (CBED)
was partially successful in determining the structure
of the smaller precipitate particles in the 1398 K
aged material. While EDS confirmed them to be
Hf-rich, their chemistries were not clearly identifi-
able (i.e. oxide, carbide or nitride). Along one grain
boundary, it was observed that the particles shared
a common growth direction in one of the solid solu-
tion grains (Fig. 9(c)). The particles were deter-
mined to be cubic in structure with both the [100]
and [110] zone axis identified, with the latter shown
in Fig. 9(d). While the particles shared the same



Fig. 8. TEM micrographs of 1248 K aged material. (a) Image showing the varied amount of precipitation of Hf-rich particles at a grain
boundary tri-junction, with the micrograph in (b) showing more typical grain boundary precipitate formation. (c) Two-beam (g = 002)
image showing rod-like features appearing in the solid solution matrix, and (d) the SAD pattern from the rod-like feature indexed to the
hexagonal ½11�20� oriented to the Ta[111] zone (marked in italics) showing a f1�101g twin oriented variant.
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orientation, the h200i of the particles were slightly
misaligned with respect to the h110i of the solid
solution grain they grew into.

CBED analysis of the smaller precipitate parti-
cles located along different grain boundaries in the
aged material indicated that variations in crystal
structure occurred in the precipitates. An example
of these particles is shown under dark-field imaging
in Fig. 9(e), using several diffracting reflections from
the precipitates to clearly view the degree of grain
boundary decoration. In order to examine these dif-
ferences further, a 200 lm diameter SAD aperture
was used to provide diffraction information from
the phases located in a 6.25 lm diameter area of
the samples grain boundaries and tri-junction loca-
tions. This enabled the collection of diffracting
planes from multiple particles along the boundaries
in a pseudo ring-type pattern, an example of which
is shown in Fig. 9(f). Reflections were indexed from
the monoclinic and cubic forms of HfO2 along with
reflections from the solid solution grains forming
the boundary.

While the monoclinic structure is stable below
1950 K in bulk material, the higher temperature
tetragonal structure can be stabilized in submicron
size particles [32], analogous to the more widely
known tetragonal stabilization of ZrO2 particles
below 30 nm [33], due to a lower surface free energy
than the monoclinic form. The cubic structure of
HfO2 is thermodynamically stable above 2473 K in
bulk form and has not been reported previously in
literature on nanoparticle or thin-film research.
However, the cubic form of the oxide shares the
same cubic Fm�3m structure as HfN and HfC, as well
as the reduced ZrO2�x oxide and all have similar lat-
tice constants. Therefore, it is possible that the cubic



Fig. 9. TEM micrographs of T-111 aged 1100 h at 1398 K. (a) Large HfO2 particles at a grain boundary tri-junction, marked by arrows,
and (b) the SAD pattern of the monoclinic HfO2 [001] zone axis of one of the particles shown in (a). (c) Bright-field image of precipitates
along a grain boundary, with (d) the cubic [110] zone axis of a grain boundary precipitate nearly aligned to the [100] zone of the solid
solution grain it is growing into. (e) Dark-field image grain boundary precipitates, with (f) a diffraction pattern from a large selected area of
a typical grain boundary containing numerous particles with reflections corresponding to the monoclinic and cubic (marked with ‘c’) forms
of HfO2 with additional reflections from the Ta solid solution grains (marked with Ta in italics).
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variants of the Hf-rich precipitates are mixed oxides
containing carbon or nitrogen which has stabilized
the crystal structure. The measured lattice constant
of the cubic particles was 0.4596 ± 0.05 nm, which
is between that of HfN and HfC (0.4525 and
0.4638 nm, respectively). Little and very mixed
results are found in literature as to the preferential
structure of HfO2 nanoparticles, with indications
that their structure may depend on the level and type
of chemical impurities present in the material [32,34].

A general observation comparing the 1248 and
1398 K aged materials suggest that little difference
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exists between the numbers of particles nucleated at
the grain boundaries and that the higher tempera-
ture anneal resulted in an increase in particle size
through coarsening. The development of grain
boundary precipitation in T-111 on aging has a dra-
matic effect on the alloy’s electrical and mechanical
properties, as will be shown below.
Table 3
Averaged measured hardness of as-annealed and aged T-111
samples

Condition Sample I.D. Hardness
(kg/mm2)

Annealed 1 h at 1883 K T120 253 ± 3
Annealed + Aged 1100 h at 1098 K T134 241 ± 4
Annealed + Aged 1100 h at 1248 K T135 236 ± 3
Annealed + Aged 1100 h at 1398 K T139 235 ± 1
3.2. Electrical resistivity

The room temperature electrical resistivity of the
T-111 samples was measured in the as-received,
annealed and aged conditions. The values of resis-
tivity for each sample and the changes associated
with aging of the samples at 1098, 1248 and
1398 K are listed in Table 2. No significant change
in resistivity was measured between the as-received
(cold worked) condition and that following anneal-
ing for 1 h at 1883 K. A change in resistivity is
indicative of either a solute redistribution or a
microstructural change occurring in the alloy, while
changes in dislocations and grain size contribute
little to the overall change in resistivity. While the
as-annealed material did show a recrystallized struc-
ture of dislocation-free grains, the annealing tem-
perature was not high enough to dissolve the
HfO2 particles, and may account for the lack of
resistivity change between the annealed and cold-
worked structures. The resistivity values of T-111
in this study following the various treatments are
below the 217 nX m value reported in literature
[9], but they are within ±5% of the average value.

A trend of decreasing resistivity is observed with
increasing aging temperature, with averaged
decreases of 3.7, 6.2 and 8.8 nX m measured
between the annealed and 1098, 1248 and 1398 K
aged samples, respectively. As earlier research on
V–4Cr–4Ti alloys has demonstrated [35], resistivity
Table 2
Room temperature electrical resistivity (nX m) of T-111 in the as-recei

Sample I.D. As-received
resistivity

As-annealed
resistivity

Resis

1098

T132 200.9 201.7 197.7
T133 203.6 204.0 201.5
T134 202.6 203.8 199.2
T135 202.2 203.3
T136 201.5 202.2
T137 202.3 203.0
T138 201.0 201.2
T139 202.3 202.7
T140 203.4 203.6
changes of 10 nX m are as large as would be
expected due to interstitial solute redistribution in
the material without additional increases in impu-
rity levels. Though an increase in nitrogen impurity
was measured by chemical analysis following aging
at 1398 K, an increase in electrical resistivity would
have been expected if this increase was significant.
The decreasing values of resistivity with increasing
aging temperature correlate with the observed
changes in microstructure. As more solute and
interstitial are removed from solid solution into pre-
cipitates, the resistivity of bcc solid solution alloys
decreases.

3.3. Hardness

The values of Vickers hardness following thermal
treatment are presented in Table 3. A similar trend
to electrical resistivity was observed, in that the
hardness values decreased with increasing aging
temperature. The decrease in hardness correlates
with the precipitation of solute and interstitial ele-
ments along grain boundaries, resulting in a soften-
ing of the matrix. Despite the increased nitrogen
content in the alloy following 1398 K aging, the
average hardness is considerably less than that of
the as-annealed material. The effect that interstitial
impurity concentration has on the hardness of pure
ved, annealed and aged conditions

tivity after 1100 h aging at: Difference
(Aged � Annealed)K 1248 K 1398 K

�4.0
�2.5
�4.6

196.9 �6.4
196.1 �6.1
196.9 �6.1

192.3 �8.9
195.8 �6.9
193.0 �10.6
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Ta has been investigated, with data compiled and
presented in Refs. [1,36]. These data showed that a
linear increase in hardness occurs with the addition
of oxygen or nitrogen until saturation at levels of
3600 and 6600 wppm respectively. From these data,
a net increase of 85 wppm nitrogen occurring in the
1398 K aged material should produce an insignifi-
cant increase in hardness. The similar hardness val-
ues between the 1248 and 1398 K aged samples may
reflect the coarsening of the precipitates on the grain
boundaries between these two temperatures more
than an increase in the nucleation of new particles.
Taken together, the microstructure, resistivity and
hardness data suggest that aging for 1100 h causes
progressively enhanced precipitation of Hf-rich pre-
cipitates (assumed to be mixed oxide, carbide,
nitride composition), with preferential nucleation
along grain boundaries. The formation of the grain
boundary precipitates reduces the matrix interstitial
solute content and thereby causes overall softening
of the matrix.

3.4. Tensile properties

Tensile properties for the annealed and aged
material are presented in Table 4. The increasing
precipitate development along the grain boundaries
with increasing aging temperature led to a reduction
in the tensile strength of the aged material, com-
pared to the as-annealed condition, and to pro-
nounced tensile embrittlement in the 1398 K aged
material as monitored by uniform and total elonga-
tion and reduction in area.

The tensile properties of the as-annealed material
showed good ductility at all temperatures with val-
Table 4
Tensile properties of annealed and 1100 h aged T-111

Test temperature
(K)

Condition Sample
I.D.

YS
(MPa)

UTS
(MPa)

RT Annealed T104 699 787

1073 Annealed T112 277 580
Aged 1098 K T132 247 465
Aged 1098 K T133 250 460

1223 Annealed T131 269 523
Aged 1248 K T135 240 447
Aged 1248 K T136 223 470

1373 Annealed T128 246 492
Aged 1398 K T138 220 338
Aged 1398 K T139 240 311
Aged 1398 K T140 235 281

a Sample failed in shoulder, with reduction in area calculated based o
ues of total elongation remaining above 20%. Only
a small decrease in yield strength (YS) was mea-
sured between the elevated temperature tests of
the as-annealed material. The tensile properties of
T-111 have been collected by Zinkle [37] from open
literature [1,8,9], and correlations were developed by
him as a function of temperature for the YS and
ultimate tensile strength (UTS). The correlations
are shown in Fig. 10 for both UTS and YS, along
with the data of this study. The UTS of the annealed
T-111 specimens of this study consistently lie above
the correlation at all temperatures while that for the
aged specimens at 1073 and 1223 K are quite close
to the correlation curve. The UTS for the samples
aged at 1398 K is below the correlation, but that
is expected as this condition was highly embrittled.
The YS measured for the annealed and aged sam-
ples are close to the correlation at all temperatures.
The large difference between the YS and UTS of the
samples indicate a high level of work-hardening
(which is also apparent in the stress–strain curves)
and is consistent with the data from open literature.
Sheffler et al. [2] studied the strain aging behavior of
T-111 and reported that the high strength (relative
to pure Ta) may be caused by a complex atmo-
sphere–dislocation interaction rather than by simple
interstitial dislocation pinning. During aging, as the
interstitial elements are redistributed and precipi-
tated, the complex atmosphere–dislocation interac-
tions weaken and the UTS drops. As the rate of
diffusion increases with increasing temperature, a
reduction in work hardening is expected, as was
observed in the results of this study.

The stress–strain curves for the 1098 K aged and
annealed samples tested at 1073 K are shown in
Uniform
elongation (%)

Total elongation
(%)

Reduction in area
(%)

15.4 29.2 –

12.9 21.2 65.1
15.3 24.5 49.4
13.2 21.2 –

15.2 26.4 71.1
12.9 24.1 49.2
9.4 16.9 53.6

14.1 23.1 49.9
1.0 7.2 13.5
0.8 6.6 10.4
1.5 5.9 2.2a

n original gage cross-section.
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(b) yield stress correlations developed by Zinkle for T-111 [37]
and the tensile data from this study.
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Fig. 11(a). Both 1098 K aged samples showed a
significant reduction in tensile strengths compared
to the as-annealed condition, with a measured reduc-
tion of over 100 MPa in UTS. The observed soften-
ing during aging correlates with the reduction in
both electrical resistivity and hardness. Dynamic
strain aging (DSA) was exhibited in both the aged
and annealed conditions, although the nature of the
DSA was very different for the two conditions. In
the annealed material, serrations do not appear until
after the maximum load has been reached (>15%
elongation) and the specimen has started to neck.
The onset of dynamic strain aging was marked by a
drop in stress, as shown in the more detailed stress–
strain curve in Fig. 11(b). The 1098 K aged specimen
exhibited DSA for elongations greater than 7–8%.
The serrations in the aged sample are primarily load
drops, indicating a Type A dynamic strain aging
[38,39], similar to that occurring in the annealed spec-
imen following the initial drop in stress.

The difference in DSA behavior and reduction in
strength of the aged specimens from the as-annealed
are indicative of microstructural difference between
the two conditions relating to the distribution of
impurities in the material, as overall impurity levels
between the two conditions are similar (Table 1).
While resistivity, hardness and tensile strength sug-
gest reduced interstitial solute in the matrix of the
aged samples compared to the as-annealed, the early
onset of DSA in the aged sample suggests the
opposite. In terms of microstructure, both the as-
annealed and 1098 K samples showed HfO2 parti-
cles distributed inhomogeneously throughout the
microstructure, with the only difference observed
between the samples being the presence of the rod-
like features distributed throughout the solid solu-
tion grains in the aged material. Though relatively
low in distribution density (1.6 · 1018 particles/m3),
the precipitation of these features may have an influ-
ence on mechanical properties as well as on electri-
cal resistivity. Furthermore, the stability of these
rod-like features with temperature is not known.
Though appearing in both the 1098 and 1248 K
samples, they may have formed during cooling
and therefore release their solute contents at the ten-
sile test temperatures. Whereas, aging at 1398 K
may have been high enough to reduce the solute
and interstitial content of the solid solution matrix,
that no rod-like features were observed during post-
aging examination. The delay of DSA in the
annealed material until reaching the UTS could be
attributed to the binding of carbon and oxygen in
the solid solution, whereas oxygen in the aged mate-
rial is tied up in precipitates allowing for the carbon
in the aged material to interact more freely with the
dislocations. A higher level of interstitial concentra-
tion in the solid solution which is not tied to precip-
itates has been shown to produce strain aging effects
in steels with similar overall levels of impurity con-
centrations [40].

Fractography of the 1098 K aged and annealed
specimens tested at 1073 K are compared in
Fig. 12(a). Both samples exhibit ductile–dimple
failure. Although the aged specimen has a lower
reduction of area than the annealed specimen, both
samples have sufficiently high values.

The stress–strain curves for the 1248 K aged and
annealed T-111 specimens tested at 1223 K are
shown in Fig. 11(c). Similar to the samples tested
at 1073 K, the results for both aged specimens indi-
cate a lower YS and UTS than the annealed speci-
mens. In addition to a drop in strength, there is
also a slight drop in uniform elongation from the
values for the annealed condition. However, the
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values of uniform and total elongation as well as the
reduction in area are acceptably high and indicative
of ductile, structural materials. Though DSA is
present in both the 1248 K aged and annealed sam-
ples tested at 1223 K, it is much less pronounced in
the annealed specimen. In addition, the serrations
which are also Type A are considerably less frequent
than in the 1098 K aged specimens, but are occur-
ring shortly after yielding.

Fractography of the 1248 K aged and annealed
specimens tested at 1223 K are compared in
Fig. 12(b). The annealed specimen failed in a ductile
mode with over 71% reduction in area. However,
the aged specimens exhibited a mixed failure mode
with regions of intergranular (IG), transgranular
(TG) and ductile failure. Overall, the fracture sur-
face for aged samples was 52% IG/TG for sample
T135 (not shown) and 83% IG/TG for sample T136.

The stress–strain curves for the 1398 K aged and
annealed T-111 specimens tested at 1373 K are
shown in Fig. 11(d). All three aged samples failed
prematurely with uniform elongations of less than
1.5%. The aged specimens exhibited a UTS 150 to
200 MPa lower than for the annealed specimens
due to their low uniform elongation. However, the
measured yield stresses varied only slightly between
the annealed and 1098 K aged material tested at
1373 K. Fractography of the 1398 K aged and
annealed specimens tested at 1373 K are compared
in Fig. 12(c). All three aged specimens exhibited
both IG and ductile features although the samples
were predominantly (75–88%) IG. The increased



Fig. 12. Comparison of fracture surfaces of annealed and aged T-111 samples tested at (a) 1073 K, (b) 1223 K and (c) 1373 K.
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N content in the samples following aging at 1398 K
may have some influence on the mechanical behav-
ior of the specimens. However, it does not fully
explain the extent of degradation of T-111 after
aging. Indeed, all the aged specimens showed signs
of softening or loss of tensile strength after aging,
with the degree of degradation increasing with
increasing aging temperature. However, there was
no measurable impurity pickup following aging at
1098 or 1248 K. The possibility also remains that
the single value showing high N may be an anomaly
or an artifact of material sampling for chemical
analysis. Clear indications of solute segregation to
the grain boundaries as a result of thermally-driven
processes leading to the increased development of
precipitates with increasing aging temperatures are
apparent and have a detrimental affect on mechan-
ical properties of the alloy.

A review of literature shows some differing
results in terms of embrittlement appearing in aged
T-111. In work by Lessmann and Gold [24,41],
aging at 1255, 1422 and 1588 K for times up to
10000 h did not produce any change in the bend test
DBTT. Tensile data [41] of aged sheet material
taken at these temperatures under similar test condi-
tions as the data presented in this article, showed
ductility greater than 20% total elongation, except
at 1255 K which showed values exceeding 10%.
No indications of embrittlement with aging were
reported. Conversely, a decrease in bend test ductil-
ity was reported by Stephens [22,23] for T-111 tube
annealed at 1925 K and aged at 1315 K for 1000 h
in vacuum and lithium environments. This embrit-
tlement was only found to occur over a narrow tem-
perature range for T-111, with no embrittlement
observed in materials aged at 1200 and 1425 K. Ten-
sile tests by Stephens on 1313 K aged material tested
at temperature did show a decrease in UTS com-
pared to the annealed condition and similar values
of yield strength between the two conditions,
though embrittlement was not reported to have
occurred in the tested material. However, values
for tensile ductility were not reported. The source
of embrittlement in bend test data by Stephens,
was suggested to be the result of HfO2 particle
development at the grain boundaries. Further work
by Stephens showed that the mechanical properties
and response to aging was an effect of Hf and W
concentrations in the alloy, in that embrittlement
was not observed when the level of Hf was reduced
to 0.5–1.0% or the amount of W reduced to 4%. It
was proposed by Stephens that Hf segregation to
the grain boundaries is enhanced by W additions
to the alloy through a lattice contraction that occurs
when W is added to Ta, leading to greater misfit
strains around the Hf atoms in the solid solution.
The embrittlement reported by Stephens as occur-
ring in T-111 at 1315 K, did not appear in similarly
aged and tested Ta–10 W or Ta–2Hf.
4. Conclusions

The microstructural changes and their effect on
the electrical and mechanical properties of T-111
following 1100 h aging at 1098, 1248 and 1398 K
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have been investigated. Increasing aging tempera-
tures caused a measurable decrease in electrical
resistance and sample hardness due to the precipita-
tion of Hf-rich compounds at the grain boundaries.
The increased amount of precipitate development at
the grain boundaries with increasing temperature
appears to be responsible for the reduction in mate-
rial strength by reducing the interstitial solute
concentration on the matrix. In addition, the grain
boundary precipitates appear to be responsible for
tensile embrittlement of the alloy following aging
at 1398 K. Precipitation at the grain boundaries
was found to be a mixture of monoclinic and cubic
structures, suggesting the development of mixed Hf
oxides, carbides and nitrides. It is not known
whether variations in the annealing temperature or
pre-aging treatments can influence or lessen the
amount of solute segregation to the grain bound-
aries. While the mechanical properties following
aging at 1398 K may have been influenced by the
90 wppm increase in nitrogen due to a pinhole leak
in the container during aging, general trends indicat-
ing microstructural instability are observed with
increasing aging temperature. Further work is neces-
sary to evaluate the microstructural stability of the
material over longer times, to examine the amount
of precipitate coarsening at the grain boundaries
and its influence on mechanical properties.
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