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Nickel aluminide, intermetallic compound Ni3AI, is a promising structural material on account  
of its high strength at elevated temperatures. The influence of cold deformation on the tensile 
behaviour of an Ni3AI alloy containing zirconium and boron is presented. The undeformed 
material, in the as-cast condition, was subjected to varying levels of cold deformation ranging 
from 11.4%-61.4%, and tensile tests performed. The tensile properties and fracture behaviour 
of the cold-deformed material are compared with undeformed material to highlight the 
influence of cold deformation on strength, ductility and fracture behaviour. Tensile tests were 
performed on cold-deformed plus annealed samples and properties compared with the cold- 
deformed counterpart in order to elucidate the influence of annealing on tensile behaviour. 
The intrinsic effects of cold deformation and annealing on microstructure, tensile properties 
and fracture behaviour  are highlighted. 

1.  I n t r o d u c t i o n  
Rapid advances in aerospace technology have created 
a need for a new generation of structural materials. 
Ordered intermetallic compounds constitute a unique 
class of metallic materials which have shown promise 
for replacing conventional nickel-based superalloys. 
These compounds have been recognized for their 
superior strength coupled with superior resistance to 
creep, fatigue and corrosion resistance at elevated 
temperatures. The tendency for chemical ordering in 
these intermetallic compounds reduces atom mobility 
at elevated temperatures resulting in good structural 
stability and resistance to high-temperature deforma- 
tion [1]. The NiA1 and NiaA1 ordered intermetallic 
compounds of nickel and aluminium have, in recent 
years, been the subject of increasing research activity 
because of their excellent oxidation resistance, fairly 
high melting temperatures and relatively low densities 
which make them particularly attractive for potential 
use as aircraft engine materials. 

The Ni3A1 intermetallic compound is of interest for 
use at  elevated temperatures, primarily because its 
yield strength actually increases rather than decreases 
with an increase in temperature [2-4]. However, use 
of these nickel aluminides, in polycrystalline form, as 
an engineering material is rendered difficult on ac- 
count of their low ductility and poor fracture-related 
properties at ambient temperature [5-9]. The low 

ductility and tendency for brittle intergranular frac- 
ture was a major obstacle that limited the develop- 
ment of polycrystalline Ni3A1 alloys as engineering 
materials. The inferior ductility of the intermetallic 
compound was attributed to concurrent and com- 
peting influences of [10-15]: 

(a) a low cohesive strength of grain boundaries; 
(b) embrittling effects of impurities at the grain 

boundaries; 
(c) a tendency to fail by brittle intergranular fracture 

mode; and 
(d) a low initial density of mobile dislocations. 

In general, techniques for improving the low ductility, 
inadequate fracture toughness and poor fracture-re- 
lated properties of the ordered intermetallic com- 
pound, Ni3A1, fall into two broad categories: 

(i) microstructural modifications through a refine- 
ment in grain size and ensuing difficulty in grain 
boundary crack initiation and propagation, 

(ii) compositional modifications through methods 
of enhancing the probability of (1 1 1) slip by lowering 
the antiphase energy and/or improving the cohesive 
strength of grain boundaries. This also facilitates 
enhancing the ductility of polycrystalline Ni3A1 specif- 
ically at cryogenic temperatures. 
The segregation of impurities to grain boundaries 
weakens them and promotes premature fracture be- 
fore macroscopic yield can occur. However, recent 

*Presentaddress: A. C. T. ConsultingInc., Canton, OH 44718, USA. 

0022-2461 �9  Chapman &Hag 5939 



studies have convincingly shown that the fracture 
toughness of Ni3A1 is good, despite the grain bound- 
ary being intrinsically brittle [16, 17]. 

In recent years, alloy design effortshave focused on 
compositional modifications as a means of improving 
the room-temperature ductility and fracture-related 
properties of Ni3Al-based alloys. The effects of small 
addition of boron to Ni3A1 have been studied by 
several groups of investigators [13-26]. Small addi- 
tions of boron substantially eliminated the intergranu- 
lar brittleness problem associated with pure Ni3A1 
[13, 18, 20]. Interest in the use of boron as a micro- 
alloying addition was triggered by an elimination of 
the intergranular brittleness with a concomitant im- 
provement in the room-temperature ductility of the 
polycrystalline Ni3A1 alloy due to a change in fracture 
mode from brittle intergranular to predominantly 
ductile transgranular fracture in smooth tensile speci- 
mens. The change in macroscopic fracture mode was 
attributed to boron enrichment at grain boundaries as 
revealed by Auger spectroscopy [13, 23, 24]. The im- 
provement in ductility and fracture properties opened 
the possibility of practical applications for this novel 
engineering material. 

There are two hypotheses explaining the phenom- 
enon of ductility improvement [13, 27-29]. The first 
one [13, 27] is based on an assumption that boron 
segregation to grain boundaries in Ni3A1 leads to an 
increase of cohesive strength across the grain bound- 
ary, due to the formation of strong interatomic bonds 
according to the theory of Briant and Messmer 
[30, 31]. The increased grain-boundary strength enab- 
les higher levels of stress to be applied to a polycrystal- 
line specimen, thereby, activating slip before reaching 
the grain-boundary fracture strength. White et al. [27] 
attributed the improvement in ductility of Ni3A1 res- 
ulting from boron addition to an actual improvement 
in grain-boundary cohesive strength. 

The other hypotheses [28, 29] assumes that reduced 
ordering of grain-boundary regions due to boron 
segregation leads to an increased mobility of grain- 
boundary dislocations. Owing to the high mobility of 
grain-boundary dislocations, stress concentrations 
created by dislocation pile-ups on grain boundaries 
can be relaxed plastically through an emission of 
lattice dislocations. This is accompanied by slip 
propagation across the grain boundaries coupled with 
the generation and motion of grain-boundary disloc- 
ations. A reduction of stress concentration at grain- 
boundary regions diminishes the tendency towards 
brittle intercrystalline fracture. This hypothesis was 
found to be consistent with studies of grain-boundary 
structure and grain-boundary dislocation geometry 
in Ni3AI alloy with boron [26] and without boron 
[32], and was confirmed by results of mechanical tests 
[28, 29, 33]. 

The objective of the present work was to examine 
the influence of cold deformation (cold working) and 
annealing on yield strength, ultimate tensile strength, 
elongation and fracture behaviour of a polycrystalline 
Ni3AI alloy containing zirconium and boron. The 
fracture behaviour of the polycrystalline alloy is dis- 
cussed in terms of degree of cold deformation, an- 
nealing and strain rate. 

2. Material and experimental procedure 
The material used in this investigation was poly- 
crystalline NiaAl containing zirconium and boron. 
The chemical composition of the alloy is listed in 
Table I. Zirconium additions aid improvement of 
high-temperature strength through solid solution 
hardening effects, while microalloying with boron en- 
hances grain-boundary cohesive strength and helps 
improve ductility at ambient temperature [33-35]. 
The nickel aluminide, Ni3A1, intermetallic compound 
has an Llz ordered crystal structure in the solid state. 
The unit cell has an ordered fc c lattice structure with 
nickel atoms occupying the face-centred sites and the 
aluminium atoms occupying corner sites, so that each 
aluminium atom has only nickel atoms for nearest 
neighbours. The flat tensile samples used were pun- 
ched out of longitudinal sheets of the polycrystalline 
material that were cold rolled to different degrees of 
reduction ranging from 11.4 %-61.4 %. A few of the 
samples taken from each cold-rolled sheet were an- 
nealed in a controlled environment at 1100 ~ for 1 h. 
A schematic drawing of the test specimen is shown in 
Fig. 1. Related parameters are given in Table II. 

Metallographic samples were cut from the as-re- 
ceived test samples, mounted in bakelite, and wet 
ground on 320, 400 and 600 grit silicon carbide (SIC) 
paper using water as lubricant and then mechanically 
polished with 1 and 0.05 ~m alumina-based polishing 
compound. Grain morphology was revealed using an 
etch comprising of a mixture of 20 H20, 20 HNO3, 
10 HF, 20 H3PO4, 10 acetic acid and 10 HC1 (parts by 
volume). The specimens were etched for 180 s and 
examined by optical microscopy and photographed 
using standard bright-field techniques. 

The tensile tests were carried out in controlled 
laboratory air environment (relative humidity 55 %) 
and at ambient temperature (23 ~ The tests were 
performed using a computer-controlled servohy- 
draulic Instron test machine at nominal strain rates of 
10-5 and 10 -3 s-1. The surfaces of the tensile samples 
were ground with 600 grit silicon carbide paper and 
then mechanically polished to remove all scratches. 
The yield stresses were measured at 0.2 % plastic 
strain, and ductility of the tensile test samples were 
evaluated from total elongation to failure, that is, the 
total strain to fracture or failure. 

T A B  LE I Nominal  chemical composition (wt %) of the nickel aluminide 

A1 B Cr Fe Mn Mo P Zr Si Ni 

11.12 0.044 0.046 0.450 0.024 0.002 0.002 0.78 0.03 Bal. 
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Figure 1 Schematic drawing showing configuration of tensile test 
specimen. See also Table II. 

TABLE II 

Condition Nominal thickness, 
t (mm) 

Undeformed sheet 1.1176 
11.4 % CR a 0.9906 
20.4 % CR 0.889 
27.3 % CR 0.8128 
36.4 % CR 0.7112 
43.2 % CR 0.6350 
47.7 % CR 0.5842 
54.5 % CR 0.508 
58.1% CR 0.4572 
64.1% CR 0.4312 

a Cold rolled. 

Fracture surfaces of the deformed tensile samples 
were examined in a scanning electron microscope 
(SEM) to determine the predominant  fracture mode 
and to characterize the fine-scale fracture features on 
the surface. 

3. Results and discussion 
3.1. Microstructure 
The optical microstructure of the cold-deformed ma- 
terial is shown in Fig. 2 and compared with the micro- 
structure of the undeformed material. Increasing the 
cold deformation on the polycrystalline alloy resulted 
in a refined or small grain size. The microstructure of 
the annealed samples is shown in Fig. 3. Annealing 
resulted in a recrystallized microstructure with fairly 
well-defined grain boundaries. The grain size of the 
polycrystalline alloy progressively decreased with in- 
creasing amount  of cold deformation from 0 % (un- 
deformed material) to 61.4 %. 

3.2. Tensile properties 
3.2. 1. Effect of cold deformation 
A compilation of the monotonic  mechanical proper- 
ties of the polycrystalline alloy (Ni3A1 + Zr + B) cold 
deformed (cold worked) to various levels, tested at the 
two strain rates (10 -5 and 10 -3 s-Z), are given in 
Tables I I I  and IV. Duplicate samples were tested for 
each  condition and no significant variation between 
the pairs of samples was observed. 

3.2.1 .1 .  S t r a i n  ra te  o f  lO - 5  s -1  

(a) At the strain rate of 10- 5 s -  1 the 0.2 % offset 
yield strength increased with an increase in cold defor- 
mation given to the undeformed sheet material. The 
maximum attainable yield strength (1473 M P a  at 
58.1% cold deformation) is nearly three times the 

Figure 2 Optical micrographs showing microstructures of the un- 
deformed and cold rolled (CR) polycrystalline Ni3A1 + B inter- 
metallic alloy: (a) undeformed, (b) 11.4% CR, (c) 27.3% CR, 
(d) 36.4% CR, (e) 47.7% CR, (f) 54.5% CR, (g) 59.1% CR, (h) 61.4% 
CR. 

corresponding value for the undeformed sheet 
(458 MPa). 

(b) The ultimate tensile strength follows the same 
trend as the yield strength. The maximum tensile 
strength (1901 MPa) is attained for the 58.1% cold- 
deformed material and is twice the value of the un- 
deformed sheet material (856 MPa). 

(c) Fracture occurred at the maximum load and the 
fracture stress is equal to the ultimate tensile strength 
of the material. 

(d) The total elongation to failure (ductility) de- 
creased with an increase in strength. The elongation of 
the undeformed sheet material Ni3A1 + Zr + B alloy 
(26.4 %) is three times the elongation achieved for 
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the material in the maximum strength condition 
(UTS = 1901 MPa, 58.1% cold deformation). The 
variation of yield strength and ultimate tensile 
strength with per cent cold deformation is illustrated 
in Fig. 4. 

3 . 2 . 1 . 2 .  S t r a i n  r a t e  = 10  - 3  s - 1  

(a) The variation of yield stress and ultimate tensile 
strength, with degree of cold deformation, at the 
higher strain rate of 10- 3 (Table IV) follows a similar 
trend as at the lower strain rate (10- 5 s- 1, Table III). 
This variation in strength is shown in Fig. 5, and 
reveals a progressive increase in both yield strength 
and ultimate tensile strength with increasing cold 
deformation. 

(b) At this strain rate (10 -3 s -1) the elongation to 
failure of the undeformed material (35.2 %) is over five 
times greater than the corresponding value (6.4 %) for 
the material in the maximum strength condition 
(58.1% cold deformed), and six times the correspond- 
ing value (5.6 %) for the sheet material given max- 
imum cold deformation (61.4 %). 

The observed increase in both yield strength and 
ultimate tensile strength, at the two strain rates, is 
attributed to intrinsic effects of strain-hardening ari- 
sing from an increased dislocation density in the 
matrix due to the extrinsic influence of cold deforma- 
tion on the polycrystalline NiaA1 + B intermetallic. 

A comparison of the elongation to failure for the 
different conditions, at the two strain rates, is made in 
Fig. 6. It is observed from this figure that strain rate 
has only a marginal influence on elongation to failure. 
The elongations at the two strain rates vary within 
10 % of each other and exhibit the same general trend 
with an increase in amount of cold deformation im- 
parted to the polycrystalline alloy. 

Figure 3 Optical micrographs of the cold rolled (CR) plus annealed 
polycrystalline Ni3A1 + B intermetallic alloy: (a) undeformed, 
(b) 11.4%, (c) 27.3%, (d) 36.4%, (e) 47.7%, (f) 54.5%, (g) 59.1%, 
(h) 61.4%. 

3.2.2. Effect of annealing 
The cold deformed tensile samples were annealed for 
1 h at 1100 ~ prior to tensile testing. A compilation of 
the monotonic mechanical properties of the cold- 
deformed plus annealed samples, at strain rates of 

TAB LE I I I  Monotonic mechanical properties of the polycrystalline NiaA1 + Zr + B alloy in the cold-deformed condition at strain rate of 
10 -5 s -1. Results are mean based on two tests. 

Condition Yield stress Ultimate tensile Elongation Fracture stress 
(Mpa) stress (MPa) (%) (MPa) 

Undeformed sheet 458 856 26.4 856 
11.4 % CR 707 993 20.8 993 
20.4 % CR 1000 1341 13.6 1341 
27.4 % CR 1127 1442 12.0 1442 
36.4 % CR 1257 1610 11.2 1610 
43.2 % CR 1323 1676 8.8 1676 
47.7 % CR 1360 1764 8.8 1764 
54.5 % CR 1419 1817 8.0 1817 
58.1% CR 1473 1901 8.0 1901 
61.4 % CR 1373 1872 6.4 1872 
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T A B  L E I V Monotonic  mechanical properties of the polycrystalline Ni3AI + Zr + B alloy in the cold-deformed condition at strain rate of 
10-3 s-1.  Results are mean based on two tests. 

Condit ion Yield stress Ultimate tensile Elongation Fracture stress 
(Mpa) stress (MPa) (%) (MPa) 

Undeformed sheet 433 916 35.2 916 
11.4 % CR 707 1149 26.4 1149 
20.4 % CR 1061 1374 12.0 1374 
27.4 % CR 1146 1483 10.4 1483 
36.4 % CR 1288 1648 11.2 1648 
43.2 % CR 1358 1665 10.4 1665 
47.7 % CR 1406 1718 8.8 1718 
54.5 % CR 1480 1817 8.0 1817 
58.1% CR 1591 1901 6.4 1901 
61.4 % CR 1342 1700 5.6 1700 

276C 

30 

207C o~ 20 

z g 
~'138C "= 

o ~ 

~ 1 0  
690 

0 
0 11.4 20.4 2Z3 36.4 43.2 477 54.5 58.1 614 

Cold deforraotion [%) 

I Yield stress ~,~~ UTS 

Figure 4 Variation of yield strength and ultimate tensile strength 
with degree of cold deformation, at a strain rate of 10 -5 s -~ in 
laboratory air. 
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Figure 5 Variation of yield strength and ultimate tensile strength 
with degree of cold deformation, at a strain rate of 10 -3 s -1 in 
laboratory air. 

10-5 and 10-3 s-1, is given in Tables V and VI. The 
salient observations are given below. 

3 . 2 . 2 . 1 .  S t r a i n  r a t e  = 10  - 5  s - 1  

(a) The yield stress and ultimate tensile stress in- 
creased with an increase in cold deformation up to 
54.5%. The maximum strength (YS: 1061 MPa, UTS: 
1850 MPa) is attained for the material that is cold 
deformed 54.5 %. While annealing at 1100 ~ relieves 
the effects of strain hardening arising from an in- 
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Figure 6 Effect of cold deformation on elongation to failure at a 
strain rate o f ( I )  10 -5 s ~, and (A) 10 -3 s -1 in laboratory air. 

creased dislocation density due to cold deformation, 
the increase in strength is attributed to an overall 
refinement in the grain structure (Fig. 3) of the Ni3A1 
intermetallic compound with an increase in cold de- 
formation given to the undeformed polycrystalline 
material. The variation of strength for the different 
conditions is illustrated in Fig. 7. 

(b) Fracture of the cold-deformed plus annealed 
samples occurred at the maximum load, and the varia- 
tion of fracture stress is the same as that of the 
ultimate tensile stress. 

(c) The elongation to failure showed no observable 
trend for the fully annealed samples. The variation of 
elongation to failure for the different conditions was 
random and well within 10 % of each other, 

3 . 2 . 2 . 2 .  S t r a i n  r a t e  = l O - 3 s  -1 .  The key observa- 
tions at the higher strain rate were as follows. 

(a) The yield stress and ultimate tensile stress were 
found to increase with cold deformation. The max- 
imum strengths (YS: 544 MPa, UTS: 1278 MPa) were 
attained for the material that was cold deformed 
58.1%. The variation in strength for the different 
conditions is shown in Fig. 8. 

(b) The variation of fracture stress was similar to 
the ultimate tensile stress, because, for all conditions, 
fracture occurred at the maximum load. 

(c) The elongation to failure revealed no observable 
trend and the variations in elongation for the different 
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T A B L E V Monotonic mechanical properties of the polycrystalline Ni3A1 alloy in laboratory air at a strain rate of 10-5 s-~. Results are 
mean based on two tests. 

Condition Yield stress Ultimate tensile Elongation Fracture stress 
(Mpa) stress (MPa) (%) (MPa) 

Undeformed sheet 362 1019 30.4 1019 
11.4 % CR 408 1149 33.5 1149 
20.4 % CR 424 1144 33.2 1144 
27.4.% CR 481 1243 31.2 1243 
36.4 % CR 493 1203 31.2 1203 
43.2 % CR 615 1258 28.8 1258 
47.7 % CR 668 1222 32.8 1222 
54.5 % CR 1061 1850 32.8 1850 
58.1% CR 639 1420 32.8 1420 
61.4 % CR 562 1295 32.8 1295 

T A B L E  VI Monotonic mechanical properties of the polycrystalline Ni3A1 + Zr + B alloy in the cold-deformed plus fully annealed 
condition at strain rate of 10-3 s-~. Results are mean based on two tests. 

Condition Yield stress Ultimate tensile Elongation Fracture stress 
(Mpa) stress (MPa) (%) (MPa) 

Undeformed sheet 307 927 26.4 927 
11.4 % CR 411 1126 36.9 1126 
20.4 % CR 479 1167 32.4 1167 
27.4 % CR 486 1227 30.9 1227 
36.4 % CR 481 1172 31.9 1172 
43.2 % CR 507 1203 33.4 1203 
47.7 % CR 541 1223 32.6 1223 
54.5 % CR 515 1176 31.2 1176 
58.1% CR 544 1278 30.5 1278 
61.4 % CR 536 1224 36.3 1224 
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Figure 7 Variation of yield stress and ultimate tensile stress for the 
cold-deformed plus annealed test samples deformed at a strain rate 
of 10-s s-1 in laboratory air. 
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Figure 8 Effect of cold deformation on yield strength and ultimate 
tensile strength of the cold-deformed plus annealed samples defor- 
med at strain rate of 10 -3 s -1 in laboratory air. 

conditions were well within 10 %-15 %. This pattern 
is quite similar to the trend observed at the lower 
strain rate (10-5 s-1). 

A comparison of elongations to failure of the cold- 
deformed and the cold-deformed plus annealed sam- 
ples, at the two strain rates, is made in Fig. 9. This 
figure reveals an approximate two-fold improvement 
in elongation to failure (tensile ductility) resulting 
from fully annealing the cold-deformed samples. The 
influence of annealing on tensile behaviour of the 
polycrystalline Ni3AI + Zr + B alloy is best represen- 
ted by a comparison of the engineering stress- 
engineering strain curves of the cold-deformed and 
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cold-deformed plus annealed samples (Fig. 10). An- 
nealing the cold-deformed samples resulted in a degra- 
dation in strength but with a substantial improvement 
in strain to failure or elongation. It seems plausible 
that annealing, at l l00~ causes two independent 
phenomenon to occur: 

(i) relief of the intrinsic effects of strain hardening 
resulting from cold working the material; and 

(ii) promotion of a recrystallized microstructure 
(Fig. 3). 

A reduction or elimination of strain-hardening effects 
results in degradation in strength with a resultant 
improvement in ductility. 
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Figure 10 Comparison of the influence of annealing the cold-defor- 
med samples on engineering stress-strain curves of the polycrystal- 
line intermetallic compound. UD, undeformed; HT, heat treated; 
CR, cold rolled. 

3.3. Fracture behav iour  
The monotonic fracture surfaces are helpful in elucida- 
ting microstructural effects on ductility and fracture 
properties of the polycrystalline Ni3A1 + Zr + B in- 
termetallic alloy. Examination of the fracture surface 
features in a scanning electron microscope, of the 
deformed tensile specimens was done at low magni- 
fication to identify the overall fracture morphology, 
and at higher magnification to identify the fine-scale 
fracture surface features. Samples for SEM observa- 
tion were obtained from the deformed tensile speci- 
mens by sectioning parallel to the fracture surface. 
Fractography of the tensile samples revealed different 

Figure 11 Scanning electron micrographs showing fracture surface 
features of the material in the undeformed condition: (a) voids on 
fracture surface, (b) macroscopic void surrounded by dimples. 

features for the as-cast and cold-deformed specimens. 
Representative fracture features of both the non-heat- 
treated and heat-treated (annealed) samples deformed 
to failure at the two strain rates are shown in 
Figs 11-14. 

On a macroscopic scale the following features were 
seen. 

(a) Tensile fracture of the undeformed material was 
transgranular. Examination of the fracture surface at 
higher magnifications revealed a population of micro- 
voids, of a wide range of sizes, distributed randomly 
across t h e  fracture surface (Fig. l la). Few macro- 
scopic voids (Fig. 1 lb) were found intermingled with 
the microscopic voids, indicating ductile failure. Shal- 
low dimples were found on the transgranular fracture 
regions in areas between voids and surrounding the 
macrovoids. 
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Figure 13 Scanning electron micrograph of the 61.4% CR sample 
showing: (a) predominantly transgranular fracture, (b) shallow dim- 
ples on transgranular surface, and (c) small second-phase particles 
distributed at random within the shallow dimples. 

Figure 12 Scanning electron micrograph showing fracture surface 
features of the undeformed plus annealed samples: (a) transgranular 
fracture, (b) voids on the transgranular fracture surface. 

(b) Fracture of the undeformed plus annealed sam- 
pies was also transgranular (Fig. 12a). Examination of 
the tensile fracture surface at higher magnification 
revealed fine microscopic voids randomly distributed 
across the fracture surface (Fig. 12b). The area be- 
tween voids was covered with shallow dimples. 

(c) Tensile fracture of the samples subjected to max- 
imum cold deformation (61.4 %) was predominantly 
transgranular at both strain rates (Fig. 13). Exam- 
ination at higher magnification revealed the trans- 
granular fracture regions covered with shallow dim- 
ples (Fig. 13b). Small second-phase particles were 
found associated with the shallow dimples (Fig. 13c). 

(d) Fracture  morphology of the samples that were 
cold deformed 61.4 % and then annealed were quite 
different from the cold-deformed and non-heat-treated 
counterpart. Fracture was bimodal with evidence of 
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Figure 14 Scanning electron micrographs showing fracture surface 
features of samples cold deformed 68.1% and then annealed: (a) 
evidence of intergranular cracking, (b) macroscopic and microscop- 
ic voids, (c) shallow near-equiaxed dimples. 

traces of intergranular cracking (Fig. 14a). Examin- 
ation of the fracture surface at higher magnification 
revealed macroscopic voids intermingled with numer- 
ous microscopic voids, indicating ductile rupture 
(Fig. 14b). Shallow near-equiaxed dimples were found 
adjacent to the intergranular fracture regions 
(Fig. 14C). During tensile deformation the progressive 
build-up of dislocations at grain boundaries results in 



stress concentration. The localization of stresses facili- 
tates nucleation of voids at the inclusions and 
impurities along the grain boundaries. The fine micro- 
voids coalesce and the halves of these voids are the 
dimples visible on the fracture surface. 

4. Conclusions 
Based on a study of the influence of cold deforma- 
tion and annealing on the room-temperature tensile 
behaviour of polycrystalline Ni3A1 alloy containing 
zirconium and boron, tested at two strain rates, the 
following are the main conclusions. 

1. Annealing the cold-deformed material resulted in 
a recrystallized microstructure. Increasing the amount 
of cold deformation resulted in a material having 
refined microstructure, that is smaller grain size. 

2. Strength of the polycrystalline alloy increased 
with an increase in cold deformation. The increase in 
strength was marked by a degradation in elongation 
to failure (ductility). The degradation in ductility was 
as high as 300 %. 

3. Annealing the cold-deformed samples was ob- 
served to degrade both yield strength and ultimate 
tensile strength. 

4. The annealed samples exhibited improved ductil- 
ity (elongation to failure) over the cold-deformed 
counterpart. The improvement in ductility or elonga- 
tion to failure was appreciable with increasing amount 
of cold deformation given to the undeformed poly- 
crystalline intermetallic material. 

5. Strain rate was found to have only a little influ- 
ence on strength and elongation to failure of both cold 
deformed and fully annealed material. 

6. Tensile fracture of the polycrystalline intermetal- 
lic in the undeformed condition and the undeformed 
plus annealed condition was predominantly trans- 
granular with macroscopic and microscopic voids 
dispersed on the fracture surface. 

7. For the cold-deformed conditions, fracture of the 
tensile samples was predominantly transgranular with 
shallow dimples on the transgranular fracture surface. 
For the cold-deformed and fully annealed material, 
fracture surfaces comprised of a population of voids, 
of a wide range of sizes. 
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