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INFLUENCE OF HIGH-STRAIN RATE AND TEMPERATURE ON THE MECHANICAL
BEHAVIOR OF Ni-, Fe-, and Ti-based ALUMINIDES*

George T. (Rusty) Gray III

Materials Research and Processing Science
MailStop G755
Los Alamos National Laboratory
Los Alamos, NM 87545

Abstract

The majority of the strength characterization studies on ordered intermetallics have
concentrated on the assessment of strength and work-hardening at conventional strain rates.
Although the influence of strain rate on the structure / property relationships of pure nickel,
iron, and titanium and a variety of their alloys have been extensively studied, the effect of strain
rate on the stress-strain response of Ni-, Fe-, and Ti-based aluminides remains poorly
understood. Dynamic constitutive behavior is however relevant to high speed impact
performance of these materials such as during foreign object damage in aerospace applications,
high-rate forging, and localized deformation behavior during machining. The influence of

strain rate, varied between 0.001 and 104 s-1, and temperatures, between 77 & 800K, on the

compressive mechanical behavior of Ni,Al, NiAl, Fe;Al, Fe-40Al1-0.1B, Ti-24Al-11Nb, and Ti-
48A1-2Cr-2Nb will be presented. In this paper the influence of strain rate on the anomalous
temperature dependency of the flow stresses in these aluminides will be reviewed and
compared between aluminides. The rate sensitivity and work hardening of each aluminide will
be discussed as a function of strain rate and temperature and contrasted to each other and to the
values typical for their respective disordered base metals.

*This work was performed under the auspices of the U.S. Department of Energy
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Introduction and Background

The structure/property relations of Ni, Fe-, and Ti-aluminides have attracted recent interest as
structural materials since these high temperature alloys exhibit promising oxidation and
sulfidation resistance at elevated temperatures and retention of good strength to intermediate
temperatures[1]. Over the past five years variations in strain rate have been broadly utilized to
probe a wide range of kinetic effects in intermetallics including strain rate effects on: 1) defect
types activated (slip, twinning, kinking, etc.), 2) specific dislocation mechanisms activated, 3)
hydrogen embrittlement phenomena, 4) the rate dependency of yield and work-hardening
phenomena, and 5) as “critical experiments” to evaluate the applicability of a wide spectrum of
defect models controlling the anomalous temperature dependence in some intermetallic
compounds. A survey of the literature on strain-rate effects on aluminides via a computer
reference search reveals a reasonably large number of recent citations where “strain-rate”
appears within the keyword or title fields, or within the abstract of the paper itself. The recent
citations where strain-rate effects are linked to Fe-, Ni-, and/or Ti-aluminides were found to be
clustered in several topical categories. Representative citations within these areas are:

a) superplasticity of aluminides[2-4],

b) strain rate effects on embrittlement of aluminides[5-19],

¢) creep of aluminides[4, 20],

d) deformation / mechanical property / mechanism studies[21-33], TiAl[5, 33-50],
¢) modeling deformation response (especially anomalous temperature
behavior)[51-54][55, 56], and

f) impact and shock-loading response[11, 57] [58, 59].

In addition to the utilization of strain rate as a testing variable to probe specific aspects of
defect phenomena, the effect of strain rate on overall deformation response is of importance to
future applicability of aluminides in engineering systems. This is the case for the interest in the
high-rate deformation and impact response of aluminides. Dynamic constitutive behavior is
relevant to the high-strain rate deformation response and the impact performance of aluminides
encountered in: 1) extreme service conditions such as during foreign object damage
encountered in aerospace applications, and 2) for manufacturing environments such as high-
rate forging as well as the localized high-rate deformation behavior during metal removal
operations such as machining and grinding. While the influence of higher strain rate
deformation on the structure / property response of pure Ni, Fe, and Ti and their alloys has
been widely investigated, the effect of high-rate deformation and impact phenomena on the
mechanical response of aluminides has been less extensively studied. The purpose of this paper
is to review results of a number of studies examining the effect of high-strain rate and
temperature on the mechanical response of Ni-, Fe-, and Ti-aluminides. Utilization of
compression testing, in contrast to tension, allows in-depth study of the work-hardening
response of the various aluminides without the premature termination of the stress-strain
response due to intersection with the failure envelope.

Experimental Procedures
Materials

The materials summarized in this review were 6 intermetallic aluminides, all polycrystalline
with the exception of NiAl, with chemical compositions in at.% as listed in Table I. The Fe-
40Al1-0.1B and Fe3Al were supplied by Oak Ridge National Laboratory. The NiAl and Ti48Al-

2Cr-2Nb were supplied by GE Aircraft Engines. In-depth details of the chemistry, processing,
heat-treatments, and final microstructures have been presented previously for the NiAl[25, 28],
Ni,Al[29, 30], Ti,Al[32, 33, 37], TiAl[34-36, 42], Fe,Al[60], and FeAl[40].

Table I - Chemical Composition of Aluminides Studied [ at. % ]
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) Element

Aluminide Ni Al Ti Fe B Cr { Nb O C P
Ni3Al 75.91 24.1 0.095 0.03 | 0.02 |0.005
NiAl 50.0 50.0

Ti-24A1-11Nb 24.6 | 64.63 | 0.068 10.5 {0.161 1 0.039
Ti-48 Al-2Cr-2Nb 478 |48.2 20|17 0.2 0.1

Fes Al 30.0 70.0

Fe-40A1-0.1B 40.0 599 ]0.1

Mechanical Testing

The true-stress true-strain responses of the aluminides were measured in compression using
solid-cylindrical samples 5.0 mm in dia. by 5.0 mm long, lubricated with molybdenum grease.
Quasi-static compression tests were conducted on a screw-driven load frame at strain rates of
0.001 and 0.1s! at 77 and 298K. Dynamic tests, strain rates of 1000-8000 s-1, were conducted
as a function of strain rate and temperature utilizing a Split-Hopkinson Pressure Bar[61]. High
temperature tests were performed in a vacuum furnace mounted on the Split-Hopkinson
Pressure Bar[62]. The high temperature Hopkinson-Bar samples were lubricated with a boron
nitride powder / alcohol slurry which was allowed to dry on the sample prior to testing. The
samples were heated to temperature and allowed to stabilize prior to testing, based upon
thermocouple monitoring of directly adjacent to the sample, with the elapsed time of ~7-10
minutes required from the inception of heating to testing. The inherent oscillations in the
dynamic stress-strain curves, due to elastic wave dispersion in the bars[61], and the lack of
stress equilibrium in the specimens at low strains make the exact determination of yield
inaccurate at high strain rates. Accordingly, values of the flow stress for the high-strain-rate
tests are most often plotted in comparisons as flow stresses at low values of plastic strain (< 5%

).

Results and Discussion

The compressive true-stress true-strain responses of Ni;Al, NiAl, Fe;Al, Fe-40A1-0.1B, Ti-
24Al-11Nb, and Ti-48Al-2Cr-2Nb were all found to depend on both the applied strain rate,

which ranged from 0.001 to 7500 s-1, and the test temperature at high rate, which was varied
between 77 and 1273K (Figures 1-12). The stress-strain responses at quasi-static and high-
strain rate for all the different aluminides at 298K are compared in Figures 13 and 14,
respectively. Examination of the individual stress-strain responses of the aluminides as a
function of strain rate and temperature as well as the cross-plots reveals some striking
similarities and some distinct differences. The yield stresses of all the various polycrystalline
aluminides at both strain rates are seen to span a reasonably narrow range from 250 to 600 MPa
while being bounded by the soft<110> and hard <100> NiAl single-crystal behavior. The
work-hardening behaviors of the Ni-, Fe-, and Ti-aluminides are all seen to exhibit: 1)
considerably higher hardening rates than that typical for their disordered polycrystalline base
metals, and 2) remarkable linear sustained hardening behavior, in particular for the Fe-40Al-
0.1B, NiAl, Ni,Al, and Ti-48A1-2Cr-2Nb, over a wide range of temperatures. The average
work-hardening rates for the aluminides are summarized in Table II.
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Figure 5 - Response of Ti-48Al-2Cr-2Nb as a function of strain rate and temperature[36].
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Figure 6 - High-rate response of Ti-48Al-2Cr-2Nb as a function of temperature[36].
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Figure 8 - High-rate response of Ti-24Al-11Nb as a function of temperature[33].
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Figure 9 - Stress-Strain response of Fe-40Al as a function of strain rate and temperature[40].
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Figure 10 - High-rate response of Fe-40Al as a function of temperature[40].
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Figure 11 - Stress-Strain response of Fe,Al as a function of temperature and strain rate.
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Figure 12 - High-rate response of Fe;Al as a function of temperature.
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The remarkable linear Stage-II stress-strain behavior in the Fe-40Al-0.1B, NiAl and Ti-48Al-
2Cr-2Nb are seen to persist to true strains in excess of 0.20. In some instances, such as for Ti-
48A1-2Cr-2Nb, sequential reloading with relubrication can be used to strain aluminides in
compression to flow stresses > 2 GPa prior to failure by non-crystallographic shear[42]. These
stress levels are equivalent to ~ E/10 which are quite impressive flow stress for any material to
stably support. Overall, the stable high rate of work-hardening exhibited by nearly all the

aluminides, often at hardening rates >> 11/100, and sustained to absolute flow stresses > 1500
MPa is consistent with the suppression of dynamic recovery processes in ordered intermetallic
compounds[42]. Although microcracking is evident in many of these aluminides tested in



compression, damage evolution within most aluminides in compression is insufficient to
significantly alter the stable high rate of work-hardening typical in these materials.

The rate sensitivities, "m" ( = dlnc / dIn€ ), for all the aluminides were calculated using the
flow stress values at a plastic strain of ~2% to avoid the inaccurate yielding definition difficulty
for the Split-Hopkinson-Pressure Bar data as mentioned in the experimental procedure section.
The rate sensitivities for all the aluminides are listed in Table II. While the rate sensitivity
should be rigorously assessed via a strain rate jump test[63] to assure constant structure,
previous experience has shown that the current range in strain rates, over 10°, leads to
essentially the identical calculated rate sensitivity as from a jump test over a much lower strain
rate range[33, 36]. Overall, the Fe-, Ni-, and Ti-aluminides studied all exhibit strain-rate
sensitivities equal to or in excess of their high-purity disordered base-metal with the exception
of Ni;Al. Ni,Al displays an extremely low dependency of its yield strength on strain rate at
298K which is consistent with the lack of any significant Peierls Barrier to dislocation
motion[30]. The lack of rate dependency at 298K in Ni,Al is unique among the aluminides
discussed in this paper and in addition to its anomalous flow stress dependency on temperature,
to be addressed later in this paper, presents a fascinating and widely contested topic of
discussion in the literature[54, 55]. In this discussion strain rate effects on yield and hardening
phenomena have played a pivotal role as delimiters for differentiating new defect model
descriptions for Ni,Al.

Table II:
Summary of rate sensitivity and work-hardening response of intermetallics studied at 298K.
Aluminide Rate Sensitivity @ Work-Hardening Work-Hardening
298K Rate @ 0.001 s™ Rate @ 2000 s™
[MPa / unit strain] [MPa / unit strain]
Ni, Al very low 5800 8000
NiAl [100] 0.024 4000 4000
NiAl <110> 0.085 2900 3560
Ti-24Al-11Nb 0.014 1680 3600
Ti-48A1-2Cr-2Nb 0.02 2800 4500
Fe,Al 0.039 5000 6500
Fe-40Al1-0.1B 0.047 6500 6500
Nickel 0.01 3000 5000
(polycrystalline)
Titanium 0.015 1000 2400
(polycrystalline)
Iron (polycrystalline) 0.05 1100 1600

Comparison of the work-hardening rates of the various aluminides as a function of strain rate or
temperature at high rate reveals that the rate of strain hardening is predominantly invariant
again with the exception of Ni,Al and to some extent Ti-48 Al-2Cr-2Nb. In the majority of the
aluminide data shown in Figures 1-12 increasing strain rate and/or temperature at high rate is
seen to only shift the hardening curves up or down; the nearly invariant hardening rates
resulting in a family of parallel curves. The observation of a pronounced increase in yield and
flow stress with decreasing temperature and/or increasing strain rate is typical for BCC and
lower symmetry crystal structures and has been traditionally explained by a high Peierls
stress[64]. In the case of Ti-48Al-2Cr-2Nb the stress-strain data in Figure S supports a
pronounced rate sensitivity but with an increase in hardening at 77K and high-strain rate also
prevalent. In this instance, unlike the other aluminides (except again for Ni;Al), a single
deformation mechanism is dominant in controlling plastic deformation; dislocation glide.
Contrarily in the case of Ti-48 Al-2Cr-2Nb, deformation twinning in addition to slip is known to
contribute to plastic flow. With increasing strain rate and/or decreasing temperature the
propensity of twin formation in TiAl is seen to increase. Increasing amounts of deformation
twinning is seen to correlate with an increased rate of work hardening[36, 65].




The other feature observed to be common among a number of the aluminides studied is an
anomalous increase in the flow stress at high-strain rate as a function of increasing temperature.
This phenomena for the Ni, Fe, and Ti-aluminides is summarized in Figure 15. For the
aluminides investigated the low-strain flow stresses of Ni;Al, Ti-48 Al-2Cr-2Nb, and Fe-40Al-
0.1B are seen to exhibit an anomalous increase in stress level with increasing temperature at
high-strain rate. The anomalous increase in flow stress in Fe-40Al-0.1B with increasing
temperature above 600K is first seen to be preceded by a pronounced fall in flow strength upon
increasing temperature from low temperature. This U-shaped flow stress behavior with
temperature is consistent with the constitutive response of Fe-40Al-0.1B and Ti-48 Al-2Cr-2Nb
being Peierls stress dominated a low temperature and then involving additional hardening
mechanisms upon increasing temperature.

Whether these involve a Kear-Wilsdorf mechanism or one of another cross-slip mechanisms
where cross-slipped segments pin [5, 44, 55] or related to vacancy-induced hardening[56]
remains a subject of current debate. NiAl, Ti-24Al-11Nb, and Fe,Al on the contrary display a
decrease in their high-strain-rate flow stresses with increasing temperature. This observation is
consistent with previous observations on these intermetallics{66]. [66]. This later behavior is
also more typical of disordered metals and alloys where fall-off in the yield strength of a
material is commensurate with the decrease in shear modulus with increasing temperature. The
one unique feature in the current observations of the anomalous yield increase with temperature
is the lack of an eventual down-turn at very high temperatures. Unlike the usual fall-off in
yield at very high temperatures due to the activation of additional slip systems, such as cube
slip in Ni,Al, or climb related processes in FeAl[48] high-strain-rate loading is observed to
prevent this high-temperature deformation mode change. Up to the temperatures attained in the
Split-Hopkinson-Bar testing the high-strain-rate yield strengths of Ni;Al[30], Fe-40Al-
0.1B[40], and Ti-48 Al-2Cr-2Nb[36] have not been seen to decrease in the temperature range
tested to date.
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Figure 15 - Plot of flow stresses at fixed plastic strains versus temperature for various
intermetallics at high strain rate.

Of the aluminides reviewed here which display the anomalous increase in yield strength with
temperature at high-strain rate the overall magnitude of the temperature effect on yielding and
post-yield flow stresses is most evident in Fe-40Al1-0.1B as seen in Figure 10 and 15. Previous
studies have documented this phenomena in FeAl, in particular in the work of Baker et. al.[44,
48-50]. The yield stress of Fe-39 at.% Al single crystals has been observed to display a nearly



constant yield stress of ~200 MPa from ambient temperature to 600K followed by a positive
temperature dependence with a peak temperature at 873K when tested at a strain rate of 1.7x10-
4s-1[44]. The anomalous slip transition in FeAl has been related to the decomposition of [111]
dislocations while the change in slip vector from <111> to <001> type occurs microscopically
around the peak temperature[44] and most recently to vacancy hardening[56].

The last mechanism mentioned, i.e., that of vacancy-induced hardening by George and
Baker[56], represents an example as mentioned in the introduction where strain rate data can
provide insights into modeling of defect processes in intermetallics. The vacancy-hardening
mechanism presents an intriguing model in which the anomalously increasing portion, termed
Region III, of the temperature-dependent yield behavior of FeAl is related to vacancy
hardening due to condensed vacancies restricting dislocation motion[56]. The vacancies
concentration is known to increase with temperature because of the high activation enthalpy for
vacancy formation. Sufficient time at temperature, with times > 0.5 h being shown to give a
yield strength independent of hold time, results in the attainment of an equilibrium
concentration of vacancies. As conceived this mechanism suggests a rather low strain-rate
dependency should be operative in the anomalous regime where vacancy hardening is leading
to increasing yield strength levels.
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A comparison of the strain-rate dependency between the FeAl work reviewed in this paper and
quasi-static data on Fe-40Al1-0.12B and the potential of explaining this data using the above
mentioned vacancy mechanism was made. This comparison was thought to be possible since
the Fe-40Al1-0.1B in the current study had been well annealed[40] and possesses nearly the
same composition as the Fe-40Al1-0.12B alloy studied by George and Baker[56]. Having a
similar boron and aluminum content as well as a well-annealed starting condition is important
given the known effects of composition and annealing on the anomalous temperature
behavior[50]. The data of George and Baker[56] and the data from Figure 15 for the current
Fe-40A1-0.1B are cross-plotted in Figure 16. The comparison in this figure clearly suggests the




presence of a pronounced strain-rate dependency over the entire range of temperatures
evaluated. This effect is thou;ght to reflect primarily the influence of high-strain rate loading
since the quasi-static (0.001 s™) yield strength of the current Fe-40Al1-0.1B alloy is ~300 MPa
(Figure 9) which is essentially the identical quasi-static yield of the George and Baker data at
298K. In addition, owing to the relatively short, 5-10 minutes, heat-up prior to a high-rate
Split-Hopkinson-Bar test it is unclear if sufficient vacancies could be formed to account for the
quite pronounced anomalous increase in yield and flow stresses at temperatures > 673K at
high-strain rate.

This comparison suggests that further examination of the strain-rate dependency of the
anomalous yielding phenomena in FeAl and other anomalously temperature dependent
aluminides appears warranted. In-depth electron microscopic examination of the deformation
substructure evolved during the high-rate high-temperature tests clearly need to be conducted.
In general this comparison represents an illustration of how strain rate studies, in addition to
their relevancy to many operational questions concerning intermetallic engineering utilization,
can provide insight into the details of defect generation and storage processes.

Summary and Conclusions

Based on a study of the influence of strain rate, from 0.001 to 7500 s-1, and temperature, 77 to
1073K, on the compressive mechanical response of Ni-, Fe-, and Ti-based aluminides, the
following conclusions can be drawn:

1. The rate sensitivities, "m" ( = dlnc / ding¢ ), of all the aluminides are shown to be equal to or
greater than that typical for the base metals from which they are derived while their work-
hardening rates are significantly higher. Strain hardening, when tested in compression, in most
of the aluminides is seen to continue to very high flow stresses.

2. Comparison of the work-hardening rates of the various aluminides as a function of strain rate
or temperature at high rate reveals that the rate of strain hardening is predominantly invariant
again with the exception of Ni,Al and to some extent Ti-48Al-2Cr-2Nb. The observation of a
pronounced increase in yield and flow stress with decreasing temperature and/or increasing
strain rate is typical for BCC and lower symmetry crystal structures due to a high Peierls stress
contribution.

3. For the aluminides investigated the low strain flow stresses of Ni,Al, Ti-48Al-2Cr-2Nb, and
Fe-40Al-0.1B at strain rates of ~ 2000 s are all seen to exhibit an anomalous increase in stress
level with increasing temperature.

4. Studies of the high-strain-rate response of aluminides, in addition to their relevancy to many
operational questions concerning intermetallic engineering utilization, can provide insight into
the details of defect generation and storage processes in ordered intermetallic compounds.
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