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Elevated temperature slow plastic deformation
of NiAl-TiB, particulate composites at 1200 and

1300K
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Elevated temperature compression testing has been conducted in air at 1200 and 1300 K with
strain rates varying from ~107* to ~1077" sec™" on NiAI-TiB, particulate composites. These
materials, which consisted of a B2 crystal structure intermetallic Ni-50 at % Al matrix and from
0 to 30vol % of approximately 1 um diameter TiB, particles, were fabricated by XD synthesis
and hot pressed to full density. Flow strength of the composites increased with volume frac-
tion of the strengthening phase with NiAI-30TiB, being approximately three times stronger
than NiAl. Comparison of the light optical and transmission electron microstructures of as-
received and tested samples revealed that reactions did not occur between the two phases,
and NiAI-TiB, interfaces were not cracked during deformation. Additional transmission elec-
tron microscopy indicated that the particles stabilize a vastly different microstructure in the
NiAl matrix of the composites than that formed in unreinforced NiAl.

1. Introduction

As a class of high temperature materials, intermet-
allics can serve as the bridge between metals, such as
superalloys or refractory metals, and promising struc-
tural ceramics, for examples SiC and Si;N,. This role
is possible since some intermetallics possess sufficient
metal-like behaviour that they can be produced and
fabricated by “traditional” metallurgical methods, yet
they have properties which can not be realized in
current alloys. The nominally equiatomic aluminides
of cobalt and nickel are examples of such intermet-
allics. They can be made by melting and casting [1-6]
or powder metallurgy techniques [7, 8] and formed
into shapes by electrodischarge machining and grind-
ing. Additionally both NiAl and CoAl have very high
melting points (greater than 1900K), relatively low
densities (of the order of 6 Mgm™), cubic crystal
structures and the basic framework for excellent oxi-
dation resistance.

Unfortunately the inherent elevated temperature
mechanical strength of these two aluminides, par-
ticularly NiAl [8] is lacking. While some degree of
strengthening can be achieved by grain refinement
[9, 10], under high temperature-slow strain rate con-
ditions grain boundary deformation mechanisms
become more important, and the strength of NiAl
decreases with a decreasing grain size. Ternary alloy-
ing additions which lead to precipitation can also
make this aluminide more resistant to deformation
[11, 12]; however at elevated temperatures such

second-phase particles tend to grow and/or dissolve
thus becoming less effective strengtheners.

Dissolution or growth of the strengthening phase
can be avoided if it is thermodynamically stable and
essentially insoluble in the matrix. While there are
many schemes for producing such materials (for
example, the incorporation of an element in the alloy
which can be selectively oxidized or the addition of a
compound that is soluble in the melt but not the solid),
Martin Marietta Laboratories is currently developing
a solid state method, the XD process, which directly
yields discontinuously reinforced metal matrix com-
posites. Under a current programme sponsored by the
Office of Naval Research, an attempt [13] is being
made to apply this technology to NiAl in an effort to
improve the elevated temperature strength and poss-
ibly the low temperature fracture toughness.

This paper describes results from the initial attempt
to produce intermetallic particulate composites by the
XD process. Materials containing from 0 to 30 vol %
of nominally 1 um TiB, particles as the strengthening
phase in a NiAl matrix have been fabricated, and these
were tested in compression at 1200 and 1300 K with
strain rates ranging from 107* to 1077 sec™!. Both
light optical and transmission electron microscopy
techniques were used to characterize the microstruc-
tures of the as received and tested composites.

2. Experimental procedures
The XD process was utilized to produce Ni-50at %
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Al particulate composites containing from 0 to 30
vol % TiB, particles. This phase was chosen to be the
strengthening agent because of its high melting point
(3063 K), elevated temperature strength [14] and com-
patibility with aluminides [15]. Additionally its lower
density (~4.5Mgm*) could lead to significant
weight savings, especially for high particulate load-
ings. Following XD synthesis, the materials were com-
pacted to full density by vacuum hot pressing at
28 MPa and 1675 to 1775 K utilizing graphite tooling.

Right cylindrical compression specimens 12mm
long with a 5.5 mm diameter were prepared by electro-
discharge machining and grinding where their length
was parallel to the hot pressing direction. Constant
velocity compression tests at speeds ranging from
2,12 x 107%t0 2.12 x 10~ mmsec~"' were conducted
in a universal test machine to ~ 10% strain at 1200
and 1300 K in air. The autographically recorded load-
time charts were converted to true compressive stresses,
strains, and strain rates via the offset method and the
assumption of conservation of volume. Additional
details regarding the test procedures can be found in
[7] and [16].

Both light optical and transmission electron micro-
scopy (TEM) techniques were used to characterize the
structure of selected as received and compression tested
samples. Grain sizes were determined by the circle
intercept method after the microstructures had been
revealed by immersion etching in a mixed acid sol-
ution (33 parts by volume of acetic, HCl and HNO,
acids plus 1 part HF). Sections taken perpendicular to
the hot pressing (compression) axis by cutting slices
approximately 0.5 mm thick with a high speed diamond
saw were used for TEM examination. These were
ground on resin-bonded diamond wheels to a thick-
ness of ~0.2mm, adhesively mounted between glass
slides and 3 mm diameter circular discs cut by ultra-
sonic grinding in a SiC slurry. The discs were elec-
trolytically thinned to perforation with a 10%
perchloric-methanol solution at 238 K and 10to 12V,

3. Results
3.1. Materials
NiAl-based particulate composites containing 0, 2.5,
5, 7.5, 10, 20 and 30vol % TiB, were produced, and
examination of the hot pressed materials revealed that
all compositions were fully dense, as little sign of
porosity or cracking could be found. Typical light
optical photomicrographs of as fabricated composites
are given in Fig. 1. The TiB, particles, appearing as the
light gray phase in these photographs, tended to be
evenly dispersed in the low volume fraction materials
(Fig. 1a) but not at the higher loadings (Fig. 1b). Due
to the powder-based processing approach, the com-
posites also contained a lower volume fraction of
Al O, particles (black phase in Fig. 1) in addition to
the TiB,. While the alumina resided principally on the
grain boundaries, the titanium diboride was distributed
both within the grains and along boundaries (Fig. 1a).
Because of the non-uniformity of TiB, particle dis-
tribution, grain sizes for the 20 and 30vol % com-

Figure I Light optical photomicrographs of as-fabricated NiAl-
TiB, materials. (a) etched, 2.5vol %, differential interference con-
trast (DIC), (b) unetched, 20 vol %.

posites could not realistically be determined; however
they, as typified by Fig. 1a, were measurable for the low
volume fractions, and the average grain diameter data
are given in Table I. In general the grain structures
were somewhat clongated perpendicular to the hot
pressing direction, and this tendency toward pancake
shaped grains increased as the TiB, content increased.

TEM studies of the as-fabricated composites dem-
onstrated that the low volume fraction materials
appeared to be relatively dislocation-free (Fig. 2a)
while the higher particulate loadings (Fig. 2b) exhibited
both subgrains and a high density of dislocations in
NiAl as well as touching TiB, particles. The absence of
dislocation activity in the matrix of particle deficient
composites (Fig. 2a) is somewhat surprising in view of
the processing (hot pressing) to achieve densification
and the differences* in thermal expansion between the
NiAl matrix and TiB, (grey particles) or ALO (dark
phase). While some titanium diboride particles con-
tained defects in the form of small angle boundaries,
stacking faults, dislocation loops and random net-
works, most TiB, particles were devoid of structure.
No reaction zone between the titanium diboride
particles and NiAl matrix could be seen; however

*At 1300K the average thermal expansions of NiAl, TiB, and Al,O; are 0.0153 {17], 0.0077 [18] and 0.0085 [18] respectively.
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TABLE I Summary of grain size data for NiA-TiB, composites

Grain Diameter (um)

Vol. Fraction As-Fabricated

Tested — Longitudinal

iB, ¢ .
TiB, % Cross Longitudinal 1200K 1300K
Section Section Approximate Strain Rate, (sec™!)
2 x 1073 2 x 1077 2 x 1073 2 x 1077

0 - - 13 13 12 11
2.5 13 12 - - 11 11
5 - - - 8 7 8
7.5 11 8 - 8 8 10
10 - - 8 9 8 9
20 Could not be determined

30 Could not be determined

interfacial dislocations at the particle-matrix interface
were quite evident (Fig. 2a). In a few foils taken from
the high volume fraction composites, additional dislo-
cation loops were observed surrounding some of the
TiB, particles, but this behaviour was not universal.
(Fig. 2b).

3.2. Mechanical Properties

Typical true stress—strain curves for the NiAl-TiB,
composites as functions of strain rate and temperature
are presented in Figs 3 and 4. These illustrate the two
general types of behaviour found in the present com-
posites. For materials containing less than 10 vol % of
the strengthening phase, deformation under all test
conditions occurred at a constant flow stress after a
small amount of work hardening (Fig. 3). The 20 and
30vol % composites, on the other hand, displayed
diffuse yielding followed by strain softening (Fig. 4)
irrespective of the temperature or strain rate. Behaviour
of the 10vol % material was halfway between these
two modes in that diffuse yielding was followed by
continued deformation at a slightly reduced but more
or less constant stress. The transition from steady
state flow to diffuse yielding can be seen in Fig. 5
which presents true compressive stress-strain diagrams
as a function of TiB, loading for similar deformation
conditions.

As is clearly demonstrated in Fig. 5, composite
strength increases with particulate loading. This is
also evident in Fig. 6 where true compressive stress—
strain rate data are presented for both test tempera-
tures. The flow stresses ¢ and strain rates & were
determined from the separate stress-strain diagrams
where ¢ and ¢ are average values from constant flow
regimes (0, 2.5, 5 and 7.5vol % materials) or means
calculated over the diffuse yield points for the higher
volume fraction composites. An alternative, but equally
valid view, is that ¢ represents the flow stress at yielding
or about 1% plastic strain.

The stress—strain rate data in Fig. 6 were fitted to
the standard power law and temperature compensated
power law rate expressions

Ad” (1)

and

§ = Bo"exp (—Q/RT) )
where 4 and B are constants, # is the stress exponent,
Q the activation energy for creep, R the gas con-
stant and T the absolute temperature. Fits were
accomplished by linear regression techniques, and the
results of these calculations including the coefficients
of determination R} are given in Table II. These data

show that the stress exponent and activation energy

TABLE 11 Power law and temperature compensated—power law fits of true compressive flow stress-strain rate data for NiAl-TiB,

composites
(a) Power law fits

Vol % TiB, Temperature

1200K 1300K

A n Rﬁ A n R§
0! 1.28 x 10°7 6.74 1.0 312 x 1079 6.00 .998
0? - - - 2.34 x 1071 6.46 999
0 - - - 3.89 x 107" 5.90 .998
2.5 - - - 1.46 x 107" 8.13 .997
5.0 - - - 9.27 x 10~% 10.67 988
7.5 2.14 x 10°%# 9.45 991 8.00 x 10% 10.94 2995
10. 3.14 x 1077 10.81 988 2.05 x 107% 12.76 .986
20 1.13 x 107% 9.63 .998 1.56 x 10~% 8.30 .990
30 7.14 x 1077 10.4 998 3.03 x 102 7.47 .987
49.9%° - - - 3.43 x 107" 6.50 .999
48.3% 3.93 x 1079 5.70 .998 430 x 107" 5.68 993

'Data from strain rates <2 x 1077 sec™\.
’Data from strain rates >2 x 107 sec
3All 1300 K data for 0vol % material.
‘At% Al

°[8]
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Figure 2 Typical TEM photomicrographs of the microstructure
found in as-fabricated NiAl-TiB, composites. (a) 5vol %, (b)
30vol %.

for the unstrengthened NiAl are about 6 and 350kJ
mol~! respectively; whereas 8 < n < 12 and Q ~
400 kJ mol~' for the composites.

As the volume fraction of TiB, plays an important
role in determining the strength of the composite, the

stress—strain rate data were fitted to an equation of the
type
¢ = Bo"v exp (—Q/RT) 3)

where v is the volume fraction of TiB, particles and p
is a constant. Use of all data from the composites
yielded

§ = 296 x 1071637y 3Y exp (—358.9/RT)

“4)
TABLE II (b) Temperature Compensated—power law fits
Vol % TiB, Temperature B n 0 R
range (K) (kJmol™)
0' 1200-1300  0.52 6.33 3659 996
0’ 1200-1300  3.36 x 1072 594 3245 998
5 1200-1300  5.14 x 107® 10.3 400.9 988
7.5 1200-1300  6.85 x 107% 10.09 407.6 988
10 12001300  3.14 x 1071 11.63 426.8 980
20 1200-1300  1.07 x 1077 8.87 397.5 .989
30 1200-1300  7.28 x 107 7.97 408.6 973
0 1100-1400  0.16 5.75 314.2 99

"Data from strain rates <2 x 107> sec™.

?Data from strain rates <0.2sec™'.

B
38

APPROXIMATE
STRAIN RATE

— (sec’ )
2.0x107Y
/ 2.0x107>
80 [—
— 2.0x107°
2.0x1077
< Zf
aQ
=
- @)
2 |
w 40
&
w
W o100 —
i
w
9 -y
g 2.0x10
£ |
(]
Lt
=2
= 80
7/- 2.0x107°
60 — 2.0x1076
[ 2.0x1077
0
40 | | |
0 0.04 0.08 0.12

TRUE COMPRESSIVE STRAIN

Figure 3 True compressive stress—strain diagrams for NiAl-7.5TiB,
tested at (a) 1200K and (b) 1300K.

with a 95% coeflicient of determination. Although
restriction of the data to either (1) the 2.5 to 10vol %
TiB, materials or (2) 1300K testing did somewhat
improve the fit (coefficient of determination = 0.97),
all analyses based on Equation 3 resulted in p values
ranging from —2.75 to — 3.25 with values or n and Q
similar to those reported in Equation 4.

3.3. Post test microstructure
Light optical examination of longitudinal (parallel to
the hot pressing-compression axis) sections of selected
specimens indicated that neither grain boundary
cracking nor particle~matrix separation occurred.
This can be seen in Figs 7 and 8 which illustrate typical
microstructures found in NiAl-TiB, composites after
testing at high temperature-slow deformation (Fig. 7)
and lower temperature-faster straining (Fig. 8) con-
ditions. Irrespective of the volume fraction of TiB,,
both the grain and interphase boundaries have remained
intact. Additionally measurement of the grain sizes
after testing indicated that the as fabricated micro-
structures were stable since little indication of grain
growth was found following testing (Table I).
Inspection of the outer, air exposed surface of test
specimens revealed that the Ni-50Al matrix does not
impart good oxidation resistance. As shown in Fig. 9
multiphase structures with non-planar interfaces can
be formed between the surface oxide and the composite.
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Figure 4 True compressive stress~strain diagrams for NiAl-20TiB,
tested at (a) 1200K and (b) 1300K.

Most probably the intermediate layers visible in Fig. 9a
are nickel solid solution (next to the surface oxide) and
v (between the nickel solid solution and NiAl matrix).
Although quantitative methods were not employed, it
appears that the TiB, is affected by oxidation. Both
the number and size of the particles sharply decrease
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Figure 5 True compressive stress~strain curves for NiAl-TiB, com-
posites tested at 1300K and a strain rate of ~2 x 10 %sec™tasa
function of TiB, content.
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Figure 6 True compressive stress-strain rate plots for NiAl-TiB,
composites tested at (a) 1200 and (b) 1300K as a function of TiB,
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at the composite—y’ interface (Fig. 9b), and few par-
ticles remain as the surface oxide is approached. While
the strengthened phase is being affected by oxidiz-
ation, it is not promoting catastrophic attack of the
composite.

Electron microprobe examination of the specimens
shown in Fig. 9, as well as NiAI-0TiB, samples
strained under similar conditions, was conducted.
Two traces starting from the surface oxide and run-
ning into the bulk material were undertaken on each
spectmen with aluminium, nickel and titanium charac-
teristic peaks being continuously monitored. The
microprobe study confirmed the phase identification,
and Table [I1 summarizes the widths of the phase
fields obtained both from the microprobe data and
measurements from photomicrographs. While rela-
tively sharp boundaries exist between nickel solid
solution—y" and 7 ~-NiAl, the width of the aluminium-
deficient NiAl is somewhat subjective due to the shal-
lowness of the aluminium and nickel concentration
gradients as the bulk composition is approached;
additionally the width of the aluminium-deficient

TABLE Il Summary of microprobe and microstructural mea-
surements on NiAI-TiB, composites tested at ~2 x 1077 sec™!

Material Test Approximate phase width (um)
temperature (K) Microprobe Microstructure
vy NjAE  y* ' NiAP
NiAl~ 1200 - ~ 60
0TiB, 1300 ~ - 110
NiAl- 1200 4 22 160 4 25 140
20TiB, 1300 8 40 350 6 35 370

*Nickel solid solution.
2 Aluminium-deficient NiAl
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Figure 7 Light optical photomicrographs of the etched microstruc-
ture of NiAl-TiB, composites after testing at 1300K and é ~ 2 x
1077 sec™ . (a) 0vol %, tested to 0.094 strain; (b) 5vol %, tested to
0.098 strain and (c) 30 vol %, tested to 0.105 strain.

NijAl for the NiAI-0TiB, composites could not be
determined from visual examination due to the lack of
contrast from etching.

For the TiB, containing materials the phase width
data (Table III) indicate good agreement between the
two techniques; however comparison of the total
depth of diffusion (summation of widths of y, y” and
aluminium-deficient NiAl regions) reveals that there is
a 3 + 1-fold difference in widths between the 0 and
20% TiB, materials at each test temperature. Addition-

40

Figure 8 Light optical photomicrographs of the etched microstruc-
ture of NiAl-TiB, composites after testing at 1200K and é ~ 2 x
107% sec™". (a) 7.5vol %, tested to 0.102 strain and (b) 20 vol %,
tested to 0.09 strain.

ally examination of the titanium profiles for the TiB,
containing materials revealed a progressive decrease
in the number of titanium-rich particles travelling
from the NiAl-y’ interface to the air exposed surface;
however the profiles appeared to show that titanium is
in solution in both y" and nickel-rich phase.

Microprobe traces across the oxide layers shown in
Figs 9a and b indicated that the air exposed layer
consisted of both titanium- and aluminium-rich
phases; however attempts to use X-ray diffraction
techniques on these particular specimens were unsuc-
cessful due to insufficient material for analysis. The
surface oxides formed on NiAl-10TiB, deformed
under identical conditions (1200 and 1300K at & ~
2 x 1077sec™!) could be identified, and they con-
tained Al,O,, NiAL,O, and TiO,. While neither samples
had evidence of any boron containing phase, the
1200K tested specimen additionally possessed NiO
and NiTiO; in the scale.

TEM examination of 1300 K tested materials revealed
that the TiB, profoundly influenced the deformation
mechanisms. While well developed, relatively dislo-
cation-free subgrains were formed in the unstrengthened
composite (Fig. 10a), the structure (Fig. 10b) of NiAl-
10TiB, consisted of a high density of tangled dislo-
cation loops in the matrix with subboundaries spanning
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Figure 9 Light optical photomicrographs of the etched microstruc-
ture near the surface of NiAl-20TiB, composites after testing at
§~2x 1077sec™!. (a) 1300K to 0.117 strain [DIC] and (b)
1200K to 0.09 strain.

adjacent second-phase particles. A gradual transition
from only subgrains (Fig. 10a) to the tangled dislo-
cations and subgrains of Fig. 10b occurred as the TiB,
content was increased in the low volume fraction com-
posites; a typical example of this transition structure is
shown in Fig. 10c where subgrains between particles
and anchored to high angle grain boundaries can be
seen.

Only one high volume fraction specimen was exam-
ined by TEM, and the structure (Fig. 10d) is similar to
that for the 10vol % material (Fig. 10b) except the
dislocation density in the matrix is lower. It is felt
that this structure might be from a particle deficient
region similar to that shown in Fig. 7c; hence it is
probably not representative of the general deformation
structure.

Although the strengthening phase promotes signifi-
cant changes in the dislocation structure in the matrix,
the NiAlI-TiB, interface has remained intact, and no
reaction layer could be seen between these two phases
(Figs 10b, 10c and 10d). In many cases each particle
appeared to be surrounded with a high density of
loops (Fig. 10b) in addition to the usual misfit dislo-
cations; however little dislocation activity could be
found within the TiB, itself.

4. Discussion
The microstructural and mechanical property data

clearly indicate that TiB, is a good choice for a
strengthening phase in NiAl. The matrix—particle
interface is maintained both during processing (Figs 1
and 2) and elevated temperature deformation (Figs 7,
8 and 10), the TiB, particles have been shown [13] to
be unaffected by a 1 h heat treatment at 1773 K and,
most importantly, the presence of the particulate leads
to increased strength (Figs 3 to 6).

Examination of the structure of deformed com-
posites (Fig. 10) indicates that there is little evidence of
dislocation activity in the TiB, particles while consider-
able numbers of dislocations have been generated and
moved through the NiAl matrix. These results are in
agreement with other observations where, for exam-
ple, Ramberg and Williams [14] did not witness plastic
deformation in TiB, until the temperature exceeded
~1975K, and Yang and Dodd [6] demonstrated the
formation of subgrain boundaries in NiAl. Hence
description of the clevated temperature behaviour of
the NiAI-TiB, composites as hard, elastic particles in
a soft, plastic matrix [19] seems to be appropriate.

Based on TEM photomicrographs from this study
and the literature [4, 6, 8] elevated temperature defor-
mation in NiAl is dislocation climb controlled with
relatively dislocation-free subgrains as the characteris-
tic microstructural feature. With the addition of a
small fraction of second phases to NiAl, subgrains are
still formed, but they can becomes attached to the
particles (Figs 2a and 10c). Increases in the level of
TiB, seems to further encourage the formation of
subgrains between particles and significantly raises the
dislocation density in the matrix (Figs 2b, 10b and
10d). Thus the microstructural evidence indicates that
strength of the composites is due to a subgrain form-
ing, dislocation climb mechanism in combination with
the “cold work”™ like dislocation density.

The Sherby, Klundt and Miller [20] model of dislo-
cation climb controlled creep indicates that stabilizing
a small subgrain size can affect the deformation rate

& oc (1/bY(0/EY D )

where 4 is the subgrain size, b the magnitude of the
Burgers vector, E the dynamic Youngs modulus, and
D, an effective diffusion coefficient which is equal to
the bulk diffusion coefficient for high temperature
deformation conditions. For most subgrain forming
materials Equation 5 is not obeyed in an obvious
manner because the equilibrium subgrain diameter is
inversely dependent on the applied stress as shown by
Raj and Pharr [21]

A = 23b(G/o) ~ 8.8b(E/v) (6)
where G is the shear modulus. Therefore the commonly
found stress exponent is about 5, and this is the case
for NiAl (see [6, 8] and Table II).

If the inverse relationship between applied stress
and subgrain size could be circumvented, and a smaller
diameter, but stable subgrain population maintained
during deformation, increased strength in combination
with an increase in the stress exponent, but unchanged
activation energy should be found. Such behaviour
has already been reported in small grain size NiAl
[9, 10] for deformation conditions where the actual
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Figure 10 TEM photomicrographs of NiAl-TiB, composites after testing at 1300K and ~2. x 1077 sec™".

Volume Flow stress Approximate Strain (%)
fraction (%) (MPa) strain rate,
sec™!
(a) 0 19.6 2 x 1077 9.4
(b) 10 53.2 2 x 1077 9.3
©) 2.5 53.2 2 x 1073 13.6
@ 20 147.2 2 x 1074 1.1

grain diameter was less than the subgrain size pre-
dicted from Equation 6. Therefore strengthening of
NiAl-TiB, composites by subgrain refinement is quite
possible as the particles can serve as pinning points
(Figs 2 and 10) for a stable, small, non-equilibrium
substructure.

While a subgrain refinement model can account for
a portion of the increased strength of the composites,
its role could be minor because the observed depend-
ency on volume fraction (Equation 4) is not in agree-
ment with Equation 5. If the composites contained a
uniform distribution of identical spherical particles of
radius r, the centre-to-centre particle spacing / would

be given by
I = 1.61r0"? (7)

Since the approximate diameter of the particle stabil-
ized subgrains in the TiB, composites should be about
1, Equation 7 can be substituted into Equation 5 for
A yielding

& o (r/b) (1/o)(o/E)" D (8)

Thus for a material whose strength is entirely due to
a particle stabilized subgrain size, this equation states

42

that the strain rate should be inversely dependent on
the particulate volume fraction. Clearly on the basis of
the present experiments (Equation 4), this is not the
case.

Subgrain deformation mechanisms are unable to
completely account for the increased strength of the
NiAl-TiB, composites; thus the second microstruc-
tural finding of a high dislocation density within the
matrix must exert an influence on the deformation
resistance of these materials. Most certainly cold work
increases the strength of alloys; however such advan-
tages are generally lost at elevated temperatures due to
recovery. This might not be the case in particulate
strengthened materials where the particles could affect
recovery events. During high temperature slow plastic
straining recovery would probably consist of a com-
bination of dislocation glide, climb and cross slip
steps. If any of these processes were inhibited, then
recovery would be slowed and a high density, stronger
dislocation structure maintained.

On the basis of activation energy data in Table IIb
and Equation 4, it does not appear that the TiB,
greatly affects thermal processes in the NiAl matrix;
hence it is possible that the particles are not significantly
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reducing dislocation climb. However, the particles can
influence dislocation glide due to the Orowan stress
oor Necessary for dislocation bypass around the TiB,.
While there are many equations [22, 23] for the Orowan
stress, most are of the form

Gox = C(Gh/I) In 2r/b) )

where Cis a geometric constant on the order of 1, and
[ is either the centre-to-centre interparticle distance,
or it is replaced [23] by intraparticle spacing /" =
(- 2r).

From the NiAl modulus data of Harmouche and
Wolfenden [24] and the assumption of a uniform dis-
tribution of 1 yum diameter TiB, particles, the Orowan
stresses can be estimated for the composites, and these
oor are shown in Fig. 11 as a function of TiB, volume
fraction. While the estimated Orowam stresses vary
with the model utilized, clearly the values are high
and are comparable with the deformation resistance
of these materials (Fig. 6). Thus disruption of nor-
mal dislocation glide is likely in the NiAl-TiB, com-
posites, and recovery becomes inhibited which leads to
strengthening of these materials.

Finally because dislocation mechanisms are tem-
perature-time dependent, we wondered if it might be
possible to deform unstrengthened NiAl under con-
ditions which would produce structures similar to
those found in the NiAl-TiB, composites. According
to Raj [25] power law creep Equations 1 and 2 break
down when

6/G =5 x 107 (10)

where G is the dynamic shear modulus. Based on the
Youngs modulus data for NiAl[24], this criterion is met
at 1300K when the flow stress for NiAl exceeds
35MPa. Comparison of this value with the stress—
strain rate data in Fig. 6b indicates that power law
creep would not be applicable for é > 10™*sec™';
therefore fast strain rate testing at 1300 K should form
complex dislocation structures in NiAl

To determine if NiAl could be deformed at 1300 K
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Figure 12 True compressive stress—strain diagrams (a) and true
compressive stress—strain rate behaviour (b) for unreinforced NiAl
tested at 1300K and relatively fast cross-head speeds.

without just forming simple subgrains, compression
tests were conducted at strain rates ranging from
~0.2 to 2 x 107*sec™!. Although the stress—strain
curves (Fig. 12a) show a transition from constant flow
(¢ =& 2 x 107*sec™") to a diffuse yielding followed by
strain softening (¢ ~ 0.2sec™') behaviour, the stress—
strain rate data in Fig. 12b indicate that a power law
description is still adequate (Table Ila). Moreover
linear regression fitting of both the fast and slow test
data in Table Ila indicate that a single stress exponent
can precisely portray deformation in NiAl at 1300 K
at strain rates ranging from 0.2 to 2 x 107" sec™".

Based on retention of power law behaviour and a
stress exponent of about 6, it was expected that the
microstructure of NiAl tested at the faster velocities
would still be comprised of subgrains. As can be seen
in Fig. 13, this is the case even though the measured
flow stress is approximately six times Raj’s estimate
[25] for power law breakdown. Clearly the develop-
ment and retention of a non-subgrain structure in
NiAl will require much faster strain rates or, more
realistically, lower test temperatures.

While the strength of the NiAI-TiB, materials is
greater than the matrix, the oxidation resistance of
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Figure 13 TEM microstructure of unreinforced NiAl tested at
1300K and ¢ ~ 0.2sec™' to 0.084 strain.

these composites is less than the unstrengthened alumi-
nide as wider aluminium-deficient regions and multi-
phase structures can be formed (Table IIT and Fig. 9).
The lower oxidation resistance of the composites is
probably the result of decomposition of the TiB, via

TiB, = Ti + 2B (11)
or

Based on the microstructural evidence (Fig. 9b)
and microprobe results, dissociation according to
Equation 11 followed by fast interstitial diffusion of
boron to the matrix-oxide interface and its subsequent
loss to the atmosphere seems to be the most likely
sequence. Reaction 12 is not as probable since sub-
stitution diffusion of oxygen through intermediate
layers (and nickel solid solution) would be slow, and
little sign of the existence of TiO, particles in these
layers can be found. In any case the successful use of
NiAl-TiB, materials at elevated temperature requires
that alloying studies for oxidation resistance in the
matrix of the composite be undertaken; in particular
reactive metal additions, such as zirconium which
have been shown to promote the oxidation resistance
in NiAl [26], should be investigated.

5. Conclusions

Based on a study of the elevated temperature slow
plastic compressive behaviour of particulate NiAl-
TiB, composites, it is concluded that the particles
greatly influence the deformation mechanism(s). In
particular the increased strength of the composites is
due to a high dislocation density structure in possible
combination with a reduced subgrain size whereas the
creep resistance of the unreinforced matrix is due to
maintenance of an equilibrium subgrain size. The
stability of a high dislocation density in the com-
posites is probably the result of reduced recovery from
the inhibition of dislocation glide by the TiB, particles.
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