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Abstract

Samples of hexagonal a-Hf containing up to 30 at.% N in solid solution were made by a solid-state reaction. The brittle-to-
ductile transition temperature increased as the %N increased. Steady-state compressive deformation has been measured from 20 to
1000 °C. The data for pure Hf could be fit using a threshold stress with a stress exponent of 5. The stress exponent of the Hf—N solid
solution materials was between 5 and 8. The experiments could be interpreted on the basis of dislocation-controlled plasticity, with
N acting as classical solid-solution hardening solutes. Transmission electron microscopy supported this interpretation. Published by

Elsevier Science Ltd.
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1. Introduction

Currently, structural materials for use in high-tem-
perature oxidizing environments are mostly limited to
SiC, SisNy, or oxide ceramics. However, these mono-
lithic materials exhibit brittle behavior, which could
cause failure in thermal cycling or rapid heating envir-
onments. Fiber- or whisker-reinforced composites based
on these materials have been developed for applications
involving temperatures below 1600°C. However, the low
thermal conductivity of oxide matrices, and the oxida-
tion behavior of the silicon-based nonoxide materials
preclude their use. The development of structural mate-
rials for use in oxidizing and rapid heating environ-
ments at much higher temperatures is of great
engineering importance. Additionally, the development
of low-cost materials that can be fabricated into com-
plex shapes by standard commercial processing techni-
ques would also be of high value for many high-
temperature applications, including thermal manage-
ment, cutting tools, turbine engines, and rocket motors.
Hafnium-based refractory materials may offer the pos-
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sibility of an alternative material for high-temperature
structural applications.

For structural design purposes, the thermomechanical
properties of candidate materials must be fully char-
acterized because a major concern for design is thermal
cycling that can result in the thermal-stress failures.
Knowledge of the ductile-to-brittle-transition tempera-
ture is necessary for thermostructural analysis and
advanced design. Some plasticity is desirable.

Research has suggested that the addition of small
atoms, such as nitrogen, into the interstitial sites of
hafnium metal can increase the melting temperature' of
the single-phase material (according to the Hf-N equi-
librium diagram shown in Fig. 1), as well as increase
hardness.? The Hf~C system has a more limited solubi-
lity range, and a less dramatic effect on melting tem-
perature. Boron and oxygen also have limited
solubility,>> but the increase in melting temperature of
o-Hf is not observed in those systems. Therefore, the
Hf-N system was chosen for this study.

Uniaxial compression of polycrystalline Hf has been
investigated at room temperature over a strain-rate
range of 107°-3.2 s~! by Subhash et al.® They combined
stress—strain data with microstructural evidence that
indicated yielding occurred by dislocation activity and
that hardening was dominated by twinning. Ruano and
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Fig. 1. The Hf-N phase diagram with aHf(N) region shaded.

Elssner? studied the behavior of bamboo-structured Hf-
O and Hf-N for small concentrations (<1.2 at.%)
between 77 and 500 K. They concluded that the flow
stress is composed of two components, one the result of
an interaction between dislocations and single solute
atoms, and the other the result of a dislocation interac-
tion with solute clusters. Oxidation studies previously
performed on these materials in furnace and arc-jet
facilities indicated that these materials exhibit good
oxidation performance, i.e. they form a stable, adherent
oxide scale and do not catastrophically oxidize.” This
paper describes the processing, compression response,
and characterization of single-phase materials in the
alpha-hafnium region of the Hf-N phase equilibrium
diagram (Fig. 1).

2. Experimental

Hafnium and Hf-N powders were blended into bat-
ches correlating to 2, 5, 10, 20, and 30 atomic percent N.
The materials were densified by hot pressing at 1200-
1900 °C and by isothermal heat treatments of powder

compacts at temperatures of 1300-2300 °C in vacuum
and under 1 atmosphere of helium.

Samples were machined, ground, and polished to
5x5x12 mm size for compressive testing. Tests were
carried out at constant crosshead speeds in an Instron
Model 1125 universal tester fitted with a furnace and a
mufile tube for controlled atmosphere.® The tempera-
ture range for these experiments was from room tem-
perature to 1000 °C, and the strain rates were 1071073
s~!. Room-temperature tests were conducted in air; the
higher-temperature tests were conducted in static argon
for the pure Hf samples and in static N, for the Hf-N
samples.

To observe the microstructure after deformation test-
ing, the samples were examined in a transmission elec-
tron microscope (TEM). TEM samples were prepared
by using a diamond saw to cut a thin slice from the
deformed sample at an angle of approximately 45° to
the stress axis. The 3-mm disks were cut from the slice
with a core drill, flat-polished to a thickness of ~150
um, and then dimple-polished to ~15 um thick. Finally,
the specimens were ion-milled until perforation. TEM
was performed in a Philips CM30 microscope in the
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(b)

Fig. 2. SEM micrographs of Hf=5N (a) hot pressed and (b) sintered at
1500 °C. Bar=200 pm.

Electron Microscopy Collaborative Research Center at
Argonne National Laboratory.

3. Results and discussion

Sintering studies showed that compositions contain-
ing less than 10% N could be fully densified at tem-
peratures below 1500°C in a carbon-free environment
under 1 atm. of helium. Hot pressing these materials in
graphite dies and a carbon-element furnace was found
to induce rapid grain growth and carbon contamina-
tion, both of which contributed to producing low-
strength, brittle materials. Microstructural examination
also revealed a finer grain structure than in the hot-
pressed materials (10 vs. 150 um), as shown in Fig. 2.
All materials tested and described in this paper were
produced by pressureless sintering techniques.

3.1. Mechanical properties

The brittle-to-ductile transition (BDT) temperature
for each composition was determined at a strain rate of
10~% s~!. BDT values as a function of N content are
shown in Fig. 3. The transition temperature was a
strong function of N concentration, increasing with N
content. The Hf-2N composition deformed plastically
above ~400 °C, whereas the Hf-30N composition
deformed plastically only above ~1200 °C.

The results of stress—strain (elastic plus plastic) mea-
surements at room temperature at a constant strain rate
of 10~* s~! on various Hf-N solid solutions are shown
in Fig. 4. The data indicated that fracture stress
increased from ~800 MPa for pure Hf to 1250 MPa for
Hf-5N but decreased to ~500 MPa for Hf-10N.
Therefore, at this strain rate at room temperature, the
fracture stress exhibits a maximum at intermediate N
concentration. The results on the unalloyed Hf were
compared to those reported by Subhash et al.® They
reported a room-temperature yield stress of ~800 MPa
at a similar strain rate. Although their yield stress was
comparable to our measured fracture stress, their mate-
rial exhibited considerably more room-temperature
ductility than did ours.

The strain rate vs. stress-data for the unalloyed Hf are
shown in Fig. 5. The data could be fit to a phenomen-
ological equation :

&= A(T)o", (1)

where A(T) is a temperature-dependent constant and
n is the stress exponent. The stress exponent is a sensi-
tive function of temperature, decreasing as the tem-
perature increases (Table 1). This may be the result of a
temperature-dependent activation volume® or a tem-
perature-dependent threshold stress, o,. The concept of
a threshold stress, while unusual for a pure metal,
appeared to yield a consistent description of the creep
results, as shown in a linear plot of ¢ vs. o (Fig. 6). The
fits to a straight line exhibited excellent correlation fac-
tors of between 0.984 and 0.998. The intercepts define
0o, the values of which were a strong function of tem-
perature. Fit of the data to ¢ = (0 — 0,)", yielded an
average stress exponent, n, of 5.

Table 1

Stress exponent values for Hf~N compositions

at.%N n (1000°C) n (8500°C) n (750°C) n (600°C)
2 Not tested Not tested 6.5 Not tested
5 4.9 5.9 Not tested 8.2

10 Not tested Not tested 154 Broken
20 6.0 Broken Broken Broken

4 Based on two experiments.
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Fig. 3. Brittle-ductile transition temperature for Hf samples with dif-
ferent nitrogen content.

Stress-vs-strain data for Hf-5N at é=10"% s=! are
shown in Fig. 7. This composition was brittle at T
<400 °C, but deformed into a steady state (as indicated
by the zero work-hardening rate) for higher tempera-
tures. Steady-state deformation was achieved above the
BDT temperature for the Hf~2N, Hf-5N, and Hf-10N.
Strain-rate-change experiments were performed, and the
stress exponents derived from the experiments were
between ~5 and 8 for all compositions in the tempera-
ture range where the materials exhibited sufficient plas-
ticity. It appears that the stress exponent for the solid
solution could be slightly dependent on temperature, as
the n-values tended to be higher at the lower tempera-
tures. The limited ductility of some of the compositions
precluded more detailed experiments.
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Fig. 4. Fracture stress for Hf-N materials deformed at é =10~*s~! at
room temperature.
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Fig. 5. Stress vs. strain rate at various temperatures for pure Hf: (A)
1000 °C, (<) 850 °C, (O) 750 °C.

Fig. 8 presents limited data on the yield stress (defined
as the intercept between the stress-vs.-strain curve at €
=0.002) as a function of concentration, C=(% N). The
data were obtained at 850 °C, with ¢ =10~ s~!. The fit
to a C!? was reasonable.

3.2. TEM analysis

A TEM micrograph from a representative area of the
Hf-5N alloy deformed to & ~0.045 at 850 °C is shown
in Fig. 9. It can be seen that the deformation produced
dislocations. No dislocations were seen in TEM analysis
of undeformed samples.
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Fig. 6. Threshold stress vs strain rate corrected with 1/n at various
temperatures for pure Hf: (A) 1000 °C, (&) 850 °C, (O) 750 °C.
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Fig. 7. Stress vs deformation for Hf-5N deformed at é=10"*%s~! at
different temperatures.

3.3. Discussion

The goal of our alloy-development program has been
to identify and fabricate strong high-temperature mate-
rials. The Hf and Hf-N alloys tested exhibited mechan-
ical responses that were typical of hardened metals.

As shown in Fig. 3, the DBT temperature of the Hf-
N alloys increased with increasing N concentration.
Pinning of dislocation glide by N solutes is the obvious
explanation that has been used by Ruano and Elssner.?
TEM observation confirmed significant dislocation
activity in the plastically deformed samples, consistent
with this explanation.

Although the DBT temperature data followed an
expected trend, the room-temperature fracture stress
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Fig. 8. Yield stress as a function of (at.%N)!/?> measured at 850 °C
using a strain rate of 10~*s~!,

Fig. 9. TEM micrograph of Hf-5N alloy deformed at 850 °C.

exhibited two surprises. First, the strongest alloy was
the Hf-5N. Increases in N concentration to 10%
decreased the fracture strength (Fig. 4). Second, for a
standard strain rate of 10~=* s~!, it was expected that
pure Hf would be fully ductile, as was found by Sub-
hash et al.® Instead, it exhibited only limited plastic
deformation before fracture.

Fracture will occur when the fracture stress is lower
than the flow stress. Solute atoms and clusters affect the
flow stress® and could also affect the surface energy by
segregating to grain boundaries. This may modify the
fracture energy. Therefore, it is possible that the max-
imum in room-temperature fracture stress observed for
the Hf—5N alloys is a fortuitous result of a combination
of the two effects. More experiments are clearly needed.

It is believed that dislocation—solute interactions were
responsible for flow and fracture in the pure Hf as well.
The specimens in this study were prepared from pow-
ders. Residual O was doubtless present because the
samples were not processed under reducing conditions
due to the potential formation of HfH,. As discussed
previously, this residual O would reside at interstitial
sites, becoming additional obstacles to dislocation
motion.? The effect on mechanical properties would be
reduced ductility and, in the absence of fracture, an
increased flow stress. It is also possible that the micro-
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structures of the ductile Hf were different than the
microstructures used here. Our samples were prepared
by powder metallurgy, whereas the Hf used by Ruano
and Ellsner?® contained large bamboo grains.

The apparent existence of a temperature-dependent
threshold stress for plastic deformation of Hf is also
consistent with effects of solutes. In addition to provid-
ing thermal energy for overcoming obstacles to disloca-
tion motion, higher temperatures imply increased
diffusion and less stable solute atmospheres around dis-
locations.” One of the consequences of dislocation-
impurity interactions can be an increase in the apparent
steady-state stress exponent.!® The average n value for
the Hf was =5 and that of the Hf-N alloys was nearly 7.
These values are larger than classical theories would
predict,'"!2 but, again, are consistent with effects of
solutes.

The fact that yield stress in the Hf-N alloys correlated
well with a C'/2 fit strongly supports an interpretation of
effects of solid-solution hardening.” This fit was sur-
prisingly good given that its underlying model is based
on dilute solid solutions. We can only speculate that the
dependence is the result of the cluster concentration
rather than the concentration of the single N solute
interstitials. The dislocation activity revealed by the
TEM observations supported the conclusions of plastic
deformation via dislocation motion.

Future plans include continuation of studies of
strength/ductility responses in the Hf-N system. We
intend to focus next on the HfN phase field. As the
bonding and crystal structure are very different from
those of the o-Hf(IN) phase, it is expected that the prop-
erties and deformation mechanisms will be vastly differ-
ent. More detailed TEM will be required to determine
deformation kinetics and dislocation—solute interactions.

4. Conclusions

Hexagonal o-Hf containing up to 30 at.% N have
been prepared, and compression tests were performed to
characterize the strength and ductility of the materials.
The fracture stress measured at room temperature has a
maximum value for 5% N. The brittle-to-ductile transi-
tion temperature increases with increasing N content.
Stress exponents measured from steady-state compres-
sive deformation up to 1000 °C are between 5 and 8, and
indicate a dependence on temperature. Transmission
electron micrographs reveal the presence of dislocations

in the deformed Hf-N materials. All experimental results
can be interpreted on the basis of dislocation-controlled
plasticity with the N (and N clusters) acting as classical
solid-solution hardening solutes. This material shows
promise for high- temperature structural applications in
oxidizing atmospheres.
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