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Abtrsct-The effects of boron additions (up to 0.4wt% B) on lain-Sunday chemistry and tensile 
properties of Ni,Al containing 24_26atOi,.&l were studied. Room-temperature ductility and fracture 
behavior of B-doned NixAl dcnended criticallv on deviation from alloy stoichiometrv. As the aluminum 
content of B-doped Ni& is decreased beiow 25 at.,,, *’ the ductility increases dramati&lly and the fracture 
mode changes from intergranular to transgranular. Auger studies indicate that the intensity of boron 
segregation to grain boundaries increases and the concentration of grain-boundary aluminium decreases 
significantly with decreasing bulk aluminum concentration. These results suggest that alloy stoichiometry 
strongly influences grain-boundary chemistry which in turn. affects the grain-boundary cohesion. Boron 
exhibits an unusual segregation behavior in N&AI, i.e. it has a strong tendency to segregate to the grain 
boundaries but not to cavity (free) surfaces. Gn the other hand, sulfur, an embrittling impurity, tends to 
segregate more strongly to free surfaces than to grain boundaries. The beneficial effect of boron is in 
agreement with existing theories of solute segregation effects on grain-boundary cohesion. The yield stress 
of B-doped N&Al decreases with increasing grain size produced by iong-term annealing at 1OOOC. The 
yield stress obeys the HalWetch relation: o, = u,, + k, d-l’” with u,.> = 163 MPa and k, = 8.2 MPa cm1 2. 
The tensile elongation was initially independent of gram size, and showed only a moderate decrease from 
about -6 with grain diameters larger than fl0pm. 

-NOUS avons itudie I’influence d’additions de bore (jusqu’i 0,4x de bore en poids) sur la chimie 
des joints de grains et les proprietes en traction de N&Al contenant de 24 I 26at.%Al. La ductiliti et 
la rupture a la temperature ambiantc de N&AI dopC au bore dependent de manitre critique de la deviation 
par rapport a la stoechiomltrie. Lorsqu’on diminue la teneur en aluminium de Ni,AI dope au bore 
audasons de 25 at.:/, la ductilitt augmente considerablement et It mode de rupture pant d’intergranulaire 
a transgranulaire. Des etudes par spectroscopic Auger ont montre que la quantite de bore s+r&ge aux 
joints de grains augmente et que la concentration d’aluminium intcrgranulaire diminue/notablement 
lorsqu’on diminue la concentration en masse d’aluminium. Ces r&hats suggerent une forte influence de 
la stoechiomitrie de I’alliage sur la chimie du joint de grains qui, a son tour, modifie la cohesion 
intergranulaire. 

Le bore Scgrige de manitge inhabituelie dans N&Al, car il a une forte tcndance a sigreger sur les joints 
de grains, mais non sur la surface (tibre) des CavitcS. Par contre, le soufre, qui est une impurett fragilisante, 
a tmdance 8 &g&ger plus sur les surfaces libres que sur les joints de grains. L’efTet bfnifique du bore 
est en accord avec les theories existantes sur Ies effets de la segregation de solute sur la cohesion 
~ter~~uiai~. 

La limite Qastique de N&AI do+ au bore diminue lorsqu’on augmente la taille de grains par un long 
rwenu 1 1OWC. La limite ‘elastique vtrifie la relation de Hall et Petch: u). = c,.) +i~,d-~ 2, oti 
uo.r = 163 MPa et k, = 8,2 MPa cmi’2. t’allongement en traction ne dependait initialement pas de la taille 
des grains et il ne diminuait que modtrbment, d’environ SO i 40% pour une taille de grains suplrieure 
d 1lOpm 

Ruammmfralb_Der EinfluB von Borzugaben bis AI 0,4 Gew,-% zu N&Al (Al-Gehalt 24 bis 26 At.-%) 
au die chemische Zusammensetzung au Korngrenzen turd auf das Verhalten unter Zugbelastung wurde 
untersucht. Duktilitiit und Bruchverhahen hiingen bei Raumtemperatur im B-doticrten N&Al kritisch von 
der Wchiometrieabweichung ab. Bei einem Al-Gehalt unter 25 At.-% ist die Duktilitiit drastisch crhoht 
und die Bruchmode wechselt von inter- zu transgranular. Aus Augeruntersuchungen ergab sich, daB die 
Borsegregation an den Korngmrrm zunimmt und die Al-Konzentration dot-t mot abnehmender 
~-Vol~o~nt~tion betr&hhch kleiner vvird. Diese Brgebnisr legen nahe, daB die Stiichiometrie der 
Legierung die Chemie an der Korngrenze erhebhch br.einfluBt und diese wiederum die Komgrenz- 
Lo&ion. Bor zeigt in Ni&l em ~~6~i~ ~tions~ait~: eine starke Neigung zur 
Segregation an Korngrenzen, mcht jedoch freim und Ho~~~o~~. Andereraeits segregiert das 
verapr&iende Ekment Schwcfel eher an freien Oberfi~chen als an Korngrenzen. Der gtinstige RinBuD des 
Bars stimmt tnit Theorient zum EinfLug der Segregation auf die Komgrenakohiision fibrein. Die 
PheBspannung des Bordotierten N&Al ainkt mit zuaehmender Korngr66e (hergestellt durch langes 
Gliihen bei IOtWC) ab. Sic gehorcht der Hall-P&h-Be&hung 8, - u. y + k,. d-l;’ mit u,,,? = 163 MPa und 
k, = 8.2 Mticmtc. Die erreiehbare Dehung hing bei kkineren kom&Ben nicht von da Komgrti& ab 
tmd wurde bei Komdurchemessern oberhalb IlOpm nur langsam kleina. 

IN’I’RODUCTION 

tResearch sponsored by the Division of Materials Sciences. 
U.S. Department of Energy under contract DE-ACQS- The nickel ahminide, &AI, is an intermetalIic com- 
8421400 with the Martin Marietta Energy Systems, Inc. pound having the L 1 t ordered crystal structure (sim- 
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ilar to Cu,Au) below the peritectic temperature 
(1395°C) [If, The aluminide has unique properties 
that make it attractive for structural applications at 
elevated temperatures. Unlike disordered alloys, the 
yield strength of N&AI increases with increasing test 
temperature [2-4], The aluminide is the most im- 
portant strengthening constituent (7’ phase) of com- 
mercial nickel-base superalloys. It tends to form 
adherent aluminum oxide scales that protect the base 
material from excessive oxidation and corrosion 
]5,6]. In addition, its density is significantly lower 
than that of commercial superalloys. 

The major difficulty with N&Al as an engineering 
material, however, is its tendency for Iow ductility 
and brittle fracture in ~~ycrys~line forms 17-91. 
This brittlenesS effectively precludes its fabrication 
into useful structural components. It has been known 
for years that single crystals of N&AI are ductile but 
its polycrystalline forms are extremely brittle [7-l I]. 
The brittleness of such polycrystals is associated 
with grain-boundary weakness that causes brittle 
intergranular fracture without appreciable plastic 
deformation within the grains. Recent studies of 
grain-boundary chemistry by White and Stein [12] 
revealed that sulfur, a trace impurity in N&AI, has a 
strong tendency to segregate and possibly embrittles 
the grain boundaries. Oxygen and carbon were also 
detected on the boundaries, but were thought to be 
a result of contamination by the residual atmosphere 
in the Auger system. 

Microalloying practsses have been used to alleviate 
the brittle intergranular fracture in Ni,AI. Micro- 
alloying involves addition of small co~~ntrations of 
dopants (usually in ppm range) to control chemistry 
and cohesion of grain boundaries, Various dopants 
were added to N&Al [6,13, 141, including boron, 
carbon, titanium, cerium, calcium, magnesium, man- 
ganese, and silicon, Among these dopants, boron was 
found to be the most effective in improving fabri- 
cability and ductility of N&Al. Aoki and lzurni [13] 
first discovered the beneficial effect of boron in N&Al 
and observed a tensile ductility of 35% elongation at 
room temperature. By control of boron concena 
tration and thennomechanical treatment in N&AI, 
Liu and Koch [6] reported a tensile elongation ex- 
cteding Sk-the highest tensile ductitity ever 
achieved by pofycrystalline aluminides, Manganese 
additions were found [14] to further improve the 
fabricability of B-doped N&Al. 

In this paper, we report on an extensive study of 
Bdoped N&Al. We have investigated the effects of 
boron concentration, alloy stoi~~omet~~ and micro- 
structure on its strength and ductility. The principal 
objective of this study is to understand the basic role 
of boron on ductilixation of N&Al. The ductility and 
fracture behavior of B-doped N&Al containing 24 
and 26 at.% Al were characterized by tensile tests at 
room temperature, end were correlated with grain- 
boundary chemistry slnd structurai features as deter- 
mined by Auger electron spectroscopy (AES), scan- 

ning electron microscopy (SEM), and transmission 
electron microscopy (ITEM). Emphasis is placed on 
understanding the chemical aspects of boron on the 
composition and cohesion of grain boundaries in 
Ni,Al. 

EXPERIMENTAL 

Nickel al~inid~ containing 24-26 at.% Al 
(12.7-t3.9wtx Al) were doped with 0.005, 0.01, 
0.025, 0.04, 0.05, 0.07, 0.1, 0.2 and 0.4wt% B 
(0.02-l .9 at.% B). The B-doped aluminides were prem 
pared by arc melting and drop casting, using pure 
nickel and aluminium metals and a master alloy of 
N+t wt% B. The nominal compositions of the alumi- 
nides were calcu6ated based on the formula 
(N&Al), _ xB, where x is the weight percent of boron. 
The drop-casting technique was used here to refine 
ingot grain structure and reduce compositional segre- 
gation during solidification. The cast ingots were 
homogeni~ for 5-h at lOOO”C, and then fabricated 
into sheets by repeated rolling at room temperature, 
with intermediate anneals at 1000/1050”C. The alloy 
compositions were determined by wet chemistry, and 
spark.source mass spectroscopic (SSMS) analyses. 
Quantitative electron microprobe anaIyses ofsecond- 
phase particles observed in B-doped N&AI were 
performed using a JEOL electron superprobe, 

The microstructures of B-doped N&Al annealed 
for various times at 1000°C in vacuum were examined 
metallographically. The samples were polished by 
standard techniques and etched in a solution of 20 
HrO, 20 HNOr, 10 HF, 20 H,PQ,, IO acetic acid, and 
10 HCI by-parts, The microhardness of selected sam- 
ples was measured using a Shimadzu hardness tester 
with a 1000-g load and a holding time of 15 s. The 
crystal structure of B-doped N&AI was examined by 
X-ray diffraction, using CuK, radiation. 

Sheet specimens with a gage section of 
12.7 x 3.2 x 0.7 mm were used for measurement of 
tensile properties at room temperature. Tensile tests 
were conducted on an Instron testing machine at a 
strain rate 9.2 x IO-’ s-‘. The load-time curves were 
recorded on a strip chart, from which tensile data 
were calculated. The fracture surfaces were examined 
by optical microscopy and SEM. 

Auger electron spectroscopy (AES) was used to 
analyze intergranular fracture surfaces of B-doped 
and undoped N&AI. The application of AES to the 
study of grain-boundary segregation is discussed at 
length elsewhere [IS, IS] and only details pertinent to 
this study are presented here. Specimens were frac- 
tured in situ by impact bending at a pressure of 
<2 x IO-‘Pa. When necessary (normally with B- 
doped specimens containing c24.5at.%Al), speci. 
mens were severely notched and the fracture device 
was cooled with flowing liquid nitrogen to promote 
intergranular fracture. Fracture surfaces were imaged 
using secondary electrons, and features less than 
1 pm in diameter could generally be resolved. Unless 
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otherwise noted, a primary beam energy of 5 keV was 
used. In all cases, intergranular and transgranular 
portions of the fracture surface were easily dis- 
tinguished. Where appropriate, elemental mapping 
(using Auger peak intensities to modulate image 
brightness) was employed. 

Following AES analysis of the fractured speci- 
mens, they were sputter etched using 5 keV argon 
ions at a current density of -0.22 Am-* to remove 
the topmost atoms from the fracture surface, and to 
expose the underlying mate&I for analysis [IA. For 
the conditions in our experiments, we estimated an 
etching rate of 1 .H. 1 x IO- IL m/s (O&2.4 ~/~n). 

Structural features in undoped and B-doped N&Al 
samples were examined in transmission using a 
Philips EM 400T equipped with a field-emission gun 
and a JEM 12OCX analytical transmission electron 
microscopes. Disks of about 3 mm dia were cut from 
N&Al sheets and electrochemically thinned in a solu- 
tion of 70% ethanol alcohol, 10% butyl cellusolve, 
12.5% distilled water, and 7.5% perchloric acid at 
- 10°C. Compositions of second-phase particles were 
also determined by energy dispersive spectroscopy 
(E~S~EM). 

RRSULTg 

Alloy fabrication and chemical composition 

Undoped N&Al aluminides containing 24 and 
26 at.% Al cracked badly during cold fabrication. All 
cracks were formed intergranularly, indicating the 
brittleness of grain boundaries in N&AI. The alumi- 
nides doped with 0.05 and 0.1 wt% B can be fabri- 
cated into sheets; however, their fabricability strongly 
depends on the aluminum concentration. The 
24 at.% Al ~urni~d~ were readily rolled into sheet 
stock by repeated cold rolling with inte~~iate 

anneals at 1~/105O’C. The initial rolling involved a 
reduction in thickness of 12-15%, which was gradu- 
ally increased to 30% between each intermediate 
anneal. Sheet fabrication became increasingly 
difficult as the aluminum content was increased; 
aluminides with greater than 25 at.% Al (i.e. Al-rich 
deviations from stoichiometry) could not be success- 
fully fabricated into 0,76mm sheets by cold rolling. 

The effect of boron concentration on fabricability 
was determined using a series of N&Al aluminides 
with 24at.%Al. The aluminides doped with 
0.01 wt”/, B or less cracked during cold fabrication. 
The 0.025% B aluminide was fabricated into sheet 
stock; however shallow surface cracks were observed 
during early stages of fabrication. The aluminides 
with 0.04 and 0.2% B were fabricated into good- 
quality sheets, but the aluminide with 0.4% B cracked 
during fabrication. 

Table 1 shows the chemical compositions of un- 
doped and B-doped Ni,Al aluminides with 
24 at.% Al. The major elements were determined by 
volumetric or gravimetric analysis, trace impurities 
were determined by SSMS, and interstitials were 
determined by vacuum fusion and Leco Carbon 
analyses. The boron con~ntrations agree well with 
nominal compositions indicating no major difficulty 
in controlling the boron dopant in the aluminides. 
The nickel levels obtained from chemical analyses are 
also in good agreement with the nominal com- 
positions, although the analyzed values are consis- 
tently lower. The close agreement is expected because 
there was no appreciable loss of weight during arc 
melting. Trace impurities and interstitial contents 
both are very low in the aluminides. For example, the 
sulfur level is less than 1-3 ppm, and the total oxygen 
and carbon contents are less than 160 ppm (by 
weight). 

Table 1. Chemical analvsis of B-dooed and undooed NLAl (24 at.% Al) 

Composition wtPb ~- 
IC-2 K-15 IC-6 K-36 

Element Nominal Analyzed Nominal Analyzed Nominal Analyzed Nominal Analyzed _._~_. 
- Ni’ 87.32 86.83 87.28 87.18 87.23 87.03 87.15 86.92 

Al 12.68 Balance 12.67 Balance 12.65 Balance 12.65 Balance 
Bb 0.00 <0.0004 0.05 0.048 0.10 0.094 0.20 0.193 
Hf <0.0005 <o.c@05 ‘co.Ooo5 <0.0005 
zrc <0.0001 <O.OOOl <0.0001 <o.OGO1 
CU’ 0.0001 0.0001 0.0001 O.ooOl 
cot <O.Oool CO.0001 <O.wJol Q0.0001 
Ft’ 0.0010 0.0003 o.a@03 0.0003 
MnP (0.0001 <O.M101 <O.OOOl QO.OOOI 
Ca’ <0.0001 <O.oooI t0.0001 <0.0001 
SC <0.0001 <0.0003 <O.oOOI <0.0003 
P Masked Masked Masked Masked 
Si’ 6O.wo3 60.0003 G 0.0003 60.0003 
Mg’ go.0005 <0.0005 <0.0005 <o.cQo5 
AU’ <0.0003 <0.0003 <0.0003 <o.o003 
Ccc <0.0003 to.0003 <0.0003 <0.0003 
Od 0.0050 0.0154 0.0024 0.0133 
c 0.0023 0.0042 0.0037 0.029 

Yiravimctric analysis. 
Wolumetzic analysis. 
Spark-soura mass spectroscopic analysis (SSMS). 
dVacuum fusion analysis. 
‘Leco carbon analysis. 
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Microstructure and second phase 

Figure 1 shows optical microstructures of N&Al 
(24 at.% Al) doped with 0.1, 0.2 and 0.4 wt% B. The 
0.1 and 0.2% B aluminides exhibit essentially single- 
phase structure, whereas second-phase particles ap- 
pearing in a blocky form, are observed in the 0.4% B 
aluminide. 

The second-phase particles were examined using 
TEM. The particles lie preferentially along low-angle 
boundaries and typically are very thin (w 0.5 pm) in 
one dimension [Fig. 2(a)]. They have the Mr3B6 (or 
M&J crystal structure, which is an fee tau phase 
with a lattice parameter 1.036 nm, as determined by 
selected-area-diffraction (SAD) [Fig. 2(b)]. This lat- 

Fig. 2. TEM photographs of N&AI (24 at.% Al) doped with 
0.4 wt%B, showing (a) morphology of second-phase par- 
ticles and (b) their selected-area-diffraction (SAD) pattern. 

The specimen was annealed for 30min at 1000°C. 

Fig. 1. Optical microstructures of Ni,AI (24 at.% Al) doped 
with (a) 0.1, (b) 0.2, and (c) 0.4 wt% B. All specimens were 

annealed for 30min at 1000°C. 

tice parameter is 2.91 times that for the N&Al matrix 
and yields a 3% misfit between particles and matrix. 
In general, these particles have a cube-on-cube orien- 
tation relationship with the matrix, which is expected 
when the misfit in lattice parameters is slightly less 
than 3%. 

The composition of the particles was determined 
by both energy dispersive spectroscopy (EDSTEM) 
and electron microprobe analysis. The first method 
gives an aluminum to nickel atom ratio of 
14( f 2)/86( + 2) for the particles and 24/76 for the 
matrix. The second-phase particles are also visible in 
the electron microprobe image (Fig. 3) obtained using 
backscattered electrons. The particles are brighter, 
indicating that they are enriched with heavier ele- 
ments such as nickel. Microprobe analyses of the 
particles gives an aluminum to nickel atom ratio of 
13.2( f 3)/86.8( + 3). Both analyses indicate the alumi- 
num to nickel atom ratio is consistent with N&A&B, 
for the borides in N&Al doped with 0.4 wt% boron. 

Figure 4 shows optical micrographs of 24 to 
26at.%Al aluminides doped with 0.05 and 
0.1 wt.% B. All of these aluminides essentially have a 
single-phase structure. The absence of borides indi- 
cates that the solubility of boron in N&Al is not 
strongly influenced by a variation of aluminum con- 
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Fig. 3. Electron microprobe image obtained using back- 
scattered electrons, showing the precipitates in N&AI 

(24 at.% Al) doped with 0.4 wt% B. 

centration in the vicinity of alloy stoichiometry. The 
few large dots visible in Fig. 4(c) are believed to be 
voids originated in the cast ingot. 

The crystal structure in undoped and B-doped 
N&Al aluminides was determined by X-ray 
diffraction. The superlattice lines, which characterize 
the Ll, ordered crystal structure, were clearly visible, 
indicating that the boron additions do not affect the 
long-range ordered crystal structure in N&Al. 

Anneal treatment and grain growth 

Boron-doped aluminides with 24 at.% Al were 
annealed for various times (1) at IOOOC, to study 
their microstructure and grain growth behaviour. The 
aluminides exhibited si~ifi~ant grain growth during 
anneals at 1000°C (Fig. 5). TEM mi~ro~aphs in 
Fig. 6 reveal no apparent precipitation of borides 
within grains or along grain boundaries after a 
long-term anneal of 2.3 x 104min. Figure 6(b) is a 
lattice fringe image using (100) superlattice reflections 
with a spacing of 0.36 nm. The lattice fringe appears 
to be undistorted, indicating no clusters or precip 
itates with an estimated diameter z+ 2 nm. 

The gram diameter (d) of the annealed samples was 
measured using a linear intercept method. Figure 7 is 
a plot of log (d) vs log (r), indicating grain growth 
behavior of the form. 

dcct”4. (1) 

Note that for anneals with longer than lo4 min the 
data indicate a slight deviation from the linear re- 
lation. This deviation probably results from the grain 
diameter approaching the sheet thickness (0.76 mm). 

Microhardness values of annealed metallographic 
specimens are plotted vs log(r) in Fig. 8. The speci- 
men annealed for 10min at 1OOOC showed a 
fine recrystallized grain structure with a hardness of 
385 DPH. The hardness decreases continuously to a 
value of 224 DPH after an anneal of 2.3 x 104min. 

This decrease is apparently due to the grain growth 
at 1000°C. 

Tensile properties 

Tensile properties of B-doped NijA1 were deter- 
mined as functions of boron concentration, grain 
size, and alloy stoichiometry. Figure 9 is a plot of 
room-temperature properties for N&Al (24 at.% Al) 
doped with various levels of boron. All the speci- 
mens were recrystallized for 30min at 1ooo”C (grain 
diameter -25pm). The yield strength increases 
Linearly with boron con~ntration up to 0.1 wt%. 
Beyond that level, the strength appears to increase 
more rapidly with boron concentration and reaches 

. 
__ . 

. 

1~ 

8~ 
. 

___.__” .._. I., . 

Fig. 4. Optical microstructure of B-doped Ni,AI ahzminides 
(a) 24 at.% Al and 0.1 wtx B, (b) 25 at.% Al and 0.05 wt% 8, 

and (c) 26 at.% Al and 0.1 wt% B. 
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Fig. 5. Grain structures of B-doped Ni,AI (24at.x Al) 
annealed for (a) 10min and (b) 23,OOOmin at 1000°C. 

486 MPa at 0.2% B. The ultimate tensile strength, 
however, is not si8ni~~ntly affected by boron 
concentration. 

The ductility of N&Al with at least 0.025 wt% B 
was determined by tensile tests of sheet specimens, 
while the ductility for 0, 0.005 and 0.01% B alumi- 
t-rides (which were unfabricable) was estimated from 
the reduction in thickness during cold fabrication. 
Undoped N&AI exhibited very little ductility at room 
temperature. Figure 9 shows a sharp increase in 
ductility from about 10 to 43.8% as boron levels 
increase from 0.01 to 0.025 wt% in N&Al. The 
ductility continues to increase with higher boron 

Fig. 6. TEM micrographs of B-doped N&AI (24at.%Al) 
sampIe annealed for 23,OOOmin at looO°C. (a) Bright field 
photo showing no precipitation of borides in grains or along 
gram boundaries. (b) The lattice fringe image using (100) 

superlattice reflections with 0.36 nm spacing. 

levels, reaching 53.8% for the 0.1% B aluminides. 
With fkrther increases in boron content, the ductility 
appears to decrease gradually to 39.8% at 0.2% B. 
Since the 0.4% B aluminide can not be fabricated, its 
ductility is estimated to be less than 10%. 

“106 

J 10’ 2 5 102 2 3 ,03 2 5 ,o4 2 5 

t,ANNEALlNG TIME AT 1000°C (min) 

Fig. 7. A plot of log gram diameter, dvs log anneahng time, 
t, for B-doped Ni,Al (24at.%Al) annealed at 1ooO”C, 

indicating gram growth behaviour. 

t, ANNEALING TIME AT +OOO°C Imid 

Fig. 8. Pfot of microh~dness of B-doped N&A1 (24 at.% Al) 
specimens vs logarithm of annealing time at 1000°C. 

500, , , , , , , 
I Id70 

I 01 ’ ’ ’ ’ ’ 1 ’ ’ ’ J 
0 0.04 0.08 0.42 0.16 0.20 

BORON CONCENTRATION hvt W 

Fig. 9. Plot of room temperature tensile properties as a 
function of boron concentration for NirAl(24 at.% Al). All 

specimens were recrystallized for 30 min at 1OOOT. 
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Table 2. Effect of alloy stoichiometry on room temperature tensile 
properties of Ni,AL doped with 0.05 wt% B 

Al Strength (MPa) 
Alloy concentration Elongation ~ 
No. fat.%) f%) Y icld Ultimate 

K-6 49.4 
Z-42 37.0 
K-22 24.8 18.5 
K-54 25.0 6.0 
K-23” 25.2 - 
K-5 26.0 - 

*Ingots cracked during fabrication. 

290.8 1314.6 
229.7 1161.7 
239.8 652.4 
226.7 354.9 

- - 
- - 

Table 2 shows the effect of deviation from stoichi- 
ometry on the room-temperature tensile properties of 
N&AI doped with 0.05 wt% B. The ultimate tensile 
strength and the total elongation are plotted in Fig. 
10 as a function of aluminum concentration. The 
tensile strength decreases sharply with increasing 
aluminum concentration above 24 at.%. Since the 
aiuminides, just like other ordered alloys [IS], ex- 
hibited rapid strain hardening during plastic defor- 
mation, the decrease in ultimate tensile strength is 
essentially due to the sharp drop in ductility with 
increasing aluminum concentration. In fact, the 
ductility of B-doped N&Al dropped from 49.4 to 
6.0% as the aluminum concentration was increased 
from 24 to 25at.x. The tensile properties of the 
aluminides with >25% Al could not be measured 
because the ingots cracked during fabrication. These 
results indicate that a small deviation from stoichi- 
ometry strongly influences the ductility and fabri- 
cability of B-doped N&AI. 

The tensile properties of N&Al (24 at.?; Al) 
doped with 0.1 wt”/, B were plotted as a function of 
annealing time at 1000°C in Fig. 1 f . The yield 
strength decreases steadily with increased annealing 
time. Su~risin~~y, the tensile elongation remains 

Fig. 11. Plot of tensile properties of Ni,AI 1?4at.~,Al) 
doped with 0.1 wt9, B as a function of annealing time at 

loo0 c. 

constant at a level of 509,, independent of annealing 
time to IO4 min. With a further increase in annealing 
time to 5 x 104min, the aluminide showed only a 
moderate drop in ductility to 409,;. 

Fracture behavior 

Fracture behavior of N&Al specimens, B-doped or 
undoped. broken by tensile and bend tests was stud- 
ied by optical and scanning electron microscopy. 
Figure 12 shows the brittle grain-boundary fracture 
observed in undoped Ni,Al (24 at.?; Al). The grain- 
boundary facets are smooth and free from any 
deformation marks, indicating the brittleness of &he 
boundaries. Occasionally, foreign inclusions voids 
were observed on certain grain boundaries. The effect 
of alloy stoichiometry on fracture behavior is shown 
in Fig. 13 for Ni>Al aluminides doped with 
0.05 wt*,,. B. The B-doped aluminide with 24”, Al 
exhibited almost completely transgranular fracture 

0t 
/ \ 

I I i 
23.5 24.0 24.5 25.0 255 26.0 

A1 CONCENTffATi~ (ti sif 

Fig. 10. Plot of room temperature tensile elongation and Fig. 12. SEM fractograph of undoped N&AI (24 at.“, Al). 
ultimate tensile strength as a function of aluminum concen- showing brittle grain-boundary fracture at room tem- 

tration to show the alloy stoichiometry effect. perature. 
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Fig. 13. SEM fractographs of N&AI doped with 0.05 wt?iB. showing the effect of alloy stoichiometry on 
fracture behavior at room temperature (a) 24 at.?; Al. tensile fractured, (b) 24.5 at.*, Al. tensile fractured. 

(c) 24.8 at.?; Al. tensile fractured, and (d) 26 at.“, Al. fractured by bending. 

[Fig. 13(a)]. Microscopically the fracture surface of 
the specimen is slanted at about 45 to the tensile axis, 
corresponding approximately to the plane of 
maximum shear stress. With an increase in aluminum 
concentration to 24.5%, the aluminide showed a 
mixed mode of intergranular and transgranular frac- 
ture [Fig. 13(b)], with secondary cracks and slip 
marks visible on grain boundaries. With a further 
increase in aluminum content, the aluminides frac- 
tured essentially intergranularly [Fig. 13(c) and (d)]. 
Note that the 24.87; Al aluminide had a tensile 
ductility of lS.S%, even though it fractured inter- 
granularly. 

Figures 1416 show the effect of heat treatment on 
fracture behavior of N&Al (24at.y;AI) doped with 
0.1 wt% B. The specimens annealed for 30 min ex- 
hibited transgranular fracture with a ductile dimple- 
type fracture mode [Fig. 14(a) and (b)]. Slip traces 
and transgranular cracks are clearly visible on exter- 
nal surfaces of the deformed specimens [Fig. 14(c)]. 
With the increase in annealing time to 5 x lO”min, 
there is no change in the basic fracture mode (i.e. 

transgranular); however. some additional fracture 
features are observed as shown in Figs 15 and 16. The 
fracture surface of the tensile specimen annealed for 
2.3 x 1O”min at 1000-C contains jagged areas of 
well-defined facets, possibly corresponding to 
crystallographic planes (Fig. 15). Also, isolated 
grain-boundary facets with extensive slip marks were 
observed for the specimen annealed for 4.6 x lo4 min 
(Fig. 16). 

Auger electron spectroscop> 

Auger analyses from intergranular fracture of un- 
doped aluminides generally indicated slight concen- 
trations of sulfur (< 1 at.?,) with little other evidence 
of impurity segregation as indicated in curve (a) of 
Fig. 17. Intergranular regions on fractured B-doped 
specimens all exhibited significant boron enrichment 
at the grain boundaries as indicated in curves (b) and 
(d) of Fig. 17. Although there were small variations 
in sulfur intensity from specimen to specimen, and 
even from point to point on a given fracture surface. 
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there was no observed correlation with boron addi- 
tions or aluminum content. 

There was a correlation, however. between the 
intensity of boron segregation and aluminum con- 
tent. For the purpose of comparison, we have used 

tPHR = peak-height-ratio. 

the ratio of peak-to-peak intensities for the 180 eV B 
and 102 eV Ni Auger peaks (henceforth we call this 
ratio PHR (B:Ni)]t as a measure of the boron 
concentration at the fracture surface. An estimate of 
the atomic ratio can be obtained from PHR values, 
using relative elemental sensitivities from published 
standard spectra of pure elements [19]. The sensitivity 
of the 180 eV boron peak is approx. 5.5 times that for 
102 eV Ni. indicating that PHR(BINi) can be divided 
by 5.5 to estimate B,Ni atom ratios. 

Comparison of curves (b) and (d) in Fig. 17 
shows PHR(B Ni) decreases from 5 1.03 
for Ni-24 at.“,, AI-O.05 wt”, B to -0.54 for 
Ni-25 at.“,, Al-O.05 wt”,B. Mean values of PHR 
(B’Ni) are plotted vs aluminum concentrations in 
Fig. 18 for alumimdes doped with 0.05 wt”oB. Figure 
18 also shows the ratio of the 1396 eV Al peak to the 
848eV Ni peak. PHR(AI Ni). plotted versus alumi- 
num content in these aluminides. The plot shows a 
general trend of increasing the grain-boundary 

Fig. 14. Room temperature fracture behavior of Ni,AI 
(24 at.%Al) doped with 0.1 wt’, B. (a) SEM fractograph 
showing transgranular fracture, (b) high-magnification view 
of(b) showing dimple structures. and (c) slip marks and a 

transgranular crack on specimen surface. 

Fig. 15. SEM fractographs of 0. I wt”, B-Ni,AI (24 at.Yb Al) 
annealed for 23.000min at 1000 C and tensile fractured at 
room temperature (a) low magnification view showing 
transgranular fracture, and (b) high magnification view 

showing jagged fracture facets. 
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Fig. 16. SEM fractograph showing a grain-boundary facet 
surrounded by transgranular fracture regions. 

PHR(AI/Ni) with the bulk aluminum concentration. 
The aluminide containing 24 at.% Al exhibited 
si~i~~ant portions of transgranular fracture, which 
yielded PHR(Al~Ni) 2 0.155. 

Sputter etching the fracture surfaces for 2min 

faJ’ I ’ I ’ 1 ’ 1 ’ 
UNHOPED Ni-24ot.XAI 

/cl SAME AS fbl AFTER 
SPUTTERING 2 min 

t&J 1 ’ i ’ 1 ’ 1 ’ 
Ni-2Sot.%Al 

/ -0.05wt%8 

- 
ELECTRON ENERGY kV) 

Fig. 17. Auger spectra obtained from intergranular area or 
fracture surfaces of undoped and B-doped N&AI specimens. 
(a) Undoped Ni-24 at.% Al. (b) Ni-24 at.% Al-O.5 wt% B. 
(c) Same as (b) after sputtered for 2min. (d) 

Ni-25 at.% Al-O.05 wt% B, 

removed essentially all of the boron and sulfur from 
the intergranular regions [Fig. 17(c)]. Sputtering was 
also noted to reduce PHR(Al/Ni) values, however 
this effect was observed on transgranular as well as 
intergranular regions of aluminides containing 24 and 
24.5 at.% Al. This latter observation suggests that 
aluminum may be preferentially removed during the 
sputter etching process, complicating the inter- 
pretation of sputtering results for the high aluminum 
alloys. 

Auger spectra from specimens having aluminum 
contents greater than 24.5 at.% occasionally exhibited 
small sulfur-rich spots on the intergranular fracture 
surfaces. Figure 19 shows Auger spectra [(a j(c)], 
secondary electron images [(d) and (e)], and an 
elemental sulfur map (f), which describe such a 
region in a Ni-25.2 at. y0 Al-O.05 wt% B specimen. 
Curve (a) shows a typical Auger spectrum for the 
smooth grain boundary region at point A in image 
(d). Curve (b) shows a partial spectrum from the 
feature at point B in image (e). Comparison of curves 
(a) and (b) clearly indicates that point B is highly 
enriched in sulfur, and has little if any boron. Map- 
ping the intensity of the sulfur peak over the same 
field of view shown in (e) yielded the sulfur map (f). 
Sputter etching for 2 min and re-analysis of point B 
{see curve c) indicated that the sulfur-rich region was 
only a few atom layers thick. Because of its appear- 
ance in Fig. 19(e), and the thinness of the sulfur-rich 
region, we believe that the feature at point B is a 
grain-boundary cavity most probably retained from 
the casting process. These results indicate that sulfur 
segregates much more strongly to free surfaces than 
to grain boundaries, while the reverse appears to be 
true for boron. 

Analysis of B-doped and undoped specimens 
containing 26 at.% Al revealed spherical Al-rich pre- 

‘_a, f 

24 O.1° 
Al CONCENTRATION (at. %) 

Fig. 18. Correlation of PHR(B, 180eV/Ni, 102 eV) and 
PHR(A1, 1396eV/Ni, 848eV) with aluminum concen- 
tration The peak-height-ratios were obtained from inter- 
granular portions of fracture surfaces of Ni,Al-O.OS wty/; B. 
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Ni t25.2 at. % Al + 0.05 wt % B 
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Fig. 19. Auger spectra [(a)-(c)], secondary electron images [(d) and (e)]. and a sulfur elemental map (f), 
describing a region on a fracture surface of Ni-25.2 at.“, Al-O.05 WI”, B. The Auger spectrum in (a) was 
obtained from the smooth grain-boundary region at point “A” in image (d). and the partial spectrum 

was from the feature at point “B” in image (e). 

cipitates on the grain boundaries of the cast and DISCUSSION 

homogenized aluminides. Auger analysis on the pre- 
cipitates indicated PHR(AI/Ni) in the range 0.26429 To understand the beneficial effect of boron, we 
as opposed to 0.15418 for grain boundaries. The need, first of all, to identify the potential source(s) of 
precipitates did not appear to be enriched in sulfur grain-boundary brittleness in Ni3AI. The grain 
(or in the case of B-doped specimens, in boron), boundaries in N&AI could be intrinsically brittle due 
indicating that they are probably NiAl particles. to poor cohesion. or extrinsically brittle due to 
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segregation of trace impurities. The impurity levels 
are quite low in undoped N&Al (IC-2) as indicated in 
Table 1. Auger analysis reveals that its grain bound- 
aries are quite clean and free from oxygen and 
carbon. A small amount of sulfur (a trace impurity 
in N&Al), less than 1 at.%, was present at the grain 
boundaries; however, the level seems to be too low to 
cause any severe embrittlement. We also prepared 
high-purity N&Al using 99.999% aluminum and 
nickel metals. Preliminary results [20] show that the 
aluminide remains brittle and exhibits brittle inter- 
granular fracture without sulfur present at the grain 
boundaries. Aoki and Izumi 1131 had found that 
the ductility and fabrication could not be improved 
by lowering impurities in NiJA1. Recently, Koch et at. 
[21] observed that polycrystalline N&Al foils remain 
brittle when prepared by rapid solidification which 
was used to suppress impurity segregation. All these 
results suggest that the intrinsic weakness (i.e. poor 
cohesion) is the primary source of the grain- 
boundary brittleness in Ni,Al. Of course, the bound- 
aries can be further embrittled by segregation of 
significant amounts of harmful impu~ti~, such as 
sulfur, in impure N&Al materials. The intrinsic nature 
of grain-boundary brittleness has been observed in 
other face-centered ctibic (f.c.c.) metals and alloys. 
For instance, recent studies [22-241 of precious metal 
alloys indicated that the grain boundaries in iridium 
alloys are intrinsically brittle without impurities 
segregated on them. 

Our studies have demonstrated that the ductility 
and fabricability of N&Al containing 24 at.% Al can 
be dramatically improved by boron additions. The 
boron dopant added to NLAl is retained in solid 
solution until exceeding its solubility limit. The pre- 
cipitation of second-phase particles was observed in 
the alloy doped with 0.4 wt% B. Both TEM and 
electron microprobe analyses indicate that the par- 
ticles have an fee tau phase structure with a com- 
position of Ni&13B6. This is consistent with the tau 
phase observed in the Ni-Al-B system by Stade- 
lmaier ef al. [25-271. The solubility limit of boron in 
N&Al is estimated to be 0.3 rt: 0.05 wt%% which ap 
pears not to be affected by alloy stoichiometry. 

Boron, even within its solubility limit, does not 
distribute uniformly in N&Al. Auger studies reveal 
that boron has a strong tendency to segregate to grain 
boundaries, particularly N&Al cont~ning 24 at.% Al 
(Fig. 17). Based on the ~~-heist-ratio of boron to 

tAs with the original Griffith approach, and any purely 
thermodynamic approach, we are considering here 
purely elastic fracture of mode II or III type. Metals, of 
course, rarely exhibit purely elastic fracture, since some 
plastic flow nearly always accompanies the crack tip 
stresses necessary for decohesion. It has been argued, 
however, that C$ can play a major role in intergranular 
fracture even whm d, is much smaller than the plastic 
work associated wiih fracture. The so-called “valve 
effect” of 4 was introduced by McLean [34] and refined 
by subsequent investigators [35,36]. 

nickel, the boron concentration at the boundaries is 
estimated to be about lOat.% in the 24% Al alumi- 
nide. The boron peak totally disappears after sput- 
tering 3-4 atomic layers from the boundaries, indi- 
cating no formation of a boron-containing second 
phase. Analyses of a cavity surface (Fig. 19) indicated 
little if any tendency for boron segregation, and 
extensive sulfur segregation, to free surfaces, in agree- 
ment with surface segregation studies by Yalisov and 
Graham (281. Sulfur, an impurity in N&Al, is present 
at the grain boundaries in the same level (< I at.%) 
in both undoped and B-doped N&Al. Thus, the 
presence of boron apparently does not affect the 
sulfur segregation or scavenge sulfur from the 
grain-boundary region. Since the 24% Al aluminide 
exhibited completely transgranular fracture, the 
presence of a sufficient amount of boron (N 10 at.%) 
at the grain boundaries must reduce the tendency 
towards intergranular fracture, thereby dramatically 
improving the overall ductility and fabricability of 
the aluminide. 

The effects of segregating solutes on grain- 
boundary cohesion have been the subject of numer- 
ous experimental and theoretical investigations; how- 
ever, the vast majority of such inquiries have dealt 
with embrittling solutes 1291 and relatively few ad- 
dress beneficial effects of segregating solutes [22,30]. 
Recently Messmer and Briant [31,32] proposed an 
electronic model to explain the effects of alloying 
elements on grain-boundary cohesion in metals. Ac- 
cording to their model, the embrittling elements, such 
as sulfur, are those which are electronegative with 
respect to base metals, such as nickel and iron, These 
elements draw charge from the neighboring metal 
atoms onto themselves; consequently less charge is 
available to participate in the metal-metal bonds 
which are weakened. The beneficial elements, such as 
boron, are those which are fess electronegative with 
respect to the base metals. These elements do not 
draw charge off the metal atoms and thus do not 
weaken the metal-metal bonds. Furthermore, these 
elements share electrons with the metal atoms (i.e. 
formation homopolar bonds) and thus enhance 
bonding in the grain boundary. Messmer and Briant 
verified their model to a certain extent, using 
quantum-mechanical cluster calculations. Based on 
this model, boron, which tends to segregate strongly 
in N&Al, enhances bonding between nickel atoms and 
results in improvement of fain-Sunday cohesion 
and reduction of the tendency toward brittle inter- 
granular fracture. 

Early thermodynamic treatments of segregation 
effects on grain-boundary cohesion evolved from the 
Griffith approach to brittle elastic fracture [33] where 
Griffith’s 2y, term (y, = surface energy of the newly 
created fracture surface) was replaced by 

#J = 2Y, - Yh (2) 

where yb is the energy of the grain boundary, and 4 
is the ideal grain-boundary cohesive energy.? Segre- 
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Y ~-c__,,____~: __---- 
4*=2r, -r, 

Fig. 20. Grain-boundary cohesive energy, $*, required for 
propagation of a crack along a solute-segregated boundary. 

gating solutes were postulated to exert their influence 
on 4 by affecting y, and yh (Fig. 20). The equilibrium 
relationship between any interracial energy, y, and the 
chemical potential of a segregating solute, pN. is 
described by the Gibbs adsorption equation, given in 
equation (3a) for the case of a binary solid solution 
M-N at constant temperature. 

= -I-dp, (3b) 

The term rM and Fw in equation (3a) are interracial 
excesses of the solvent and solute species, re- 
spectively. Although these quantities depend upon 
the exact location of a hypothetical interfacial plane, 
the total quantity in brackets [denoted as F in 
equation (3b)J is independent of the frame of refer- 
ence [37]. Additions of strongly segregating solutes 
(i.e. those for which F > 0) will cause dy to be 
negative and lead to reductions in interracial energies. 
This e&t is, in fact, observed in measurements of y, 
and yb using zero creep techniques at temperatures 
-0.9 T,,,. Asaro [38] has reported calculations on the 
FoP system using yb and yS measurements by Hon- 
dros [39], showing that phosphorus additions (which 
are known to segregate to, and embrittle grain 
boundaries) lower C$ if the grain-boundary crack 
propagates sufficiently slowly, and the temperature is 
sticiently high to maintain equilibrium at the ad- 
vancing crack tip. 

In the present situation, however, we are concerned 
with rapid grain boundary crack propagation at 
relatively low temperatures. Several investigators 
have noted that the fracture surface created during 
such a process will not generally have a level of solute 
segregation that is in quilibrium with the adjacent 
grains. These surfaces will, instead, inherit an ad- 
sorption level that is one-half that for the grain 
boundary. The surface energy of such a non- 
equilibrium surface, y:, will not he descrihcd directly 

tWe note here that grain boundaries will not generally be 
in equilibrium with adjacent grains either, since we are 
oRen considaing fracture at temperatures on the order 
of 0.2 T, where equilibration can be very slow. It 
appears that such deviations from equilibrium would 
also be treatable using Rice’s approach; however, this 
aspect of the problem does not appear to have been 
considered in any detail. 

A.” 3311-F 

by equation (3) and will result in a cohesive energy, 
4’ that will not generally equal that for fracture 
under equilibrium conditions, 4. Rice was apparently 
the first to treat this aspect of rapid fracture in a 
rigorous fashion [40], and several investigators have 
subsequently clarified the significance and impli- 
cations of his treatmentt [38,41,42]. Equation (4) 
shows the differential relationship between 9 * and Th 
from Rice’s original work (equation (10) in Ref. [40]). 

In equation (4), the function ~1 describes the solute 
chemical potential as a function of equilibrium grain- 
boundary excess, rb (see solid curves in Fig. 21). The 
function rfY describes the same solute chemical poten- 
tial as a function of equilibrium surface excess, r’; 
and is evaluated at I’ = F”/2 in equation (4) (dashed 
curves in Fig. 21). This means that p;, (F*/2) is the 
solute chemical potential that would result in an 
equilibrium surface excess equal to half the grain- 
boundary excess for the grain boundary that is 
actually undergoing fracture. The relationship be- 
tween pi, (F”) and rxI”/2) is illustrated schematically 
in Fig. 21 for two qualitatively different types of 
solute segregation behavior. 

Normally trace element segregation to free surfaces 
is observed to be much stronger than to grain 
boundaries (i.e. I” > Fb). This situation is depicted 
schematically in Fig. 21(a), which corresponds qual- 
itatively to the sulfur segregation observed in the 
present study. For a specific solute concentration and 
corresponding chemical potential, ph = pi, (F”), the 
grain boundaries are assumed to be equilibrated 
having an excess Ih = F”‘. The solute excess on a 
rapidly created intergranular fracture surface, (Fh’/2), 
would be much less than the equilibrium level, I”, 
corresponding to the actual chemical potential, 
p.gF*‘). [Note that for equilibrium separation 
c(~ = &(F”‘) = &(r”)]. The “surface” chemical po- 
tential, &(F*‘/t), is correspondingly less than &F*‘) 
yielding a negative value of db +/dF” and indicating 
a loss in cohesion due to segregation. 

In contrast to sulfur, boron has been observed to 
segregate much more strongly to grain boundaries 
than to free (cavity) surfaces. The curves in Fig. 21(b) 
correspond to such a situation, where Fb>>FS. Fol- 
lowing an argument similar to the one for Fig. 21(a), 
we conclude that &JF*‘/2) > &(Fb’); and hence by 
equation (4), 4’ should increase with solute addi- 
tions. 

We should note that Fb > F’ is a necessary but not 
sufhcient condition for increasing c$*, since the right 
side of equation (4) can remain negative if the curve 
for F’ is only slightly below the one for Fb in Fig. 
21(b). If we make the simplifying assumptions that Fb 
and r’ are linearly proportional to solute atom 
fraction, and that the solute obeys Henry’s law, it is 
straightforward to show what Fb > 2F” is the condi- 
tion for the solute segregation to increase 4 *. These 
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Fig. 21. A schematic diagram showing the effect of solute 
segregation on the solute chemical potential of free (cavity) 
surfaces, p;, and grain boundaries, pi for two types of 
solutes. (a) The solute has a strong tendency to segregate to 
grain boundaries but not to fnx surfaces, and (b) the solute 
tends to segregate more strongly to free surfaces than to 

grain boundaries. 

assumptions should be substantially valid for any 
system at extreme dilution. 

In terms of PHR values from AES spectra, to a 
first approximation, the ratio I-s/I-* = (l/2) 
~HR’~HR*). The factor of (i /2) arises from the fact 
that only one-half of the grain-boundary solute con- 
tent is measured in the Auger spectrum, while all of 
the surface solute is measured. Other factors, such as 
diRerenees between solute distributions at free sur- 
faces and grain boundaries will also influence the 
relationship between Is/I* and PHR’/PHR”, but such 
second order considerations arc probably not 
important for the largely qualitative discussions in 
this paper. It is sufB&nt to note that for the ease of 
extreme dilution, the condition that r* a j2rs corn- 
sponds to PHR* > PHR”, a condition that is clearly 
satisfied by PHR(B/IUi) values from Fig. 19. It fol- 
lows then that boron segregation to grain boundaries 
should incrcasc 4 l in qualitative agreement with our 
experimental observations. 

Clearly, if Rice’s treatment of segregation effects 
on grain-boundary cohesion is generally applicable, 
comparison of surface and grain-boundary segre- 
gation using cstablishcd mieroanalytical techniques 
could bc very useful in sorecning candidate micro- 
alloying constituents. In systems for which control or 
prevention of grain-boundary fracture is a major 
consideration, one would look for elements that 
scgregatc much more strongly to grain boundaries 
than to free surface. 

The most interesting finding in this study is that the 
aluminum concentration around alloy stoichiometry 
strongly influences the ductility and fracture behavior 
of B-doped Ni,Al. The boron dopants are most 
effective in improving the ductility and suppressing 
the brittle grain-boundary fracture in the 24% Al 
aluminide. However, its ductilization effect becomes 
less prominant in N&Al with higher aluminum con- 
centrations. As shown in Figs IO and 12, the tensile 
ductility deercases and the propensity for grain- 
boundary fracture increases with the increase in 
aluminum approaching its stoic~omet~c com- 
position, i.e. 25 at.%Al. The aluminidc with 24.8% Al 
exhibited predominantly intergranular fracture, even 
though it had 18.5% elongation at room temperature. 
The effect of stoichiomctry can bc partially under- 
stood based on its effect on boron segregation. The 
level of boron segregated to the grain boundaries 
decreases with the increase in aluminum concen- 
tration in Ni,Al (Fig. 18). That is, the boron becomes 
less effective in ductilization N&Al when there is less 
than a critical amount of boron (- lOat.% B) 
present at the grain boundaries. Ongoing research on 
these aluminidcs will include surface segregation 
studies, to better characterize boron segregation to 
free surfaces, and any effects of aluminum content on 
that segregation. 

The increase in the bulk concentration of alumi- 
num also results in a higher level of aluminum at the 
grain boundaries in N&Al, as indicated in Fig. 18The 
enrichment of grain-boundary aluminum may reduce 
the electronic interaction between nickel and boron 
atoms at the boundaries, thereby low&g the 
ductilization t&et of boron. Alloy stoichiomctry is 
also known to affect the defect structures (such as 
intcrstitials, vacancies, and anti-static defects in 
ordered intermetallic compounds f43-461. Further 
study is required to characterize the defect structures, 
particularly near grain boundaries, in hypcr- and 
hypo-stoichiometric N&AI. 

Recently, Noguchi er al. [471 have observed that 
deviations from stoichiomctry strongly influena the 
positive tcmperaturc dependence of yield strength of 
N&Al and NirGa. Their yield strength showed a more 
pronounced inereasc with increasing test temperature 
for the alloys with higher aluminum and germanium 
concentrations. 

The annealing treatment at 1000°C resulted in a 
sign&ant increase in grain size (Fig. 7) and a de- 
crcasc in yield strength (Fig. 11) of B-doped N&Al. 
To analyze the grain sixc effect, the yield strength, Q,., 
is plotted as a function of d-‘” in Fig. 22, where d 
is the grain diameter. The plot in Fig. 22 shows a 
linear relation held well between uY and d-‘I*, indi- 
cating that the yield stress of the Bdopcd N&AI 
obeys the Hall-Peteh relation [48,49]. 

ur = UOJ + k,d - U2 (5) 

where rro+ and k,. are the Hall-Petch material con- 
stants. Aoki and Izume [ 131 reported a yield stress of 
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Fig. 22. The Hall-Pctch plot of yield stress of B-doped N&AI 
(24 at,% Al) as a function of de’/” (d = grain diameter). 

200 MPa (29 ksi) for B-doped N&Al with a grain 
diameter of 1 x 10-2cm. Their yield stress is consid- 
erably lower than the present results (as compared on 
the same grain size), and thus it does not fit the linear 
relation in Fig. 22. 

The Hall-Petch constants, which can be deter- 
mined from the intercept and slope of the line in Fig. 
22, are measured to be 163 MPa for u,,+. and 8.2 MPa 
cmii2 for ky The constant k, is a measure of the 
fin-~unda~‘s resistance to the transmission of 
slip from one grain to the next. In terms of a 
dislocation modei [49,50], k, is related to the stress 
concentration required to operate dislocation sources 
at or near grain boundaries in unyielded grains. The 
k, value for B-doped NiSAl is comparable to that of 
other Ll, ordered alloys such as Zr,Al [Sl] 
(= 7.6 MPacm’l’) Ni,Mn [52] (= 10.8), Cu3Au [58] 
(- 5.0), and Ni,Fe [54] (= 12.4). If the frictional stress 
of dislocations on their slip planes go.,, is divided by 
an average orientation factor (551 of 2.85 to relate the 
polycrystal yield stress to the single crystal shear 
stress 1561, a resolved shear stress value of 57 MPa is 
obtained for B-doped N&Al. This value compares 
reasonably well with the critical resolved shear stress 
(CRSS) values for N&Al single crystals, reported [57] 
to be about 40 MPa on (11 I} planes. 

The fracture mode and tensile ductility of B-doped 
N&Al (24 at.% Al) are not affected by annealing up to 
IO’min at 1000°C. Further anneals cause only a 
moderate decrease in ductility, but no change in 
fracture mode, i.e. transgranular fracture persists. 

Examination of fracture surfaces suggests that the 
limited loss in ductility may be related to a high stress 
partition at grain boundaries in coarse-grained 
N&Al. In these specimens the stress concentration 
may be high enough to induce microcracks within 
grains (Fig. 15) or along grain boundaries (Fig. 16). 
The propagation of these cracks transgranularly 
leads to a premature fracture of the long-term an- 
nealed spa&ens. The jagged fracture surface with 
{lOO} facets were observed [58] in single crystals of 
Ni,Gc, another L12 ordered alloy which had less than 
10% ductility at room temperature, 

The ductility and fabrication behavior of B-doped 
N&Al with less than 0.025 wt%B is so low that it 

cannot be satisfactorily fabricated into sheets because 
of severe grain-boundary cracking. On the other 
hand, sheet fabricability becomes increasingly 
difficult for N&Al doped with more than 0.1 wtq’,B. 
The aluminides doped with 0.025-0.2% B all had 
excellent tensile elongation (>40%) at room tem- 
perature, even though a ductility maximum appears 
to be at 0.1 y0 B. In view of these results, the optimum 
level of boron in N&At (24 at.%Al) should be 
0.06 + 0.02) wt%. 

SUMMARY AND CONCLUSIONS 

1. N&Al alloys containing 2426 at.% Al were 
doped with a variety of boron contents (up to 
0.4 wt% or 1.9 at.%) to study the effects of boron 
additions on grain-boundary chemistry and tensile 
properties. 

2. The solubility limit of boron in N&Al is roughly 
equal to 0.3 + 0.05 wt%; beyond that level, second- 
phase partictes with a composition of N&&B, were 
observed. 

3. Boron-doped N&Al with 24% Al was readily 
fabricated into sheet by repeatedly cold rolling and 
annealing. Sheet fabrication became increasingly 
difficult as the aluminum content was increased; 
aluminides with >25% Al could not be successfully 
cold fabricated into sheets. 

4. The room temperature ductility of Ni,AI with 
24at.x Al increases sharply with boron concen- 
tration and reaches a broad maximum of 53.87; for 
the 0.1 wt% B aluminide. With a further increase in 
boron, the ductility exhibits a modest decrease to 
39.8% at 0.20/, B (Fig. 9). 

5. Room-tem~rature ductility and fracture behav- 
iour of boron-doped N&Al are critically dependent 
on deviation from alloy stoic~ometry. As the alumi- 
num content of B-doped N&AI is decreased below 
25 at?!, the ductility increases dramatically (Fig. 10). 
Correspondingly, there is a sharp change in fracture 
mode from intergranular, through a mixed mode, to 
transgranular as the aluminum content decreases 
from 25 to 24at.x (Fig. 13). 

6. AES studies of freshly fractured surfaces of 
Bdoped Ni,Al samples reveal that the aluminum 
content has no observable effects on carbon, oxygen, 
and sulfur segregation. instead, the intensity of boron 
segregated to grain boundaries increases, and the 
amount of ~~n-~~d~y acne decmases 
significantly, with decmasing bulk aluminum coneen- 
tration (Fig. 18). These results indicate that alloy 
stoicbiometry strongly inf9uences grain-boundary 
chemistry. which, in turn, a&& the grain-boundary 
cohesion and overall ductility of nickel aluminides. 

7. Boron exhibits an unusual segregation behavior 
in N&Al. That is, boron has a strong tendency to 
segregate to the grain boundaries but not to cavity (or 
free) surfaces (Fig. 19). On the other hand, sulfur, an 
embrittling impurity, tends to segregate more 
strongly to cavity surfaces than to grain boundaries. 
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Existing (but previously unconfirmed) theories of 
solute segregation effects indicate that the segregation 
behavior exhibited by boron should enhance grain- 
boundary cohesion and thus inhibit intergranular 
fracture, in agreement with our observations. The 
segregation behavior of sulfur, on the other hand, is 
predicted to lower grain-boundary cohesion and pro- 
mote intergranular fracture, again in agreement with 
our observations. 

8. The yield stress of B-doped N&Al decreases with 
increasing grain size produced by long-term an- 
nealing at 1000°C. The yield stress obeys the 
Hall-Petch relation: uY = qY + kY d-‘I’, with 
crO,v = 163 MPa and kr = 8.2 MPa cmlR. The fric- 
tional stress, uay, divided by an average grain orien- 
tation factor, compares favorably with the critical 
resolved sheer stresses (CR%) value for { 111) planes 
of N&Al single crystals. 

9. The tensile elongation of B-doped N&Al (24% Al 
was initially independent of grain size and kept 
constant at a level of about 50%. With an increase in 
grain size above 110 pm in diameter, the aluminide 
showed only a moderate drop in ductility, but no 
change in basic fracture mode, i.e. transgranular 
fracture persists. 
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