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Section 1

INTRODUCTION

1.1 Background

The intermetallic compound Ni;Al exhibits great strength in the temperature range
from 600 to 900 °C. In addition, the lightweight aluminide—although not containing
the strategic element chromium—is extremely resistant to oxidation. The actual appli-
cation of NijAl as a high-temperature material, however, has not been realized be-
cause of its poor low-temperature properties. At room temperature, polycrystalline
Ni;Al fractures at a stress less than 30 ksi, with essentially no ductility. n

After extensive research over the last 25 years,“'” it only recently has been found
that the low-temperature ductility of the polycrystailine NijAl can be improved
significantly by the addition of the ternary element boron.®’ Although the beneficial
effect of boron is not yet understood, this discovery has been confirmed by research-
ers at the Oak Ridge National Laboratory. The boron-modified Ni;Al remains weak,
however, with no improvement in low-temperature strength.

1.2 Precontract Work

Remarkable increases in the room-temperature strength of the boron-modified
Ni3Al have been achieved in the Metallurgy Laboratory of General Electric Corporate
Research and Development through the rapid-solidification, melt-spinning process.
Specifically, it has been shown that a ribbon of Ni;Al-1.0 at% B has a yield stress of
100 ksi, which represents a threefold improvement. Furthermore, the ductility im-
parted by the boron addition has been maintained in the rapidly solidified ribbons.

1-1
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Section 2

CONTRACT PROGRESS

The beneficial effects of boron and rapid solidification on the strength and ductility
of Nij;Al were investigated under contract N00014-83-C-0199. The extent to which
the rapid-solidification-induced improvements can withstand heat treatment was also
evaluated, and the effects of quaternary element additions on boride formation and
solid solution strengthening were studied. Details of the results follow.

2.1 Effects of Boron Concentration .

The solution behavior of boron in melt spun Ni;Al has been characterized.®”
X-ray diffraction measurements showed that the NijAl lattice parameter increases
monotonically with boron additions up to 6.0 at%. It was found that the lattice strain
per boron atom fraction is substantially larger than that of the substitutional elements,
indicating the interstitial nature of the boron. The lattice parameter results, however,
gave no indication of a solution limit within the boron range investigated.

A transmission electron microscopy (TEM) study showed the matrix phase of the
ribbons to be of the ordered, face-centered-cubic, L12 type. TEM also confirmed that
no boride is formed with B <1.5 at%. The only secondary phase found was a fine, Al-
rich, twinned martensitic phase that was observed in the boron-free ribbon, but which
was completely suppressed by small additions of boron. However, a dispersion of
M,;B¢ boride was observed in ribbons containing B > 1.5 at%. Compared with the sol-
ubility of 0.5 at% boron in slowly cooled NijAl, 4 the present results indicate a boron
solution limit that is significantly extended by the rapid solidification technique of melt
spinning.

The effect of . boron level on the room temperature strength and ductility of rapidly
solidified nickel aluminide is shown in Figure 1. The tensile ductility is a strong func-
tion of boron concentration, rising steeply from zero ductility, for no boron addition,
to about 20% for 0.75 at% boron, and falling precipitously to almost nil ductility at
1.5 at% boron. This variation in the measured ductility is matched by corresponding
changes in the fracture morphology. The alloy with no boron addition exhibits pure
intergranular failure. The alloys with boron levels 0.5< x<1.0 at% exhibit a mixed
mode failure containing patches of intergranular failure and regions that appear to be
ductile fracture. With x> 1.5 at% boron addition, the fracture mode reverts to inter-
granular with the appearance of borides on the grain boundaries.

In contrast to the ductility, the yield strength of the nickel aluminide increases
monotonically with increasing boron addition. Further, up to the solubility limit of
1.5 at%, the strength varies linearly with boron concentration, with a potency that is at
least three times that of any substitutional elements. The linear strength-boron level
relationship breaks down beyond the solubility limit of 1.5 at%.

The potency of boron in strengthening nickel aluminide appears to be associated
with the large lattice strains that it produces by occupying interstitial lattice positions.
Whereas the greater than 200% increase in strength of rapidly solidified boron-free
Ni;Al—as compared to the conventionally cast alloy—is attributed to the quenched-in
residual stresses and the refined grain size, our work has shown that the boron
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Figurel. The effect of boron additions on the
tensile yield strength and elongation of
melt spun Ni;Al ribbon.

strengthening is not associated with any additional residual stresses or microstructural
refinement. Rather, the large amount of strengthening measured for boron in melit
spun NijAl is in agreement with the Mott-Nabarro theory of solid solution harden-
ing.® In this regard, comparison with data on other solid solution elements such as
Fe, Ti, Cr, Si and V?? shows boron to be a particularly potent strengthener in Ni;Al

2.2 Quaternary Alloying Behaviors

Based on the above results, Ni;Al + 1.0 at% B was selected as the base composi-
tion into which a variety of quaternary elements were added to investigate the alloying
behavior. The resuitant ribbon microstructure and bend ductility of the quaternary al-
loys are listed in Table 1, which shows a correlation of full-bend ductility to the
equiaxed microstructure. The equiaxed structure as observed in ribbons containing
Co, V, and Si is believed to result from recrystallization that can readily occur in a
single-phase material. It appears that Co, V, and Si, at about the 5 at% level, can be
kept in solution by the melt spinning process, and thus not form borides or a beta
phase.

Two of the ribbons have been further characterized by tensile tests. As seen in the
stress-strain curves in Figure 2, the Si-added ribbon exhibits a yield stress as high as
~170 ksi with little loss in ductility. On the other hand, the Co addition imparts only
a moderate strength improvement, but with a twofold increase in ductility over the
base alloy.

2-2
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Table 1

QUATERNARY ALLOYS BASED ON Ni;Al + 1 AT% B

‘e Ribbon
Alloy Composition
Number Forumla Bend Structure
Ductility
92 (Nig 75Alg 30Ti0.05) 9B1 0.04 Nonequiaxed (NE)
- 111 (Nig.75Alg 20T a9 05) 9oB1 0.03 NE
112 (Nig,75Alg 20Nbg 0s) 99B, 0.02 NE
113 (Nio.'/sAlo'zoVo.os)qul 1.0 Equiaxed (E)
; 114 (Nig75Alg.20Si0.05) 99B1 1.0 E
- 101 (Nig.70C00.0sAlp.25) 99B) 1.0 E
115 (Nio,ssFeo.loAlo_zs) 9931 0.9 NE
116 (Nio.ssMno,loAlo,zs) 99B| 0.04 -
S 117 (Nio.7ocro'05Alo.25)9gB| 0.06 NE
i 125 ((Nig.75Alo 25) Reg 031 9By 0.1 -
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Figure2. Tensile behavior of Ni;Al+B with )
additions of Si and Co. ]
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As shown in Table 1, the addition of Ti, Nb, Ta, Co, Re, Cr, Fe, and Mn leads to
_ nonequiaxed microstructure and embrittled ribbons. A transmission electron micros-
copy study of the Ti-added ribbon showed a dispersion of M,;B¢ boride, which is
suspected to be the embrittling phase. It appears that Ti reduces the boron solubility
substantially. Two subsequent series of alloys with systematic Ti and B variations
show that the Ti embrittling effect exists at all levels of boron, unless Ti is kept
< 2.0 at%. However, in this series of alloys, one alloy exhibited unexpected full-bend
ductility that cannot be accounted for by the Ti or B effects. A chemical analysis of
this alloy indicates a (Al + Ti) content of ~1 at% less than the nominal 25 at%,
which suggests a critical stoichiometry effect on the ductility.

2.3 Importance of Stoichiometry

Early data based on stoichiometric Ni;Al showed some scatter of both strength and
ductility between ribbons produced in different melt spinning runs, even if the runs
were from the same ingot. It was found that annealing the ribbons at 1100 °C for two
hours eliminated the differences found in the as-cast properties of ribbons made from
the same starting ingot. Presumably, the scatter in the as-cast properties was due to
differences in the residual quenched-in stresses and to subtle differences in microstruc-
ture. However, annealing failed to reduce the scatter observed in some of the ribbons
produced from different starting ingots. Chemical analysis of the ribbons indicated
that variations among ingots in the aluminum-nickel ratio of 24:76. These ribbons con-
sistently showed higher ductilities than the 25:75 aluminume-nickel ribbons, particularly
when tested in the annealed condition.

2.4 Effect of Cobalt on Ductility

In addition to the stoichiometry effect, the increased ductility by Co additions was
demonstrated as described in the quaternary alloy study presented in Section 2.2. This
preliminary study was extended to optimize the Co content with regard to the room
temperature properties in as-spun and annealed conditions. Again, Ni;Al + 1.0 at% B
was used as the alloy basis, and Co concentrations of 0, §, 10, 20, and 30 at% substi-
tuting for Ni were considered. In the as-cast condition, the yield strength increased
with Co concentration, reaching a peak at 20 at% (—~200 ksi). The ribbon ductility
peaked at a concentration of 5 at% Co. After annealing at 1100 °C for two hours, the
yield strength was generally reduced and peaked at 10 at% Co (see Figure 3). Note
also in Figure 3, that alloys with Co <5 at% lose a substantial portion of their ductility
after the anneal. A Co addition of at least 10 at% is necessary to avoid the precipitous
drop in the annealed ductility. Based on the annealed ribbon properties of Figure 3,
the optimum Co concentration was determined to be 10 at%.

2.5 Elevated Temperature Mechanical Properties

Figure 4 shows the elevated temperature yield strength and ductility of the Ni;Al
with 1 at% boron alloy, in which 10 and 20 at% cobalt additions were substituted for
nickel. The data is representative of that found for all the NijAl-based alloys studied
and illustrates several important points. First, the data shown for the 10 at% cobalt al-
loy are for both ribbon and consolidated powder specimens. This powder work (which
is internally funded) is being performed to assess the extent to which the results of
ribbon tests can be extrapolated to bulk specimens. The good correlation of properties
observed between consolidated powder and ribbon is in agreement with previous work
tpat compared ribbon properties to the properties of material prepared by low-pressure
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plasma deposition.1® The correlation of the ribbon yield strength data with bulk speci-
mens is excellent. The ductility data is a good illustration of our general conclusion
that the ductility measured for ribbons is useful as a relative indicator for alloy com-
parison and temperature effects, but representative only of a minimum value for bulk
specimen ductility.

. it NN T
S T T

The data also shows that the unusual behavior of the yield strength associated with
conventionally cast Ni;Al (i.e., increasing flow stress with increasing temperature® is
retained in the rapidly solidified alloy. Although the ambient temperature strength of
the rapidly solidified alloy is considerably greater than that of the conventional casting,
the flow stress of the rapidly solidified alloy peaks at about 500-600 °C, compared to
about 800 °C for conventionally cast material. Of even greater concern is the severe
ductility reduction that occurs in the rapidly solidified alloys from about 500-600 °C to
about 800 °C. Examination of the fracture surfaces shows that the failure mode re-
verts to brittle intergranular fracture in this temperature regime. The cause of this in-
termediate temperature embrittlement is unclear. Addition of certain quaternary ele-
ments has resulted in a shift of the embrittlement onset to higher temperatures, but
above that onset temperature, the ductility becomes essentially zero and remains so
until the embrittlement temperature range is exceeded.
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Improved Strength and Ductility
of Ni;Al by Boron Modification
and Rapid Solidification

A.l1. TAUB, S.C. HUANG, and K. M. CHANG

The intermetallic compound Ni;Al is unusual in that
the flow stress increases with temperature, reaching a peak
value at approximately 800 °C.'?? This behavior would
make the compound attractive as a refractory material were
it not for the low ductility exhibited by the cast material at
ambient temperature. This low ductility of polycrystalline
Ni;Al has been attributed to the inherent weakness of the
grain boundaries, since single crystals of the compound
have been shown to exhibit high ductilities in all crystal
orientations, even at room temperature.* In an attempt to
improve the ductility of the polycrystalline form of the com-
pound, Aoki and Izumi*® introduced small additions of
boron to the binary intermetallic. The boron addition re-
sulted in a considerable improvement in the ductility, more
than 30 pct plastic strain for addition of approximately
0.5 at. pct boron compared to zero ductility for unmodified
Ni;Al processed under identical conditions. This is consis-
tent with a recent calculation of the effect of boron on the
bindin ng strength of a Ni cluster, in which Messmer and
Briant’ showed that the boron acts to enhance the electronic
bonding between the Ni atoms. An improvement of the
ductility of sulfur doped nickel by boron additions has also
been attributed to grain boundary modification.®

In this paper, we will report the preliminary results of
an investigation into the effect of cooling rate on the me-

A.1. TAUB, §.C. HUANG, and K. M. CHANG are all Staff Metal-
lurgists with General Electric Corporate Research and Development, P. O.
Box 8, Schenectady, NY 12301.

Manuscript submitted August 10, 1983,

METALLURGICAL TRANSACTIONS A

chanical properties of the Ni;Al intermetallic phase. In par-
ticular, the effects of rapid solidification on the strength
and ductility of boron modified Ni;Al will be discussed.

The ingots of Ni,Al with various boron additions were
prepared by vacuum induction melting using high purity Ni,
Al, and NiB. The ingots were then processed into ribbon
form (approximately 6 mm wide by 20 to 35 um thick) via
melt spinning in vacuum. Details of the melt spinning pro-
cess for Ni based alloys have been presented elsewhere.’

The mechanical properties of the ribbons were measured
by both bend and tensile tests. In the bend ductility tests,
one determines the ability to bend the ribbon 180 deg with-
out fracturing. This test provides a quick measure of the
brittleness of the ribbon. We have found that those ribbons
that cannot be bent the full 180 deg without fracturing never
exhibit any tensile ductility. However, the test cannot mea-
sure the relative ductility of those ribbons which can be bent
the full 180 deg. On the other hand, the strain to failure of
the ribbon as measured in tensile tests can be used to com-
pare the ductilities of different alloys.

The ribbons were tensile tested at both ambient and ele-
vated temperature in a standard Instron static tensile testing
machine. The high temperature tests were performed in an
argon atmosphere, at a strain rate of 8.3 X 10™* s™'. The
room temperature tests were conducted at tensile strain
ratesof 1.7 X 107 s™'and 8.3 X 107* s™*, with no observ-
able differences. The load was converted to stress using the
cross-sectional area (A) of the specimen as determined by
measuring the weight (W) and length (L) of the specimens:
A = W/Lp, where p is the density of the alloy. This area
determination technique is necessary because of the irregu-
larities in the ribbon geometry."

The effect of boron on the ductility of Ni;Al is illustrated
in Figure 1 which shows samples of ribbon for each of the
compositions as tested for 180 deg bend ductility. The un-
modified Ni;Al exhibits no ductility. The alloy modified
with 2 at. pct boron shows signs of tearing on bending. The

0.8% 20%

Fig. 1 —Ribbons of Ni,Al modified with 0.0, 0.5, 1.0, and 2.0 at. pct
boron, following 180 deg bend test.
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0.5 and 1.0 at. pct boron modified alloys could be bent to
the full 180 deg, with no signs of fracturing.

The tensile test results shown in Figure 2 exhibit the
same variation in the ductility with boron level as measured
in the bend tests. Further, the increased sensitivity of the
tensile tests permits one to distinguish between the degree
of ductility of the alloys, particularly those which can be
bent fully without fracturing. The ductility exhibits a strong
dependence on boron concentration, peaking sharply at
1 at. pct. The alloy with 0.5 at. pct boron shows lower
ductility than the 0.25 at. pct boron alloy. Preliminary evi-
dence suggests that this is due to high aluminum content
found in the 0.5 at. pct boron alloy.

The transition from zero ductility with no boron addition
to approximately 10 pct ductility at 1 at. pct addition and
back to nearly zero ductility at 2 at. pct is accompanied by
a change in the fracture morphology. Figure 3 shows SEM
fractographs of the tensile tested ribbons for the three com-
positions. The unmodified Ni;Al exhibits pure intergranular
failure. The 1 at. pct boron modified Ni,Al exhibits a mixed
mode failure containing patches of brittle intergranular fail-
ure and regions of what appears to be ductile fracture. The
specific mechanism of this mixed mode fracture is unclear
at this time. With 2 at. pct boron addition, the fracture
mode reverts to intergranular with the appearance of borides
on the grain boundaries.

Figure 2 shows that the boron additions affect the yield
strength of the alloy as well as the ductility. A monotonic
increase in strength with boron level is observed. In Fig-
ure 4, preliminary results on the elevated temperature
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strength of the 1 at. pct boron alloy are shown. Also shown
in the figure are the yield strengths of both boron modi-
fied and unmodified Ni;Al processed without rapid solidi-
fication. For the same degree of boron addition, the rapidly
solidified alloy exhibits a much higher strength. Further, up
to 400 °C the strength is observed to increase with tem-
perature in the same manner as the alloys prepared without
rapid solidification. In tensile tests above 400 °C, the rib-
bons appear to embrittle severely, and the specimens break
during elastic loading. This premature failure precludes
the determination of a yield strength above 400 °C. The
embrittlement is limited to the high temperatiure regime and
does not represent a change in the alloy microstructure or
composition, as demonstrated by the high ductilities ex-
hibited during room temperature retesting of the high tem-
perature tested specimens. Further investigation into this
phenomenon is continuing.

One means of accounting for the increased yield stress
of the rapidly solidified alloy may be the fine grain size
(5 to 10 um). Early work by Grala' on cast Ni;Al showed
that coarser microstructures produced by either slower cool-
ing during the casting or by subsequent homogenizing
heat treatment exhibited decidedly lower tensile strengths
but ambiguous yield strength variations. However, studies
on other intermetallics have shown that a Hall-Petch re-
lationship between yield strength and grain size is obeyed. "
To check for the effect of grain size, ribbons containing
0.0 and 0.5 at. pct boron were annealed at 1060 °C for
four hours. This heat treatment produced grains that had
grown completely through the thickness of the ribbons
(25 to 30 um). The yield strengths of these ribbons are
listed in Table I and are seen to have dropped considerably
from the as-melt spun condition. Also included in the table
are the yield strengths for specimens prepared without rapid
solidification. These specimens have coarser microstruc-
tures. In the case of the 0.5 at. pct boron alloy prepared for
this study via vacuum induction melting into a copper chill
mold, the grain size is greater than 1 mm. The data show
that for both alloys, the yield strengths tend to decrease with
increasing grain size. However, the data are too limited to
check for Hall-Petch behavior.

It is worth noting that the yield strength for the 0.5 at. pct
boron modified alloy is higher than that of the straight
NiyAl, in both the as-spun and annealed ribbons, even

though the grain sizes are similar in both cases. This re--

sult differs from the data of Aoki and Izumi® who reported
no difference in yield strength for the unmodified and
0.25 at. pct boron alloy. The reasons for this discrepancy
are unclear at this time.

In conclusion, the application of rapid solidification to
the Ni;Al + B system has produced ductile, high strength
alloys. The ductility and strength are both dependent on
the amount of boron addition. The ductility is strongly
dependent on boron level, peaking sharply at 1 at. pct.
The yield strength is found to increase monotonically with
boron addition.

The yield strength of the rapidly solidified alloy in the
melt spun condition is considerably higher than that of the
same alloy produced without rapid solidification. This in-
creased strength cannot be explained in terms of grain size
alone. Further microstructural characterization is required to
understand this phenomenon.
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Table 1. 0.2 Offset Yield Strength of Boron Modifled Ni,Al

B Addition Preparation Heat Yicld Strength Grain Size
At. Pct Technique Treatment (MPa) (ksi) (am)
0.0 melt spinning none 510+ 74+ 5t 10
melt spinning 1060C/4 hours 195 28 2510 30
arc melt [6} 1027C/50 hours 200 29 200
zone melt (3} none 160 23 NA
single crystal {4] 1050C/74 hours
(001) 210 30 NA
(111) 500 73 NA
0.5 melt spinning none 725 105 St 10
melt spinning 1060C/4 hours 450 65 2510 30
induction melt
—copper mold 1275C/4 hours 350 51 >1000
arc melt [6) 1027C/50 hours 200 29 100

+ maximum stress since broke in elastic region
NA — not applicable
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Fig. 4—0.2 pct offset yield strength plotted against testing temperature
for Ni,Al modified with the indicated boron additions. The reported data
for the same alloy processed without rapid solidification are included
for comparison.

Note in Proof

Since the writing of this paper, C.C. Koch, et al. " have
reported data on the effects of rapid solidification on Ni,Al,
using foils prepared by the arc-hammer process. In agree-
ment with our data, they found that with additions of 0.25

402 — VOLUME 15A. FEBRUARY 1984

and 0.50 at. pct boron, the foils exhibit 180 deg bend duc-
tility, whereas the unmodified Ni,Al foils are brittle.

-The authors would like to thank R.J. Zabala and R. P.
Laforce for producing the ribbons and C. P. Palmer for per-
forming the tensile tests. They also thank the Office of
Naval Research for partial support of the work.
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A MICROSTRUCTURE INVESTIGATION
ON RAPIDLY SOLIDIFIED N13A1 CONTAINING BORON

K.N.CHANG, S.C.HUANG, AND A.I.TAUB
General Electric Corporate Research and Development

[~ P.0. Box 8, Schenectady, NY 12301
ABSTRACT
' A small smount of borom addition in rapidly solidified Ni,Al has been

found to yield remarkable improvemeats ia both room-temperature stremgth and
ductility. In this study, the microstructure of melt-spun NijAl ribbons with
various boroma modifications ranging from 0 to 6.0 ath was investigated inm
detail by using transmission electrom microscopy. All alloy compositions stu-
died reveal a ocompletely ordered fcc L1, matrix phase, in which polygonized
dislocation networks and subgrain boundaries are observed. The boron-free
Ni,Al costsins s dispersion of an Al-rich martemsitic phase consisting of
alternate twins. The boron additioa tends to suppress the formation of the
martensitic phase, but excessive borom () 2.0 ath) caumses the precipitation of
I”B‘ type borides.
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INTRODUCTION

The intermetallic phase Niau exhibits a positive temperature dependence -

of strength, reaching a peak value around 800°¢C {1]. Polycrystalline Ni,Al
alloys prepared by the coanventionsl casting provide good ductility and oxiaa—
tion resistance at high temperatures [2,3], but suffer brittle intergranular
fracture with zero plastic elongation at low temperatures [4]. Employing the
rapid solidification process and the boron alloying addition has been able to
produce high strength Ni3Al alloys with good ductility at room temperature
[sl.

This paper reports on the microstructure of rapidly solidified Ni,Al rib-
bons doped with various amounts of boroan. Special attention is given to the
relationship between the boron addition level and the microstructural -
response. Room—temperature properties of ribbons are discussed in light of
the results of the present microstructure iavestigation.

EXPERIMENTAL

The stoichiometric Ni,Al composition and its variations containing borom -
up to 6.0 ath were melted by vacuum induction using high purity Ni, Al, and
NiB. The ingots were then remelted and rapidly quenched into ribbon form
approximately 6.0 mm wide by 0.030 mm thick via melt spinning in vacuum.
Details of the melt spinning process for Ni-base alloys have been presented
elsewhere [6].

The mechanical properties of the ribbons were evaluated by both bend and
tensile tests, The more complete testing results including ambient and
elevated temperature properties of borom-modified N13A1 ribbons were givem in
a separate paper [7].

Transverse sections of ribbon were mounted and polished for metallogra- -
phy. The etching solution of 10 mi HNO, + 40 ml1 HC1 + 50 ml nzo was selected
to reveal the grain structure. The transmission electrom microscopy samples
were prepared directly from the ribboans after carefully polishing both top and
wheel-gide surfaces., The standard jet-polishing technique was employed with a
20% perchloric acid-methanol solution at -50°C. -

RESULTS AND DISCUSSION
The effect of boron addition on the room temperature ductility of Ni_ Al

is illustrated by the results of ribbon bend test.(Figure 1) The boron—free
N13A1 ribbon fractures into two pieces with little ductility. With either 0.5 -—




or 1.0 ath boron modificatioan, the ribboans can sustain the full 180 degree
beading withowt amy indication of cracking. VWhen the borom conteamt is added
to 2.0 at%, the ribbomn shows signs of tearing when fully beant. Further
inerease in boroa addition causes the ridboa to exhibit the brittle fracture
again,

Tensile testing of the as-cast ribbons demonstrates that the rapidly
solidified Ni.Al alloys exhibit a substamtially Rhigh stremgth at room tempera-
ture, more thin twice as high as that processed comventionally. Furthermore,
the ribbon yield strength increases momotomically with boron addition. The
unique behavior of the positive strength—temperature relationship is also
observed in these high stremgth, ductile ribbonms.(Figure 2 [2,8])

The grain structure of the ribbon has been examined metallographically om
the ribbom transverse section. All ribbons containing up to 2.0 ath boroa
show a uniform microcrystalline structure without deandritic growth. Equiaxed
grains about 5 to 10 ym in diameter are distridbuted homogeneously through the
ribbon thickness.(Figure 3.a) High boron addition (4.0 at% or more) develops
fine grains near the wheel side surface followed by cellular crystals as a
result of the directiomal growth, (Figure 3.b) The change in the solidifica-
tion morphology to cellular growth is associated with the formation of extenm—
sive boride precipitates.

Transmission electron microscopy shows that all rapidly solidified alloys
have a similar substructure inside matrix grains, but differeat minor phases
exist depending on the dorom coanteat. Electron diffraction amalysis confirms
the common matrixz phase to be the L1, type, ordered fcc crystal structure. No
ordering domain or antiphase bosndary is observed. Each grain is divided into
several subgrains, and the subgrain boundary is composed of dislocation
networks.(Figure 4) These quench-induced dilocations have the [110] type
Burgers vector; nmo stacking fault cam be detected.

The borom—free ridbbon shows a dispersion of a finme Al-rich martensite
phase that consists of slternate twins.(Figure $) The size, density, and twin
spacing of the martemsite particles were found to be proportiomal to the cool-
ing rate. A small amount of borom addition completely suppresses the forma-
tion of the martensite phase and results in a single-phase microstructure.
Howevezr, the ribbom coataining 2.0 ath boron starts to form boride precipi-
tates, and the electron diffraction analysis indicates the boride phase to be
of the ll”n‘ crystal structure.(Figure 6)

The mechanical properties of rapidly solidified Ni_ Al alloys with ade-
quate boroa modification canm be correlated with their microstructure. The
observed high stremgth is attributable to small graim size, dislocation net-
work, and solid-solutioming of borom, which are resulted from the rapid soli-
dification process., On the other hand, the improvement of low temperature
ductility is related to the borom effect on the cohesive strength of the grainm
boundaries {9). Elimination of the secondary phase may slso bemefit the duc-
tility.
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SUMNARY

The microstructure of the intermetallic phase Ni, Al modified with dif-
ferent boromn levels and processed by the melt-spimning techmique has been
characterized. The rapid solidification rate produced a uniform microstruc-
ture with fine grain size and polygonized dislocation metworks. Appropriate
boron conteat (0.0 { B <2.0 at%) resulted in a single phase crystal structure
and good ductility at room temperature. A martensite phase enriched in Al was
found in the ummodified Ni,Al ribdon, and I”B borides was fouand in ribdons
containing high borom () 2’.0 ath). The second phases are detrimental to the
ribbon ductility.
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Ni_Al ribdons modified with 0.0, 0.5, 1.0, and 2.0 ath boron after
180 degrees bending test.

Yield stremgth as a function of testing temperature of boron-
modified Ni Al alloys through comventional and rapidly solidified
processes [Z,8].

Grain structures of m,n ribbons containing (a) < 2.0 at%, (b) 2
4.0 at%h boron.

General substructure comsisting of subgrains and dislocation net-
works in melt-spuam Nisu + 1.0 ath B ridbbons.

Al-rich matensite phase consisting of alternate twins im the borom-
free ribbon,

lgl boride precipitates developed im the ribbom containing 4.0
s oron,
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SUMMARY

The strengthening of the intermetallic compound Ni3Al by boron addi-
tion has been investigated via the rapid solidification technique of melt
spinning. Using X-ray diffraction, differential thermal analysis and transmis-
sion electron microscopy it is shown that by rapid solidification up to 1.5
at.% boron can be held in solution in the aluminide without formation of
boride. The lattice parameter results further show that the boron atoms in
solution tend to occupy the interstitial sites, generate large lattice strain,
and thereby strengthen the NijAl substantially. For example, addition of 1
at.% boron increases the Ni3;Al room temperature yield strength to =750
MPa. This represents a strengthening potency significantly larger than that
of substitutional solutes.
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BORON SOLUBILITY AND STRENGTHENING POTENCY
IN RAPIDLY SOLIDIFIED Ni,Al

S.C. Huang, A.L. Taub, and K.M. Chang

1. INTRODUCTION

The alloying behavior of the intermetallic com-
pound Ni3;Al was first studied in detail by Guard and
Westbrook.?? It was found that a number of solute
elements tended to substitute for either Ni, Al or
both, and gave rise to various degrees of solid solution
hardening. Those findings on the hardening effect of
substitutional solutes subsequently became the basis
of investigations aimed at strengthening the
aluminide.?¥ Carbon was also studied in Refer-
ence 1, but failed to demonstrate the large hardness
increase expected from an interstitial solute. Recently,
however, remarkable strength increases were ob-
served in rapidly solidified Ni;Al containing boron, ¥
which is also an interstitial element. For example, a
room temperature yield strength of =750 MPa was
measured for a melt-spun Ni;Al doped with 1.0 at.%
boron (compared with <250 MPa for conventionally
treated, pure Ni;Al). The contribution of the refined
microstructure to the observed strength improvement
has been discussed “* and other possible strengthen-
ing mechanisms such as that of antiphase bounda-
ries'® are being evaluated further. In this paper we re-
port the lattice strain variations and the yield strength
increases in melt-spun Ni;Al ribbons caused by the
addition of boron. Complemented by other tech-
niques, the lattice parameter measurements allow the
determination of the boron solubility in rapidly
solidified Ni;Al. Further, the lattice strain results pro-
vide insight into the solution nature of the boron
atoms and explain the observed boron strengthening
effect in accordance with Mott and Nabarro’s solid
solution hardening theory.!”’

2. EXPERIMENTAL

Ingots of (Nig15Alg25)100- B, containing up to
6 at.% boron were prepared by vacuum induction
melting using high-purity Ni, Al and NiB. The alloys
were then melt spun in vacuum into rithons approxi-
mately 6 mm wide by 35um thick. The ribbon
solidification rate is estimated to be greater than
10 cm/s,'® which is equivalent to a ribbon cooling rate
greater than 5x 10° K/s. To determine the lattice pa-
ramelter, the surfaces of the ribbons were subjected to
X-ray diffraction (XRD) in a Siemens D500
diffractometer equipped with a beam monochromator.

Manuscript received February 29, 1984

CuKa radiation was used, which has a specimen
penetration depth of =10 um. Also, differential ther-
mal analysis (DTA) and transmission electron micros-
copy (TEM) were performed to detect and character-
ize the second phase in the high-boron ribbons. The
TEM samples were prepared by jet-electropolishing
both of the ribbon surfaces in a solution of two parts
perchloric acid (70%) plus eight parts methanol. Final-
ly, the ribbons were tensile tested at room tempera-
ture in an Instron machine at a strain rate of 8.3 x
10745471,

3. RESULTS

The XRD measurements of the lattice parameter
of the rapidly solidified Ni3Al as a function of boron
content are summarized in Figure 1. In this figure, the
circles represent the data obtained from the wheel-
contacting surface of the ribbons, and the squares are
the data from the noncontacting surface. As shown,
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BORON ATOM FRACTION {109),AC

Figure 1. The lattice parameter and the lattice strain as
a function of the boron concentration in melt-
spun NijAl. O-- measured on the wheel-
contacting surface of the ribbons; O -- mea-
sured on the noncontacting surface of the rib-
bons.
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the lattice parameter increases monotonically with
boron concentration, showing no obvious solution
limit. At low boron concentrations the lattice parame-
ters measured on the two surfaces of a ribbon agree
with each other. At high boron concentrations they
differ, suggesting incomplete boron solutioning. In
fact, the XRD patterns for ribbons of 4 and 6 at.%
boron show a few diffraction lines that are attributable
to a second phase, but they are too diffuse for precise
phase identification. The DTA measurements also in-
dicate the presence of a second phase at high boron
levels. Specifically, DTA measurements of ribbons
doped with less than 2.0 at.% boron show only the
melting endotherm at =1360 °C, while the 2.0at.%
boron ribbon exhibits an endothermal peak at
=1150 °C in addition to the melting peak. The low-
temperature peak increases in intensity with further
increases in boron concentration. It is therefore be-
lieved to be due to a low melting Ni3;Al-boride eutectic
as reported by Stadelmaier etal.'” As additional evi-
dence, electron diffraction analysis confirms the ex-
istence of an Mj;B, phase in ribbon containing B >
1.5 at.%, Figure 2. No boride phase can be found in
ribbons containing B < 1.5 at.% (Figure 3).

The mechanical behavior of the NijAl-base rib-
bons has been studied by tensile tests at room tem-
perature. As reported previously,** the ribbon duc-
tility increases with boron addition (10 a maximum
fracture strain of = 10% elongation at 1.0 at.% boron).
However, boron additions greater than 1.5 at.% result
in ribbon embrittlement, and thus preclude the deter-
mination of 0.2% offset yield strength since fracture
occurs during elastic loading. The yield strength as a
function of boron conceniration within the limit of
1.5 at.% is summarized in Figure 4. As shown in this
figure, the yield strength of the pure Ni;Al ribbon is
determined to be 480 MPa at room temperature. Fur-

M238g - D8, (110) zone

Figure2. A transmission electron micrograph of the
melt spun Nij;Al ribbon containing 4.0 at.%
boron, showing the M;B, boride precipitates.

Figure3. A transmission electron micrograph of the
melt-spun, single-phase, ordered Ni;Al con-
taining 0.5 at.% boron.
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Figure4. The room temperature yield strength as a
function of boron concentration :n melt-spun
NijAl The open circles are data from Refer-
ence 4. The yield strength for the 0 as well as
the 1.5 at.% boron alloy is actually the frac-
ture stress obtained from testing ribbons,
since fracture occurs in the elastic region.
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ther, the ribbon yield strength is seen to increase near-
ly linearly with a boron addition, approaching 750 MPa
at the boron concentration of 1.0 at.%.

4. DISCUSSION

The equilibrium boron solubility in Ni;Al has not
been previously reported. However, according to a Ni-
Al-B ternary phase diagram,‘® the boron solubility in
Ni3;Al might be regarded as similar to that in Ni, i.e.,
approximately 0.2 at.%. Recent reports!!1%! suggest
that up to 0.5 at.% boron can remain in solution in
copper-chilled, homogenized Ni;Al. In comparison,
the present XRD, DTA and TEM results indicate a
boron solubility that is extended by the rapid
solidification technique of melt spinning to at least
1.5 at.%. Within this limit, complete solutioning of
boron occurs in melt-spun Ni3Al without boride for-
mation (Figure 3). However, it should be noted that in
Figure 1 the lattice parameter of the Ni3Al ribbons
continues to increase for boron levels beyond 1.5 at.%.
It thus appears that supersaturation of boron beyond
the full solution limit can occur as a result of rapid
solidification, although the boride formation cannot
be avoided completely. As seen in a high-boron ribbon
in Figure 2, the M,;B¢ boride is likely to form in re-
gions near the ribbon noncontact surface where the
cooling rate is reduced. This is corroborated by the
results of Figure 1 which show that lattice parameter
and thus the amount of boron saturation is decreased
at the noncontact surface of the high-boron ribbons. It
should also be noted that in Figure 1 the relationship
between the lattice parameter and the boron concen-
tration exhibits a slight nonlinearity, even within the
full solution limit of 1.5 at.%. This nonlinearity was
not observed in the Ni;Al solid solutions containing
substitutional solutes,‘!’ and it perhaps reflects a ten-
dency for boron atoms to form B, pairs in the
configuration of split interstitials or to partition be-
tween the interstitial and substitutional sites.

The lattice parameter measured for the melt-spun
ribbon of pure NijAlis ¢, = 3.5676 ANG. A compar-
ison with the standard Ni3Al lattice constant of 3.561
ANG suggests that some lattice distortion is induced
by residual thermal stress as a result of the rapid
solidification melt spinning technique. For the Ni;Al
containing boron, the rapid solidification process also
entraps the boron in solution, giving rise to extra lat-
tice distortion. Since the Ni;Al lattice cell expands as a
result of the boron addition (cf. Figure 1), boron
atoms seem to prefer the interstitial rather than the
substitutional positions. The lattice dilation strain, Ae,
in a boron-doped Ni; A/ ribbon can be calculated from
the lattice parameter, a, using the equation Ae =
(a—a,)/ a,. The calculated lattice strain shown in Fig-

ure 1 reaches a value of 3.84 x 1073 at the full boron
solubility limit of 1.5 at.%. The average lattice strain
per boron atom fraction is thus Ae/A C = 0.26, which
is approximately [0times that of the substitutional
elements such as Ti and Mo," providing further evi-
dence of the interstitial nature of the boron.

As shown in Figure 4, the melt-spun Ni;Al alloys
exhibit high strength at room temperature. The yield
strength determined for the pure Niz;Al ribbon
(=480 MPa) is significantly greater than that reported
for slowly cooled or heat-treated NisAl
(<250 MPa).""? Boron addition improves the ribbon
yield strength further. From Figure 4, the average
yield strength increment per atom fraction of boron
addition is on the order of Ac,/AC = 0.4G, where
the NijAl shear modulus G is 6.5 % 10*MPa." In
comparison, the strengthening potency, Ao ,/AC, of
substitutional solutes in NisAl ranges from only
=0.01G for Fe to =0.08G for Ta.?

The improvement in the yield strength of the rap-

idly solidified, pure Ni;Al ribbon is to a large extent at-
tributed to the quenched-in residual stresses and the
refined microstructures, viz., grains with a diameter of
5-10 um and subgrain cells of 0.2-0.5 um.*> The
boron additions within the solution limit, however,
result in no further microstructural refinements.®
Also, the antiphase domain structure, reported by
Inoue etal.® to be an important strengthening fea-
ture in rapidly solidified L1,-type alloys, has not been
observed in the present series of ribbons. As shown in
the TEM micrograph of Figure 3, only intragranular
dislocations can be seen. Therefore, the large
strengthening potency measured for boron in melt-
spun NijAl is attributable to the solid solution harden-
ing effect of boron. More specifically, Mott and Nabar-
ro!” have concluded that the strength increase in a
solid solution can be accounted for by the lattice strain
generated by the solute atoms. According to that
model, the solute strengthening potency, Ac,/AC,
can be correlated to the lattice strain per atom fraction
of solute, Ae/A C, as in the following expression:

Ao ,/AC = 2G(Ae/AC) .

In Figure 5, the empirical correlation of Ae ,/AC vs.
Ae/AC is shown for the interstitial boron (based on
the results of Figures 1 and 4) as well as the substitu-
tional elements of Fe, Cr, V, Ti and Si (which have
both Ao ,/AC and Ae/AC reported in References 1
and 2). As shown in this figure, there exists a linear
relationship between Ao ,/AC and Ae/AC, having a
slope of =1.6G which agrees in general with the Mott
and Nabarro theory on the solid solution hardening
effect. More interestingly, boron stands out as a partic-
ularly potent strengthener in Ni;Al, due to the large
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Figure5. The correlation of strengthening potency,
Ao ,/ AC, to the lattice strain per solute atom
fraction, Ae/AC, for boron and a variety of
other solute elements in Ni;AL!-? The
Acy/AC values are normalized to the NisAl
shear modulus, G= 6.5 x 10* MPa."?

lattice strain that it produces by occupying the intersti-
tial lattice positions.

The microhardness of rapidly solidified Ni;Al
(24 at.% Al) containing boron of 0, 0.25, and 0.5 at.%
has recently been studied by Koch et al.,""* using foils
prepared by the arc-hammer technique. The resuits
showed no obvious variations in hardness as a func-
tion of boron concentration, contrary to the present
results on the boron strengthening effect. The TEM
microstructure of those foils consisted of nonuniform
antiphase domains in grain interiors and apparent
second-phase precipitates at grain or cell boundaries,
indicating solute segregation during the foil
solidification. Neither of the above foil microstructur-
al features has been observed in melt-spun Ni;Al rib-
bons doped with the same amount of boron (see Fig-
ure 3). No foil lattice parameter data were reported.
The discrepancies in microstructure and boron hard-
ening (strengthening) behavior in ribbons vs. foils are
not fully understood at this time, but they might be re-
lated to differences in the alloy stoichiometry and rap-
id solidification conditions, or to the difficulties in ob-
taining precise hardness measurements in thin-gauge
foils.

5. CONCLUSIONS

In summary, we have obtained complete boron
solubility of up to 1.5 at.% in single phase Ni;Al by the
rapid solidification melt-spinning process. Beyond the
limit of full solution, additional boron can still be en-
trapped in the Ni3;Al matrix, but not without the for-
mation of M13B¢ boride. Within the full solution limit,
the boron atoms tend to occupy the interstitial sites
and produce a large lattice dilation (Ae = 0.0026 per
atom percent of boron). As a result, boron becomes
an effective strengthener in NijAl, having a
strengthening potency of Ao ,/AC = 0.4G.
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