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Chemical stability of titanium diboride (TiB2) reinforcement in NiAI (45 at% AI) and Ni3AI 
(24 at% AI) matrices has been theoretically and experimentally investigated. Calculations were 
made using thermodynamic properties of the systems to predict behaviour at temperatures 
between 11 73 and 1 573 K. Experimental investigation of hot-press consolidated TiB 2 
particulate/prealloyed matrix powder blends were conducted using energy dispersive X-ray 
analysis, X-ray diffraction analysis, Auger electron spectroscopy and transmission electron 
microscopy. The theoretical and experimental analyses suggest that TiB 2 is chemically stable 
in both matrices up to 1573 K, however, TiB2 was found to be less active in NiAI than in 
NiaAI due to lower nickel activity in NiAI. 

1. I n t r o d u c t i o n  
The interest in extending gas turbine engine operating 
temperatures to levels unattainable with conventional 
nickel-based superalloys has prompted searches for 
more advanced materials. Monolithic nickel alumini- 
des (i.e. Ni3AI and NiA1) are promising candidates due 
to their oxidation resistance and higher melting tem- 
peratures and lower densities than superalloys. Unfor- 
tunately, low ambient tensile ductility and insufficient 
high-temperature strength and creep resistance limit 
their application as single-phase materials [1]. Micro- 
alloying additions of boron have increased the am- 
bient tensile ductility of Ni3A1 [2, 3] while alloying [4] 
and grain-size refinement [5, 6] have produced limited 
improvements in NiA1. Measurement of low tensile 
ductility has lead researchers to believe that these 
materials have low fracture toughness; however, 
recent work [7] has shown that this is not necessarily 
true. 

Composite ceramic reinforcement approaches have 
been investigated to improve the above insufficient 
properties without altering the desirable properties of 
the monolithics. The addition of lower density ceramic 
materials (i.e. oxides, carbides, nitrides, etc.) will also 
decrease the composite density and hopefully lead to 
increased specific properties [8]. In the past five years, 
considerable research has focused on developing inter- 
metallic matrix composites and has emphasized 
I-8, 9] processing developments, interfacial compatibil- 
ity optimization and mechanical property character- 
ization. 

The first section of this report reviews the chemical 
stability of candidate ceramic reinforcements in Ni3A1 
and NiA1 matrices from previous thermodynamic and 
experimental analyses. In the remaining sections, the 
chemical stability of one reinforcement material, titan- 
ium diboride (TiB2), in Ni3A1, Ni3A1 + B and NiA1 
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matrices is investigated in depth. Thermodynamic 
calculations, X-ray diffraction analyses, Auger elec- 
tron spectroscopy and transmission electron micro- 
scopy are among the experimental methods used to 
ascertain their stability and is a continuation of work 
presented earlier [10]. The ambient toughness [11] 
and strength [12] of the composites discussed here are 
presented elsewhere. 

1.1. Review of stability of other 
reinforcements 

Several boron-doped Ni3AI alloys have been de- 
veloped to improve the mechanical properties of 
Ni3A1 (7). Alloying element additions include the 
following: ambient tensile ductility enhancement with 
boron; high-temperature strength improvement with 
zirconium and/or hafnium; dynamic embrittlement 
elimination with chromium; and fabricability improv- 
ements with iron additions. Many alloys have incorp- 
orated these elements to various levels and been iden- 
tified with designations, including the following [8, 
13]: IC-15 (Ni-24.0 at % A14).24 at % B), IC-50 
(Ni-23 at% A1-0.hat% Hf-0.2at% B), IC-218 
(Ni-16.5at% A1-8.0at% Cr-0.4at% Zr-0.1at% 
B), IC-221 (Ni-16 at % A1-8.0at % Cr-1 at % 
Zr-0.1 at % B) and IC-396M (Ni-16 at % A1 8 at % 
Cr-l.7 at % Me 0.5 a t% Zr-0.02 at % B). Com- 
posites of these matrices have been produced most 
exclusively by conventional powder consolidation 
processes, i.e. vacuum hot pressing (VHP) and hot 
isostatic pressing (HIP). Reaction processing tech- 
niques [9, 14-17] have also been utilized; reaction 
sintering (RS), reaction hot-pressing (RHP) and reac- 
tion hot isostatic pressing (RHIP). Tables I-III review 
and summarize the results of stability analyses for 
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TAB LE I Observations of ceramic reinforcement stability in Ni3A1 matrix composites 

Reinforcement material Matrix Processing techniques and observations of interaction 

A1203 (FP Type I) IC-15 VHP at 1623 K for 1 h. Good bonding, no extensive interaction [18] 
IC-218 VHP at 1473 K for 1.5 h. No extensive interaction [18] SEM and TEM analysis 

AI20 3 (Saphikon) 

Y203 
HfO2 

T h O  2 

B4C 

B4C/B 

A1203 on B4C/B 

s ic  (scs-6) 

SiC 

SiC (Sigma) 

Y203 on SCS-6 

HfC on SCS-6 

TaC on SCS-6 

A120 3 on SCS-6 
TiC 

showed 1-2 gm ZrO 2 particles at AlzOjmatrix interface due to Zr in alloy 
reacting with oxygen in powders, not with reinforcement; poor mechanical 
behavior results 
No interaction after RHIP (1073 K, 0.5h) of IC-15 matrix [9, 14 17] 
VHP at 1173 K for 1 h, anneal at 1273 K up to 50h. Little reaction noted, 
although Zr precipitates observed on matrix side of interface [19, 20] 
No reaction following RHIP of IC-15 at 1073 K for 0.5h [14, 15] 
Hot extrusion at 1413 K, exposure at 1373 K for 24h and 1073 for 24h; no 
reaction noted [13] 
Mechanically alloyed, HIP at 1573 K for 3 h no reaction observed [21] 
Unsuitable reinforcement, reactions observed. Nickel borides formed at the 
interfaces before dissolution; Ni diffused into the fibres [21] 
Extensive reaction at as low as 1053 K during VHP. Nickel borides formed at the 
interfaces; Ni diffused into the fibres [8] 
CVD 1 gm A1203 on fibre, VHP at 1173 for lh, -no reaction; 1573 K, 3 6h 
anneal minimal reaction; 1673 K anneal extensive reaction [8, 20] 
Diffusion bonded 1373 K, 1 h; multi(4)layer reaction product; Hf and B not 
present in reaction layers, Ni diffusion to SiC, and no Si or C found in aluminide. 
Ni dominant diffusion species. Reaction rate 5 times slower than in super- 
alloy/SiC [8, 23] 
VHP at 1053 1253 K, I h at pressure; multi-layered reaction product on matrix 
side increasing in extent with temperature [22, 24] 
1263 and 1373 K for 1 h, reactions observed [25] 
Severe during reaction processing at 1073 K for 10 min; 
High reaction temperature reached due to exotherm [15, 22, 24] 
Severe reaction noted after reaction bonding at 1173 K for l h. A four-layer 
reaction product produced [8] 
Rapid reaction at 1173 K for 1 h; 4 h complete reaction. Multi-layered reaction 
product [26] 
Reaction at 1273 K produced a reaction product consisting of Nis.4AISi2, NiAI 
and C precipitates [27, 28] 
No reaction took place during RHIP [22] consistent with other findings [29] 

RHIPNi3AI + B 
IC-221 

RHIPNiaA1 + B 
IC-396M 

IC-50 
IC-221 

IC-221 

IC-221 

IC-50 

IC-218 

IC-221 
RHIPNi3AI + B 

0C-15) 
IC-50 

IC-218 

Ni3AI(24 a t%Al)  

RHIPNi3AI + B 

(IC-15) 
IC-221 

IC-221 

IC-221 
IC-221 

IC-221 

NbC IC-396M 

HfN IC-396M 

TiN IC-396M 

Reaction below C-rich layer on fibre at 1173 K. [19] Not suitable as reaction 
barrier coating as suggested by tests with superalloys [29] 
Reaction below C-rich layer on fibre at 1173 K. [19] Not suitable as reaction 
barrier coating as suggested by tests with superalloys [19, 30] 
Diffusion barrier coating suppressed reactions with matrix [8] 
Slight reaction after VHP and annealing at 1373 K for 100 h; 10-20 gm reaction 
zone on matrix side of reinforcement. EDAX analysis indicated Ti diffusion out 
of TiC, Zr into TiC and Cr accumulation at interface. No A1 or Ni diffuse into 
reinforcement, C precipitates in TiC [19] 
Consolidation then exposure at 1373 K for 1000 h; good bonding. Higher Zr and 
B levels detected (EDAX) at TiC surface [31, 32] 
Hot extrusion at 1413 K, exposure at 1373 K for 24h and 1073 K for 24h; no 
reaction noted [13] 
Hot extrusion at 1413 K, exposure at 1373 K for 24h and 1073 K for 24h; 
reaction observed [13] 
Hot extrusion at 1413 K, exposure at 1373 K for 24h and 1073 K for 24h; no 
reaction noted [13] 

several  r e i n f o r c e m e n t  ma te r i a l s  in these  Ni3A1 al loys  

as well  as NiA1 matr ices .  
T a b l e  I lists o v e r  25 Ni3A1 m a t r i x  c o m p o s i t e s  tha t  

have  been  p roduced .  The  r e i n f o r c e m e n t  ma te r i a l s  can  

be classified in to  three  groups ,  i nc lud ing  oxides  

(A120 3 [9, 14 20], Y 2 0 3  [14, 15], H f O  2 [13]  and  

T h O  2 [21]), ca rb ides  (B4C [8, 22], S iC [8, 15, 21 -30] ,  

T i C  [19, 31 32] a n d  N b C  [13]), and  ni t r ides  ( H f N  

[ t 3 ]  and  T i N  [13]). In  general ,  the  ox ides  r e m a i n e d  

unreac t ive .  H o w e v e r ,  in a few A120 3 re in forced  m a t e r -  

ials the in ter rac ia l  b o n d s  were  weak,  resu l t ing  in 

p o o r  mechanica l  properties.  Sil icon carbide (SIC) fibres 
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(SCS-6  and  Sigma)  r eac ted  s igni f icant ly  wi th  all a l loy  

types. T h e  c o m p o s i t i o n s  and  r eac t i on  kinet ics  for 

f o r m a t i o n  of  the  r eac t ion  zones  ( compr i sed  of  four  to 

six d is t inc t  layers) have  been  ana lysed  for severa l  cases 

and  it was c o n c l u d e d  tha t  n ickel  was the  d o m i n a n t  

diffusing species. A p p l i c a t i o n  of  ox ide  (A120 3 and  

Y203)  diffusion ba r r i e r  coa t ings  p r e v e n t e d  o r  r educed  

r eac t ion  by inh ib i t ing  n ickel  diffusion. B o r o n  ca rb ide  

(B4C) fibres also r eac t ed  severe ly  wi th  the  Ni3A1 m a -  

trices, bu t  a p p l i c a t i o n  of  an  A1203 c o a t i n g  aga in  

p r e v e n t e d  reac t ion .  T i t a n i u m  ca rb ide  (TIC) and  N b C  

a p p e a r  to be s table  in the Ni3A1 mater ia l s .  



TAB L E ! I Compatibility of ceramic reinforcements in NiAI matrices 

Reinforcement Ceramic Observations 
name and shape composition 

Nextel 480 fibres 10 wt % AI203, 28 wt % 
SiO2, 2 wt % B203 
85 wt % AI203 
15 wt % SiO 2 
Si C-Ti-O 
~-SiC 
f3-sic 

Sumitomo fibres 

Tyranno fibres 
American matrix whiskers 
Sigma SiC fibres 

SiC plates 13-SiC 

SiC particulates ]3-SIC 
SiC particulates ]3-SIC 
Tokai whiskers Si3N 4 
Si3N 4 wafer Si3N ~ 
Norton ZrO z particulates a ZrO> CaO 
Y203 particulates ~ Y203 
Y203 particulates Y203 
AIN particulates a AIN 
A1203 fibers AI203 
Saphikon fibres Al203 
FP fibres AI203 
TiC particles TiC 
W wire/fibres W 
B4C particulates B4C 

TiBe12 TiB%2 

Nb2Bel 7 plates NbzB% 7 

Oxidized Nb2B % 7 plates BeO diffusion barrier 
coating on Nb2Be iv 

Reactions observed after powder cloth processing and VHP at 1573 K for 3 to 6 h 
[33] 
Reactions observed after powder cloth processing and VHP at 1573 K for 3 6h 
[33] 
Reactions during powder cloth processing and VHP at 1573 K for 3 6h [33] 
Stable in matrix [33] 
Reaction observed after powder cloth processing, VHP, and annealing at 1473 K, 
50 h [34] 
1373 K and 1473 K no reaction. 1573 K reaction~tiffusion of Si and C into 
NiAI produced Ni~4A19Si2 containing C precipitates [35] 
1580 K, 3 h at pressure during hot-pressing no reaction recorded [36] 
Extensive reaction after XD processing and VHP at 1173 K for 4h [37] 
Reaction with the matrix [33] 
1613 K, 3 h stable but surface reaction observed [36] 
Reactions after powder cloth processing and VHP at 1573 K for 3-6h [33] 
Reactions after powder cloth processing and VHP at 1573 K for 3-6 h [33] 
Preliminary results indicate stability during 1613 K heat treatment [36] 
VHP at 1573 K for 3 6h. Stable in matrix [33] 
No reaction observed [36, 38] 
VHP at 1813 K, for 3 h; no reaction [36] 
VHP at 1813 K for 3h; no reaction [36] 
VHP at 1813 K for 3h; stable [36] 
No reaction observed [38] 
Extensive reaction after XD processing and VHP at 1173 K for 4 h. Dissolved 
in matrix [37] 
Reaction product is NiAIBe2; after 1300 K for 100h 20 25 gm reaction zone as 
fabricated, 95 ~tm after anneal [39] 
Extensive reaction after VHP at 1373 K for 2h. Three distinct 30-40 to 
50-60 gm thick layers in NiA1 detected by EDS analysis [40] 
VHP diffusion bonded at 373 for 2 h. Good bonding, no reaction in as processed 
condition or after 100h. At 1473 K for 100h, reaction took place [40] 

~ Theoretically, (Table IIf), these materials are stable in NiAI. Reactions may have taken place with binder materials rather than NiAI during 
processing. 

T A B L E  III Compatible reinforcement materials in NiA1 to 
1573 K as determined by thermodynamic analysis [41] 

Carbides Borides Oxides Nitrides Silicides 

HfC HfB 2 A1203, La203 A1N 
TiC ScB 2 BeO, 8c203 HfY 
ZrC TiB 2 CaO, Y203 TiN 
NbC CrB 2 Gd203, ZrO 2 ZrN 
TaC HfO 2, CaZrO 3 
Ta2C Ca20 3, Y20;" 2ZrO 2 

M%Si 
MosSi3 

Table II presents experimental results of compati- 
bility between NiA1 (mainly the stoichiometric com- 
position) and various ceramic reinforcements [33-41]. 
Alumina (A1203) [36, 38], Y203 (as reported by Shah 
et al. [36]), A1N [33], TiC [36] and non-reactive 
tungsten [38] are stable in NiA1 alloys at elevated 
temperatures, whereas Nextel 480 fibres [33], Sum- 
itomo fibres [33], Tyranno fibres [33], SiC fibres [34] 
and plates [35] and particulates [36, 37], Tokai whis- 
kers (Si3N4) [33], Norton ZrO2 particulates [33], 
Y203 particulates [33], B4C particulate s, TiBelz [39] 
and Nb2B%7 [40] are all unstable. As indicated in the 
table, three systems which showed instability [36] 
may have reacted with binder materials used in pow- 
der cloth processing rather than with NiA1 matrices. 

As will be shown, thermodynamic calculations predic- 
ted stability for these materials systems. 

A thermodynamic analysis developed by Misra 
[41] has identified stable ceramic reinforcement ma- 
terials for NiA1 composites. Table III lists the poten- 
tially stable oxides, carbides, nitrides, borides and 
silicides from about 80 materials analysed. In the 
analysis it was noted that the level of compatibility 
was significantly affected by reaction temperature and 
matrix stoichiometry. It is useful to realise that these 
calculations are a useful first approximation of poten- 
tial behaviour but, experimental verification is neces- 
sary to assess actual response and to investigate the 
compatibility of other properties (i.e. thermal). 

1.2. Compos i t e s  in this s tudy 
Selection of reinforcement for a composite system 
requires mechanical/thermal compatibility and the 
chemical stability within the matrix [8]. In high- 
temperature applications in which high specific stiff- 
nesses and strengths are needed, materials with high 
elastic moduli and strengths, and low specific gravi- 
ties, are desirable. Thermal expansion mismatch 
should be minimized to reduce the possibility of crac- 
king that could result from residual streses generated 
during processing or application. In many of these 
composite materials, interracial bond strength is desir- 
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able; however, overgrowth of reaction layers (chemical 
instability) would be detrimental [8]. 

Titanium diboride (TiB2) was selected as a candi- 
date reinforcement material for stability analysis. The 
attractive physical and mechanical properties include 
low specific gravity (4.52 g cm -3) and high room- 
temperature elastic modulus (414 GPa), and compres- 
sive strength (670 MPa) which do not decrease 
substantially even at higher temperatures [42-45]. 
Flexural strength of TiB 2 is 241 MPa at 298 K, in- 
creasing to 303MPa at 1773K, then decreasing 
monotonically to 241 MPa at 2273 K [46]. No plastic 
deformation has been observed in this ceramic to 
temperatures as high as 1973 K [47]. The hardness of 
TiB 2 (~  3400 VHN at room temperature decreasing to 
220 at 1973 K) is higher than that of Ni3A1 (VHN 
100 255) and NiA1 (VHN 240 435). Unfortunately, a 
thermal expansion coefficient mismatch of ~7  
)< 10 - 6  K-1 exists between TiB z and Ni3A1 and NiA1 

over a wide temperature range (Fig. 1) [48]. In spite of 
exhibiting poor high-temperature oxidation charac- 
teristics [45-51], incorporating TiB 2 in an oxidation- 
resistant nickel aluminide matrix may shield it from 
detrimental atmospheres. 

Figure 2 Scanning electron micrograph of fine gas-atomized Ni3AI 
powder showing spherical morphology. 

2. Experimental procedure 
Materials in this study were vacuum (1 • 10 -4- torr; 
1 tort = 133.322 Pa) hot-pressed from blends of pre- 
alloyed matrix powders and particulate reinforcement. 
The spherical matrix powders (Alloy Metals Inc.) had 
nominal compositions of Ni3AI (24 at % AI) and NiA1 
(45 at % A1) and were gas-atomized from prealloyed 
melts (Fig. 2). Boron-doped Ni3AI (24at% A1, 
0.2 at % B) was prepared for processing by blending 
- 200 mesh elemental boron powder with prealloyed 

Ni3A1. Composite powders were made by vee- 
blending 10 vol % TiB 2 reinforcement particles with 
prealloyed matrix powders. The chemical vapour de- 
posited TiB/ particles (Union Carbide Corporation) 
were hexagonal platelets with an aspect ratio of 4:1 
(Fig. 3). The composition of the powder as given by 
the supplier was Ti-33.14at% B, 0.38 a t% C, 
1.22at% O, 0 .08at% N and 0 .01at% Fe. The 
monolithic and composite structures were consolida- 
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Figure 1 Thermal expansion coefficients for (11) TiB2, (0) NiAI and 
(D) Ni3AI as a function of temperature 1-48]. 
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Figure 3 Scanning electron micrograph of coarse TiB 2 particles 
showing hexagonal-disc morphology with diameter to height ratio 
of4:l 

ted at 1373 K (Ni3A1) or 1623 K (NiA1) at 48 MPa for 
2-4 h. 

Polished as-hot-pressed composite microstructures 
were examined using a Jeol 840A scanning electron 
microscope at an accelerating voltage of 25 kV for 
imaging or 15 kV for semiquantitative energy disper- 
sive X-ray analysis (EDAX). The EDAX capabilities 
(Tracor Northern) were utilized to monitor the extent 
of diffusing species near TiB 2 particle/matrix inter- 
faces (to within 5 lain from the particles in the alumin- 
ide), within the matrix about 50 gm from any particles 
and within TiB z particles. A number of scans (10-15) 
for nickel, aluminium and titanium were made at each 
location and average values computed for comparison 
between sites and composite types. Diffusion profiles 
across interfaces were quantified using Auger electron 
spectroscopy analyses (Phi 660 scanning Auger micro- 
scope) with a beam resolution of 80 rim, accelerating 
voltage of 10 kV and target current of 20 hA. A 10 nm 
surface layer was removed by argon sputtering prior 
to the line scans for nickel, aluminium, boron, titan- 
ium, carbon and oxygen across matrix/particle inter- 
faces. 



In addition to the other electron microscopy tech- 
niques, conventional transmission electron microscopy 
was employed to image matrix/particle interracial re- 
gions in thin foils prepared from the hot-pressed discs. 
Samples were initially thinned and polished to 

150 lain, punched to 3 mm discs and prepared by 
standard jet polishing techniques using a 5 vol % per- 
chloric acid and 95 vol % methanol bath held at 233 K 
and current maintained at 15 V. A Phillips EM400T 
Operating at an accelerating voltage of 120 kV was used 
for the imaging. 

X-ray diffraction (XRD) techniques were used to 
identify product phases (if any) and determine lattice 
parameters (or expansion due to diffusion) in the 
nickel aluminide powders, monolithics and composite 
matrices. The room-temperature XRD (monochro- 
matic CuK~ radiation, X = 0.15418 nm) was per- 
formed on a Phillips autodiffractometer interfaced 
with an IBM PC for data collection. Step scans for 
phase identification were made from 20 = 20 ~ 125 ~ a 
step of 0.05 ~ and a hold time of 10s at each step. 
Lattice parameters were determined after scanning at 
higher 20 positions, stepping 0.01 ~ and holding for 2 s 
at each position. Specplot software on a VAX PDP-11 
system helped determine precise positions and relative 
intensities of peaks. Cohen's least-squares method 
[52] was used in calculating lattice parameters. 

Equilibrium thermodynamic calculations were 
made to investigate reaction at 1173, 1373 and 1573 K 
between Ni3A1 (over the range of stoichiometry) and 
TiB 2, as was previously completed for the NiAI-TiB 2 
system. Hot-pressing for the experiments was conduc- 
ted over this temperature range. The possibility of 
forming a reaction product or dissolving the reinforce- 
ment in the matrices was investigated. The general 
details of the analysis are presented elsewhere [41, 53], 
but the specific details for the current systems are 
discussed in the following section. The results of the 
calculations are later compared to those obtained by 
analytical techniques. 

3. Results and discussion 
3.1. Thermodynamic analysis 
3. 1.1. Thermodynamics of the system 

and the analysis 
The thermodynamic calculations, based on an already 
established model [41, 53], consider three categories 
of reactions between matrix and reinforcement. The 
first assumes single-element interactions (one element 
from each the binary matrix and binary reinforce- 
ment) producing only one binary compound. The 
second considers formation of two binary compounds 
by reactions of one or both matrix elements with the 
reinforcement material. If these reactions are not pos- 
sible, dissolution of the reinforcement elements in the 
matrix is the last considered. The purpose of this 
analysis was to determine if reaction products are 
created or if extensive dissolution is possible, both of 
which indicate an unstable composite system. The first 
step of the process is identification of possible stable 
reaction products from appropriate binary phase dia- 

grams. Only binary products are considered due to the 
unavailability of thermodynamic data for ternary and 
higher order compounds and is sufficient for first- 
order approximation. In the present systems, possible 
products can be identified from the Ni-Ti, Ni-B, 
A1-Ti, and AI-B phase diagrams at the reaction tem- 
peratures investigated (1173, 1373 and 1573 K). Suffic- 
ient quantity of reactants are assumed to be present 
allowing production of any phase across each dia- 
gram. 

Further analysis requires use of thermodynamic 
quantities, including the activities of nickel and 
aluminium in Ni3A1 and NiA1 with changes in 
stoichiometry, in addition to the standard free ener- 
gies of formation of the reinforcement (TiB2) and 
possible binary reaction products. In the Ni-A1 phase 
diagram [54], NiA1 exists over a wide range of stoi- 
chiometry from 31-58 at % A1 while Ni3A1 exists over 
a narrower range of 24-27 at % A1. The aluminium 
activities, aA1 in the Ni-A1 system over the composi- 
tion range have been measured at 1273 K by Steiner 
and Komarek [55]; nickel activities, aNi, at the same 
temperature were subsequently calculated by Han- 
neman and Seybolt [5@ In NiA1, aAl increases sharp- 
ly between 48 and 52 at % A1, the steepest rise 
occurring at 50 at % A1 [41]. The aA1 values in NigA1 
are much lower (a.~i much higher) than those in NiA1 
and do not vary drastically with composition. In order 
to perform calculations for several temperatures (1173, 
1373 and 1573 K), the aAl and aNi (ax) values had to be 
interpolated from the 1273 K data [41] using the 
following equation 

A/4x( 1 1 )  
(T2)logax(a,r2) - (T1) logax(atr~) - 19.14\T2 ~ 

where A/4A~ and A/4Ni (A/tx) are the partial molar 
enthalpies of aluminium and nickel, respectively, and 
T 1 and 7"2 are two different temperatures. The A/~AI 
and A'/tN~ values for NiaA1 are --133890 and 
-12550kJg-atom -1, respectively as determined 

from Misra [41], Steiner and Komarek [55], and 
Bernie et al. [57]. For sub-stoichiometric NiA1 (at % 
Al<50)  ZX/tAI and AHNi are -121340 and 
- 16740 kJg.atom-1, respectively, while above 

50at% A1, these values change significantly to 
-29290  and -104600kJg.mol-~; the drastic 

change is observed at stoichiometric composition. The 
aAl and aN~ values calculated based on Misra's (NiAI) 
and the present calculations (Ni3AI) are listed in Tab- 
les IV and V, respectively. 

The standard free energies of formation; (AG~), for 
the potential product compounds from the Ni-Ti, 
Ni-B, AI-Ti, and A1 B phase diagrams at the three 
temperatures are listed in Table VI. Most of the data 
collected was reported from other references by Misra 
[41]; however, values for Ti2Ni [58] and TiA13 [59] 
were estimated from phase-diagram predictions. The 
AG~' values at 1173 K were estimated from those at the 
higher temperatures through manipulations of the 
Gibbs-Helmholtz equation. 

Given the thermodynamic information, the stability 
analysis could be undertaken. The following calcu- 
lations were made assuming equilibrium is reached 
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T A B L E I V Activity of a lumin ium and  nickel in NiAI (13 phase) at 

var ious  t empera tu res  and  composi t ions  [41] 

T e m p . ( K )  Al(at%) aAj aNi 

1373 38 1.06 x 10 4 0.419 

40 1.38 x 10 -4  0.355 

42 1.84 x 10 -4  0.294 

44 2.42 x 10 -4  0.238 

46 3.76 x 10 -4  0.167 

48 7.84 x I0 4 0.087 

49 1.33 x 10 -3 0.051 

49.5 2.35 x 10 -3 0.036 

50 4.16 x 10 -3 0.016 

50.5 9.97 x l 0  3 6.21 x l 0  3 

51 0.016 4.41 x 10 -3 

52 0.026 2.54 x 10 3 

54 0.026 1.23 x 10 .3  

1573 38 4.11 x 10 -4  0.476 

40 5.36 x 10 4 0.403 

42 7.15 x i0 4 0.333 

44 9.38 x 10 4 0.271 

46 1.45 x 10 -3 0.190 

48 3.04 x 10 .3  0.099 

49 5.15 x l 0  -3 0.058 

49.5 9.11 x 10 3 0.042 

50 9.81 • 10 3 0.030 

50.5 0.014 8.53 x 10 -3 

51 0.022 3.49 x 10 .3  

52 0.037 2.70 x 10 -3 

54 0.071 1.71 x 10 .3  

T A B L E  V Activity of a lumin ium and nickel in Ni3A1 ( , /phase )  at 

var ious  t empera tu res  at the phase boundar ies  as calculated in this 

s tudy 

Temp.  (K) A1 (at %) aAl aNi 

1173 24 1.07 x 10 - s  0.685 

27 2.64 x 10 5 0.482 

1373 24 5.67 • 10 s 0.709 

27 1.23 x 10 4 0.535 

1573 24 1.97 x 10 4 0.741 

27 3.86 x 10 -4  0.580 

which requires a M and/or aNi values to remain nu- 
merically the same in all locations in the system, i.e. 
keep values in Tables IV and V. The essential steps are 
outlined below and can be repeated for each matrix, 
matrix composition and temperature. 

(a) Identify potential product compounds from the 
appropriate binary phase diagrams (Ni-B, Ni-Ti, ANB 
and Al Ti). Selection is made by establishing reaction 
equations between the elements and the binary com- 
pounds, using equilibrium constants (K, determined 
from AG~), assuming a value of 1 for aTi or a B and 
calculating aA~ or aNi. The known tabulated values 
must exceed the calculated activities lower for the 
reaction to proceed and the product to be potentially 
stable. Several compounds may be found from each 
binary system. 

(b) Determine the most stable compound from each 
phase diagram. Using the same equilibrium equations 
established in (a), aTi or aB values for each compound 
selected from a phase diagram can be calculated using 
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T A B L E V I S tandard  free energies of fo rmat ion  (k J /mole)  for the 

potent ial  b inary react ion products  [41]. 

C o m p o u n d  S tandard  free energy of format ion  (kJ mol  1) 

1173 K 1373 K 1 5 7 3 K  

A1Bla - 212.1 - 211.3 - 210.0 

NizB - 54.0 66.5 - 79.1 

Ni3B - 67.4 - 78.2 " 

Ti2Ni b - 24.4 " 

TiNi  - 55.6 - 52.3 -- 49.0 

TiNi  3 - 115.5 109.2 102.09 

Ti3A1 - 68.2 61.5 - 54.8 

T iM - 59.2 59.8 - 60.7 

TiAI~ - 25.2 - 22.9 20.6 

TiB 2 - 260.2 - 255.6 - 25t .0 

a These phases do not exist at these temperatures .  

b T h e r m o d y n a m i c  es t imated  da ta  f rom references E58, 59]. 

K-values and tabulated aAl or aNi values. Only one 
compound will form with the least possible aTi or a B 
value. This is considered the most stable compound 
from that phase diagram; however, this does not 
necessarily mean that this will form, as will be seen in 
steps (c)-(e). One compound from each phase diagram 
can be identified. 

(c) Select the most stable 77- or B-containing com- 
pound. Under equilibrium conditions, reactions of ti- 
tanium and boron with nickel or aluminium will 
produce only one compound. The relative stability of 
the two titanium or boron compounds from (b) can be 
determined by setting up equilibrium equations be- 
tween them. Using equilibrium constants and known 
aa! and aN1 values, one can determine which of the two 
will have the greater tendency to form. Two com- 
pounds (one boron- and the other titanium-contain- 
ing) can be determined from the four phase diagrams. 

(d) Determine if one product compound can form. 
Setting up an equilibrium equation between TiB 2 and 
the appropriate matrix element (nickel or aluminium) 
to form one of the two potentially stable compounds 
from (c), we can find if the reaction will take place. If 
the free energy of the reaction is negative and calcu- 
lated aA1 or ay~ values needed to produce the reaction 
(from the appropriate K-value) are less than the equi- 
librium values (Tables IV and V) then a reaction 
product will form and the matrix/TiB2 system is un- 
stable. If not, production of both compounds from 
(c) together is considered. 

(e) Determine if dual-product compounds form simul- 
taneously. The equilibrium equation between TiB 2 
with matrix element(s) and both potentially stable 
compounds from (c) can be set up to find if this 
reaction will take place. If AG~ of this reaction is 
negative and calculated aA1 or aN~ values required to 
produce the reaction (from the appropriate K-value) 
are less than the equilibrium matrix values (Table IV 
and V) then both reaction products will form and the 
matrix/TiB 2 system is considered unstable. If not, 
dissolution of titanium and boron in the matrix is next 
to be considered. 



if) Determine the minimum activity of  titanium and 
boron in the matrices after dissolution. Using earlier 
equilibrium equations for single product formation 
(from (c)), the maximum activity of titanium or boron 
just before the product would form can be determined. 
Setting up an equilibrium equation between TiB 2 and 
titanium and boron, we can then calculate the min- 
imum activity of one element (aTi or aB) knowing the 
maximum of the other from the previous calculation. 
This treatment assumes that only titanium and boron 
diffuse into the matrix alloy but nickel or aluminium 
do not diffuse into the TiB 2 or if they did, the mechan- 
ical properties would remain unaffected. The min- 
imum extent of dissolution in terms of mole fraction, 
X~, of titanium or boron in the matrix could be 
inferred by this activity value, through the activity 
coefficient, 5'1 or az = 7zX1. This coefficient, ranging 
from 0-1, is unknown in these systems; however, 
Misra adopted a cut-off activity value, az, of 10 -3, if 
exceeded, dissolution is regarded as too extensive for 
the system to be considered stable. 

3. 1.2. Results for NiAI-  and 
Ni  3 A I -T iB  2 systems 
The calculations in the previous section were conduc- 
ted by Misra [41] for the NiA1/TiB 2 system as a 
function of temperature and NiA1 stoichiometry, and 
similarly in this report for the NiaA1/TiB 2 system. The 
results are presented in Tables VII and VIII. A num- 
b'er of potentially stable compounds were identified 
from the four binary phase diagrams. For the 
Ni3A1/TiB 2 composite system the most stable binary 

T A B L E  V I I  Poten t ia l ly  s table  react ion p roduc t s  from in terac t ion  

of t i t an ium or boron  wi th  NiAI or Ni3A1. 

Ma t r i x  e lement  Temp. (K) A1 (at %) Poten t ia l ly  s table 
c o m p o u n d  

NiAI B 1373 and < 49 A1B], 
1573 > 49 Ni2W 

> 50.3 AiTP 

NiA1-Ti  1373 49 50 NiTi  a 
< 49 Ni3Ti" 

Ni3AI-B 1173-1573 24 27 NizB b 

NiaAI-Ti  1173-1573 24 27 Ni3Ti u 

a De te rmined  by Mis ra  [41]. 
u De te rmined  in this  study. 

compounds were found to be AIB12, Ni2B, Ni3Ti and 
Ti3A1. Selection of the titanium- and boron-contain- 
ing compound provided those found in Table VII, 
indicating a strong effect of matrix composition, stoi- 
chiometry and temperature on the possible reaction 
products, especially in the NiA1 system due to drastic 
changes in elemental activities with stoichiometry. 
The results show that Ni3A1/TiB 2 is less affected by 
changes in temperature and compositional variations. 

Further calculations indicated that single and dual 
reaction products would not form over the range of 
compositions and temperatures tested, although the 
free energies of reaction were negative for all the cases 
investigated. Treatment of titanium and boron dis- 
solution in the matrices yielded the results in Table 
VIII; calculations for 44 and 46 at % NiA1 (alloy 
investigated experimentally in this study had a nomi- 
nal composition of 45 at % A1) and 24 and 27 at % A1, 
Ni3A1 are included. Minimum activities of titanium 
and boron in either matrix are shown to increase as 
the nickel content (and activity) increases or as reac- 
tion temperatures rise. The aB (rain) are an order of 
magnitude and aTi (min) several orders of magnitude 
less in NiA1 than in Ni3A1. 

Comparison of the activity values suggests that 
TiB 2 is more stable in NiA1 (44 and 46 at % A1) than in 
NiaA1 matrices. The titanium and boron activities are 
generally less than the cut-off(10 3) value defined by 
Misra for stability for all the materials. Boron is 
observed to have a relatively high activity in NiaA1 
(Table VIII); however, it is known that the boron is 
insoluble and increases room-temperature ductility of 
Ni3A1 [1, 2]. The minimum activity of titanium ap- 
proaches higher values at 1573 K in Ni3A1, especially 
in the higher nickel-containing Ni3A1, but remains low 
in NiA1. Although titanium activity in the matrices has 
been calculated it is unknown what levels can be 
obtained, as the activity coefficient is not known (a i 
= 7~Xi). Solubility estimations of titanium in NiA1 

and in Ni3A1 (Table IX) were made using isothermal 
sections in the Ni-A1-Ti phase diagram [60] and 
indicate that high values are possible in both phases at 
the temperatures of interest. Values of 16 17 at % Ti 
in Ni3A1 and 7 10 a t %  Ti in NiA1 are possible 
between 1073 and 1423 K, respectively. Although 
these values are high, this does not necessarily indicate 
that these levels can be reached in these composite 
systems without considering equilibrium thermodyn- 

T A B L E  V I I I  M i n i m u m  calcula ted  act ivi t ies  for t i t an ium and  boron  in Ni3A1 and  NiAl  after d issolut ion of TiB 2. 

Temp.  M i n i m u m  Ni3AI: Ni3AI: NiAI: NiAI: 
(K) act ivi ty  24 at  % A1 a 27 at  % A1 a 44 at  % AI b 46 at  % A1 b 

1173 aB(min) 3.4 x 10 4 2.0 x 10 -4 c c 

aTi(min) 3.63 x 10 8 8.9 x 10 -9 c e 

1373 aB(min ) 3.09 x 10 3 2.03 x 10 3 1.89 x 10 4 1A0 x 10-'* 
an(rain ) 5.48 x 10 -6 1.80 • 10 -6 1.17 x 10 -v 1.68 x 10 -8 

1573 aB(min ) 2.20 x 10 -3 1.54 x 10 -3 4.87 x 10 -4 2.86 x 10 -4 

aTi(min ) 2.50 x 10 4 9.30 x 10 s 6.52 x 10 7 1.57 x 10 -7 

a As de te rmined  in this study. 
6As de te rmined  by Mis ra  [4I  t. 

~  was not  carr ied out  at  this temperature ;  
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TABLE IX Solubilities of titanium in Ni3Al and NiA1 at 1073, 
1300 and 1423 K as determined from the Ni AI-Ti ternary phase 
diagram [60] 

Temperature (K) Ti solubility (at %) 

Ni3A1 NiA1 

1073 16.1 6.9 
1300 16.5 9.2 
1423 17.1 10.2 

amics (i.e. breakdown of TiB z into titanium and 
boron, etc.). Without actually measuring these titan- 
ium contents. Misra's cut-off minimum activity value 
(10 3) can be used to evaluate those values in Table 
VIII; TiB 2, therefore, can be regarded as stable in 
Ni3AI and much more stable in the NiA1 (44 and 45 at 
% A1) to as high as 1573 K. The higher reactivity of 
T iB /ub  Bu3A1 compared to TiB 2 in NiA1 results from 
the higher nickel activity in Ni3A1. Previous studies 
[27] have also shown SiC to be more reactive in Ni3A1 
than in NiA1 for this reason. 

The results obtained by the thermodynamic calcu- 
lations are consistent with the experimental findings 
presented in the following sections. 

3.2. Elect ron m i c r o s c o p y  ana ly se s  
Energy dispersive X-ray (EDAX) analysis using scan- 
ning electron microscopy (SEM), elemental surface 
analysis using Auger electron spectroscopy (AES), and 
interracial imaging using conventional transmission 
electron microscopy (TEM) were all employed to 
investigate the possibility of chemical interaction 
between TiB 2 and the two matrix systems for com- 
parison with the thermodynamic calculations. High- 
magnification SEM observation of interfacial areas in 
the Ni3A1- and NiAl-based composites (Fig. 4) did not 
reveal the presence of distinct reaction products or 
zones, as predicted theoretically. Standardless semi- 
quantitative EDAX analysis was performed in three 
separate areas of each composite, at ~ 5 gm from TiB 2 
particles in the matrix, in the centre of large matrix 
grains ~ 50 gm away from any reinforcement and  
within individual TiB 2 particles to attempt to quantify 
the diffusion of species. The average results of 10-15 
scans were used to compare relative quantities of 
nickel, aluminum and titanium in three locations be- 
tween each composite type. Analysis in the near-TiB/ 
regions (~  5 gm away) in the NiA1 and Ni3A1 matrices 
indicated that the relative amounts of titanium were 
0.91 and 5.24 at %, respectively, falling off to substan- 
tially lower values at the centre of the grains. The 
higher titanium contents in the regions in Ni3A1 neigh- 
bouring TiB 2, as compared to similar regions in NiA1, 
are consistent with the thermodynamic calculations 
which showed that titanium would have higher min- 
imum activity in Ni3A1 than NiA1. Nickel was detected 
in TiB/ particles to levels of ~ 2  at % in both com- 
posite types; no traces of aluminium were detected. 
These results suggest that titanium has diffused out of 
and nickel into TiB 2 during consolidation. 
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Figure 4 High-magnification scanning electron micrograph of TiB 2 
reinforcement (a) Ni3AI and (b) NiA1 matrix interfacial regions 
showing no reaction product. 

The presence and diffusion profiles of lighter ele- 
ments not detectable by the presently used EDAX 
system as well as those detected before (nickel, alumi- 
nium and titanium) were quantified by AES surface 
analysis line scans across matrix/particle interfaces. 
Typical results showing the relative contents across 
the interfaces in Ni3A1/TiB 2 and NiA1/TiB2 at the 
same magnification are presented in Figs 5 and 6, 
respectively. A significant interdiffusion zone is appar- 
ent in the Ni3A1/TiB 2 diffusion couple where titanium 
and boron have diffused into the matrix, while traces 
of nickel have diffused into the reinforcement. A sim- 
ilar scan in the NiAI composite indicates that extent of 
the interdiffusion is less in comparison than that found 
in the Ni3Al-based materials. The results compare well 
with the EDAX results and again substantiate the 
thermodynamic calculations. 

A typical transmission electron micrograph of TiB 2 
particles in an NiA1 matrix is pictured in Fig. 7. No 
continuous product phases or precipitates were 
observed in the interfaces to at least x 48 000 magnific- 
ation. The composite interfaces were sharp and dis- 
tinct indicative of a stable system. Dislocations were 
often observed in the matrix near particles, especially 
in locations between particles. This dislocation activ- 
ity is believed to result from the CTE mismatch 
between the aluminides and TiB 2 (Fig. 1) resulting in 
dislocation punching during cool-down; as the disloc- 
ation densities in areas of the matrix away from the 
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Figure 5 Scanning Auger electron line scans across an Ni3AI/TiB z 
interface. 
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Figure 6 Scanning Auger electron line scans across an NiA1/TiB 2 
interface. 

reinforcement in the as-hot-pressed materials were 
significantly less. Conventional transmission electron 
micrographs from the Ni3A1/TiB 2 interracial regions 
at the same magnification also indicate a lack of 
reaction. 

All these electron microscopy results on the hot- 
pressed microstructures are consistent with the ther- 
modynamic calculations in the previous section. No 
reaction products were predicted to form, but slight 
dissolution is expected with higher activities and solu- 
bilities of titanium in Ni3A1 as compared to those 
values for titanium in NiA1 under similar conditions. 
Although the NiA1 composite was processed at a 
similar matrix homologous temperature (0.85 Tm) as 
the NiaAl-composite in this investigation, less titan- 
ium was present (as detected by EDAX and AES) in 
this as-hot-pressed matrix. 

3.3. X-ray diffraction analyses 
X-ray diffraction (XRD) techniques were also used to 
detect reaction products and measure lattice constants 
that may have changed with interdiffusion at matrix/ 
reinforcement interfaces. Although in all cases, no 
reaction products were detected, some changes in 
lattice parameter were measured as a result of either 
oxygen pick-up during processing or slight dissolution 
reaction with TiB 2 (as suggested by the previous 
results). The lattice parameters of as-hot-pressed 
monolithic alloys, composite matrix alloys, and as- 
received powders are presented in Table X. For the 
NiAl-based materials, the lattice constants remained 

Figure 7 Typical interracial region between TiB 2 particulates and 
NiAI matrix. No reaction products are observed in the interfaces. 

virtually unchanged throughout the processing condi- 
tions, with a constant of about 0.2883 nm for the 45 
at % A1, NiA1. The absence of any interaction of NiA1- 
based materials with TiB 2 again supports the findings 
of the thermodynamic calculations and electron 
microscopy analyses. 

The results from the Ni3Al-based materials present 
different behaviour. Hot pressing of prealloyed pow- 
ders into monolithic Ni3A1 produced some expansion 
of the lattice (~0.000 05 nm) from that measured in 
the powders, the change possibly resulting from oxy- 
gen pick-up and dissolution in the powder metallurgy 
(P/M) process. Boron additions (0.2-0.5 at%) to 
NiaA1 powders produced significant increases in lat- 
tice parameter (Table X, ,~0.0003 nm) after den- 
sification, consistent with previous work [61, 62]. 
After blending and consolidating Ni3A1 (and + B) 
powders with TiB 2 particulates, considerable lattice 
dilation was also noted as compared to the monolithic 
materials. The increase in parameter of ~0.0025 nm 
was partially attributed to the diffusion of titanium 
and boron into the matrices as detected previously by 
both AES and EDAX analyses in the matrix near 
Ni3A1/TiB2 interfaces. Titanium and boron can each 
increase the lattice spacings in Ni3A1; however, pre- 
vious results suggest that titanium has a greater effect 
owing to the relative sizes of the atoms and the 
solubilities obtainable in Ni3A1. 

Increases in lattice parameter with additions of 
titanium to Ni3A1 have been quantified by several 
authors. Ochiai et al. [63] used XRD methods to 
measure the broadening in lattice parameter with 
titanium addition to Ni3A1 in arc-melted and homo- 
genized samples. A linear rate of increase in lattice 
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parameter, a, with concentration, c, of titanium was 
found: da/dc  = 2x  10 -4. nm/a t% Ti, as was also 
found by other investigators [64]. Guard and West- 
brook [65] and others [66] also confirmed the ex- 
pansion in lattice parameter, in addition to significant 
increases in hardness with small additions of titanium 
to Ni3A1. The presently observed increases in the 
Ni3Al-based composite matrices were of the order of 

0.0025 nm. Using the results determined by Ochiai 
et al., 12.5 at % Ti is needed to cause this increase in 
lattice constant. Although this amount of titanium is 
within the solubility limits determined by the ternary 
phase diagram (Table IX) and may be possible in 
regions local to the TiB 2 particles, it is more than that 
feasible if the 10 vol % TiB 2 were homogeneously 
dissolved in Ni3A1. Calculations show that dissolution 
of this quantity of titanium and boron yields a mater- 
ial with 69.47 at % Ni, 21.93 at % A1, 5.93 at % Ti and 
2.68 at % B. One Ni3Al-based composite produced in 
the studies [10], hot-pressed at temperatures well 
exceeding 1500 K and fully reacted (i.e. reinforcement 
particles were undetectable in optical microstructures) 
to form a solid solution with titanium and 2.5 at % B 
(measured by wet chemical analysis). The lattice para- 
meter of this alloy was 0.35746 • 0.00001 nm, a lat- 

TABLE X Lattice parameters of the nickel aluminide powders, 
and hot-pressed monolithics and composite matrices 

Materials Lattice parameters (nm) 

Powders Monolithics a Composite 
Matrices a 

NiA1 (B2) 0.288 33 0.288 14 0.288 27 
(Ni~45 at. % AI) 4- 0.0003 _+ 0.000 02 4- 0.000 04 
Ni3A1 (LI2) 0.35691 0.35695 0.35955 
(Ni-24 at % AI) + 0.00002 _+ 0.00001 _+ 0.00001 
Ni3A1 + B (LlJ 0.35729 0.35940 
(Ni-24 at % _+ 0.000 02 • 0.000 02 
A14).2 at % B) 

a Samples were annealed at 873 K for 3.5 h prior to X-ray diffraction 
analysis. 

tice parameter increase of 0.00046 nm from that of 
pure Ni3A1 (24 at % A1). This increase is consistent 
with the ~6  at % Ti addition in the homogeneous 
case, as calculated using the results of Guard and 
Westbrook [65]. 

In composite structures where the expansion of 
~0.0025 nm well exceeded the increase measured in 
the reacted case, other effects must be acting. Residual 
stresses may exist from the CTE mismatch (Fig. 1) that 
exists between TiB2; however these may have been 
relieved somewhat by producing dislocations near 
TiB 2 particles (Fig. 7). Preliminary residual stress 
measurements using high-angle X-ray diffractometer 
methods [52] yielded values in the range of 100-200 
MPa in both composite types [67]. This residual 
stress level produces an increase in lattice parameter of 
~0.0003 nm, only accounting for about 10% of the 
expansion observed in the Ni3Al-based composites. 
Although the same residual stress levels were detected, 
it is surprising that lattice dilation was measured only 
in the Ni3Al-composite matrices and not the NiA1- 
matrices. 

Reviewing the values determined for monolithic 
Ni3A1, Ni3A1 + B and NiA1, the average lattice para- 
meters compare well with other lattice constant data 
(compiled by Khadkikar [61]) in Table XI. The lattice 
parameters of the Ni3A1, Ni3A1 + B and NiA1 match 
well with those determined by Khadkikar E61] after 
canning and extruding the same powder. The para- 
meters determined for Ni3A1 were similar to that 
found by Noguchi et al. [68] but less than that 
reported by Aoki and Izumi [69] and Bradley et al. 
[70]. The lattice constants for NiAI are higher than 
those published [71], possibly due to higher oxygen 
content in the alloys [61]. 

3.4. Other studies of TiB 2 in nickel aluminide 
matrices 

The results obtained in this investigation are con- 
sistent with conclusions drawn from other work which 
incorporated TiB 2 in Ni3A1 or NiA1. The only case 
where extensive reaction occurred between Ni3A1 and 

TABLE XI Comparison of monolithic lattice parameters from the literature. Compositions are expressed in at % 

Investigator Monolithic lattice parameter (nm) 

Ni3A1 NisAI + B NiA1 

Current study; 0.356 95 (23 Al) 0.357 29 (23 Al, 0.05B) 
hot-pressed powder 
Khadkikar [61]; 0.356 77 (23 A1) 0.357 58 (23.8 AI, 0.02B) 
hot extruded powder 
Aoki and Izumi; cast [69] 0.35600 (24 A1) - 
Noguchi et al. [68]; 0.3570 (25 A1) - 
cast 0.3574 (25 AI) - 
Huang et al. [62] ; 0.35677 (25 A1) 0.35725 (24 A1, 0.05 B) 
melt-spun ribbon 0.35740 (25 A1, 0.05 B) 
Bradley and Taylor 0.358 17 (25 A1) 
[70] cast; 0.35744 (23.4 AI) 
Taylor and Doyle 
[71] cast; 

0.288 14 (45 AI) 

0.288 34 (45 A1) 

0.286 37 (44.7 A1) 
0.286 52 (45.2 Al) 
0.28672 (46.0 A1) 
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TiB z was observed during RHP. Temperatures as high 
as 1823 K maintained for as long as 2 h produced an 
intergranular boride z-phase in the structure [72]. The 
high reaction temperatures experienced and the in- 
cipient liquid phase present during processing were 
believed to be responsible for the reaction product. In 
another study involving solid-state VHP, after 25 h at 
1373 K, a 10-20 gm reaction zone developed on the 
Ni3A1 (IC-221) side of the interface [19]. EDAX and 
X-ray line scans showed evidence of titanium diffusion 
into the matrix, zirconium accumulation at the inter- 
face, chromium precipitation in the matrix and at the 
interfaces, zirconium-rich precipitates in TiB2, an ab- 
sence of nickel and aluminium in the reinforcement. 
Only a slight reaction was detected in this case. 

Limited experimental processes have consolidated 
composites of NiA1 and TiB 2. TEM investigations of 
XD TM processed material has given evidence that no 
reactions took place [-37, 73] to at least 1773 K. Bech 
and Lipsitt [74] on this system also confirmed the 
long-term chemical stability of this system (TiB 2 in 
Ni 51.3 at % A1, NiA1), as after exposure at 1473 K for 
1000 h the boundaries remained sharp and distinct. 
Stoichiometric NiA1 containing 15 vol % TiB 2 were 
processed by HIPing at 1562 K for 4 h at 103 MPa 
and then subsequently aged for different times at 1373 
and 1473 K [75]. TEM investigations did not reveal 
any reaction after processing nor after 6 weeks ageing 
at the annealing temperatures. Investigators who reac- 
tion processed (RHIP) stoichiometric NiA1 matrix 
composites at 1473 K for 1 h also did not note any 
reaction to take place. 

4. Conclusions 
This investigation briefly reviewed results of previous 
studies concerning the stability of ceramic reinforce- 
ment materials in nickel aluminide matrices. Thermo- 
dynamic analyses of interactions between TiB 2 
reinforcement and NiA1 (45 at % A1) or Ni3A1 (24 at % 
At) matrices predicted stability at temperatures be- 
tween 1173 and 1573 K. Calculations showed that no 
binary reaction products could form; however, slight 
dissolution of titanium and boron from the reinforce- 
ment in the matrices was found to be possible. Greater 
dissolution of titanium and boron was predicted in 
Ni3A1 compared to NiA1 and with increase in temper- 
ature. The experimental findings from energy disper- 
sive X-ray analyses (EDAX), Auger electron spectro- 
scopy (AES) line scans and transmission electron 
microscopy (TEM) imaging of interfacial regions were 
consistent with the thermodynamic calculations. No 
distinct product phase was observed (SEM, TEM) at 
interfaces in either composite, although titanium and 
boron were detected (EDAX, AES) in the Ni3A1 ma- 
trix at levels greater than that found in the NiA1 
matrix. X-ray diffraction techniques did not detect 
reaction products in the two as-hot-pressed com- 
posites. NiA1 matrix lattice parameters remained un- 
changed from the powder to monolithic to the com- 
posite matrix structure. Slight expansion of the Ni3A1 
matrix lattice was measured after hot-pressing with 

TiB2, resulting primarily from titanium diffusion from 
TiB 2 into the matrix. The higher activity of nickel in 
Ni3A1 promotes this greater instability, as shown in 
the thermodynamic calculations. 
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