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Section 1

* INTRODUCTION

1.1 Background

The intermetallic compound Ni3Al 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 Ni3Al as a high-temperature material, however, has not been realized be-
cause of its poor low-temperature properties. At room temperature, polycrystalline
Ni3AI fractures at a stress less than 30 ksi, with essentially no ductility.(t)

After extensive research over the last 25 years, (1-3) it only recently has been found
that the low-temperature ductility of the polycrystalline Ni3AI can be improved
significantly by the addition of the ternary element boron. 4 ) 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 Ni3AI 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.

P Specifically, it has been shown that a ribbon of Ni3AI-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.
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Section 2

CONTRACT PROGRESS

,* The beneficial effects of boron and rapid solidification on the strength and ductility
* -of Ni3AI 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 Ni3AI has been characterized. (5 7) -
-- X-ray diffraction measurements showed that the Ni3Al 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 4, 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
M23B6 boride was observed in ribbons containing B > 1.5 at%. Compared with the sol-

* ubility of 0.5 at% boron in slowly cooled Ni3AI,04 1 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- I -_

* 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 a-
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 3Al-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

2-1
Lt-D

• o " .. .. .1



°* , •

W 7

160 i i ' '

120-

0 - v

z~ ,--

o 0.5 ~ o t.5.o '°

60 25.
10 0

15~

0 0.5 1.0 1.5 2.00
BORON (WA.%)

Figure 1. The effect of boron additions on the -
tensile yield strength and elongation of .

melt spun Ni 3AI ribbon.

strengthening is not associated with any additional residual stresses or microstructural
refinement. Rather, the large amount of strengthening measured for boron in melt
spun Ni 3AI is in agreement with the Mott-Nabarro theory of solid solution harden-
ing. (8) In this regard, comparison with data on other solid solution elements such as .
Fe, Ti, Cr, Si and V(2.9 ) shows boron to be a particularly potent strengthener in Ni3AI.

2.2 Quaternary Alloying Behaviors

Based on the above results, Ni3Al + 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 resultant 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, ihe 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



Table 1

QUATERNARY ALLOYS BASED ON NI3AI + I AT% B

Alloy Composition Ribbon S.cuNube FrulaBend Structure
Number ForumlaDutly Ductility

92 (Ni0 .75Al 0.20Tio.05),B 1  0.04 Nonequiaxed (NE)

111 (Nio. 7sAIo.2oTao.os) ,Bi 0.03 NE 0

112 (Nio.75Alo.2oNbo.os) 9 B 0.02 NE

113 (Nio.75AI. 20Vo.05) "BI 1.0 Equiaxed (E)

114 (Nio.isAIo.20Sio.os) 9 Bj 1.0 E

101 (Nio.70COo.05AIo.25 ) 99B 1.0 E

115 (Nio.65Feo. 1oAlo.25) 99 B 0.9 NE

116 (Nio.6sMno.1oA1. 25),9B, 0.04

117 (Nio.7oCr 0.05A10.25),9B1  0.06 NE

125 ((Ni0 .75Alo.25)Re0 .0 3I99B 0.1

200 1 j

Ni3 AI0qSio.2

150 NiZeC00.2AI

Ni3AI .

1o I00cn

Cr.I-s

0~ I,--

50 ALL ALLOYS t a/oB-

0 4 8 12 16 20
STRAIN (%

Figure 2. Tensile behavior of Ni 3AI+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 M23B6 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 Ni3Ai 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 aluminum-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, Ni3AI + 1.0 at% B
was used as the alloy basis, and Co concentrations of 0, 5, 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 3AI
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 Ni 3AI-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
that compared ribbon properties to the properties of material prepared by low-pressure

2-4
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plasma deposition. ( 10 ) 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 corn-
parison and temperature effects, but representative only of a minimum value for bulk
specimen ductility.

The data also shows that the unusual behavior of the yield strength associated with
conventionally cast Ni3AI (i.e., increasing flow stress with increasing temperaturel 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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tempe es to (100) at high temperatures. s transition is chanical properties of the Ni3AI intermetallic phase. In par-
clearly e ibited in the composition range e-45 to -50 at. ticular, the effects of rapid solidification on the strength
pt Al. 2. The transition temperature 'creases with de- and ductility of boron modified Ni3AI will be discussed.
creasing Al ontent. The ingots of Ni3Al with various boron additions were

prepared by vacuum induction melting using high purity Ni,
Al, and NiB. The ingots were then processed into ribbon

- This research as suppo in part under Air Force form (approximately 6 mm wide by 20 to 35 jm thick) via
Contract F33615-8 5059 melt spinning in vacuum. Details of the melt spinning pro-

cess for Ni based alloys have been presented elsewhere.9

The mechanical properties of the ribbons were measured
CES  by both bend and tensile tests. In the bend ductility tests,

one determines the ability to bend the ribbon 180 deg with-
1. R. C. Crawford: Phil. 76, vol. 33, p. 529. out fracturing. This test provides a quick measure of the
2. G. Sainfort, P. Mon , J. Petit, G. Cabane, and M. Salesse: brittleness of the ribbon. We have found that those ribbonsMemoires Scientog e ev. Me ~r., 1963, LX2, p. 125.

3. T. Yamagate and H oshid: Mat . Sci. Eng., 1973, vol. 12, p. 95. that cannot be bent the full 180 deg without fracturing never
4. Y. Umakoshi and . Yamaghi: Ph Mag. A, 1980, vol. 41, p. 537. exhibit any tensile ductility. However, the test cannot mea-
5. Y. Umakoshi . Yamaguchi: Phil. ag. A, 1981. vol. 44, p. 711. sure the relative ductility of those ribbons which can be bent
6. T. Yamagata . JIM, 1977, vol. 1 . 715. the full 180 deg. On the other hand, the strain to failure of
7. A. K. Head. . H. Loretto, and P. Hum : Phys. Status Solidi, 1967,vol.20 21.the ribbon as measured in tensile tests can be used to com-
8. i. L. Ri . C. Crawford. and D. J. H. C yne: Phil. Mag., 1970, pare the ductilities of different alloys.

vol. 2 p. 1027. 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

Improved Strength and Ductility rates of 1.7 X I0 s and 8.3 X 10- " s- ', with no observ-
able differences. The load was converted to stress using the

of Ni3AI by Boron Modification cross-sectional area (A) of the specimen as determined by

and Rapid Solidification 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-

A. 1. TAUB, S.C. HUANG, and K. M. CHANG larities in the ribbon geometry.'°
The effect of boron on the ductility of Ni3A! is illustrated

H The intermetallic compound Ni3AI is unusual in that in Figure 1 which shows samples of ribbon for each of the
the flow stress increases with temperature, reaching a peak compositions as tested for 180 deg bend ductility. The un-
value at approximately 800 *C.'1.2.3 This behavior would modified Ni3AI exhibits no ductility. The alloy modified
make the compound attractive as a refractory material were with 2 at. pct boron shows signs of tearing on bending. The
it not for the low ductility exhibited by the cast material at
ambient temperature. This low ductility of polycrystalline
Ni3AI 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 4e kv r-.",4
orientations, even at room temperature. 4 In an attempt to . .I, ,
improve the ductility of the polycrystalline form of the com-
pound, Aoki and Izumi' 6 introduced small additions of
boron to the binary intermetallic. The boron addition re- A!
suited 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 1.0%
NijAI processed under identical conditions. This is consis- 0.0% 1.0%
tent with a recent calculation of the effect of boron on the
bindinf 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-

L. A. !. TAUB, S.C. HUANG, and K. M. CHANG are all Staff Metal. 0.1% S0-
lurgists with General Electric Corporate Research and Development, P. O.
Box 8. Schenectady, NY 12301. Fig. I -Ribbons of NiAI modified with 0.0, 0.5. 1.0. and 2.0 at. pc

Manuscript submitted August 10, 1983. boron, following 180 deg bend test.
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1200 , , , strength of the I at. pct boron alloy are shown. Also shown
in the figure are the yield strengths of both boron modi-
fied and unmodified Ni3AI processed without rapid solidi-

i fication. For the same degree of boron addition, the rapidly
so -solidified alloy exhibits a much higher strength. Further, upeo0, to 400 *C the strength is observed to increase with tem-

8perature 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

*O 12 during elastic loading. This premature failure precludes
the determination of a yield strength above 400 *C. The

" embrittlement is limited to the high temperature regime and
400 T10 does not represent a change in the alloy microstructure or

- composition, as demonstrated by the high ductilities ex-I hibited during room temperature retesting of the high tem-
/ I " 6 perature tested specimens. Further investigation into this

phenomenon is continuing.
One means of accounting for the increased yield stress

I 4 o of the rapidly solidified alloy may be the fine grain size
-2 (5 to 10 ;Lm). Early work by Grala" on cast Ni3AI showed

2 that coarser microstructures produced by either slower cool-
sing during the casting or by subsequent homogenizing

0s 0, LO, I0 heat treatment exhibited decidedly lower tensile strengths0.5 1.0 L5 2.0 but ambiguous yield strength variations. However, studies
8M CONCENTRATION (@/o) on other intermetallics have shown that a Hall-Petch re-

Fig. 2-0.2 pct offset yield strength (open symbols) and strain to failure lationship between yield strength and grain size is obeyed. 2

after yield (closed symbols) of melt spun Ni3Ai modified with the indicated To check for the effect of grain size, ribbons containing
boron levels. The data for a second heat of the 10 at. pct boron alloyare 00 an
shown (squares). The yield strength for the 0.0 boron alloy is actually the . d 0.5 at. pt boron were annealed at 1060 C for
highest fracture stress obtained from testing several ribbons, all of which four hours. This heat treatment produced grains that had
failed in the elastic region. grown completely through the thickness of the ribbons

(25 to 30 j&m). The yield strengths of these ribbons are
listed in Table I and are seen to have dropped considerably

0.5 and 1.0 at. pct boron modified alloys could be bent to from the as-melt spun condition. Also included in the table
the full 180 deg, with no signs of fracturing. are the yield strengths for specimens prepared without rapid

The tensile test results shown in Figure 2 exhibit the solidification. These specimens have coarser microstruc-
same variation in the ductility with boron level as measured lures. In the case of the 0.5 at. pet boron alloy prepared for
in the bend tests. Further, the increased sensitivity of the this study via vacuum induction melting into a copper chill
tensile tests permits one to distinguish between the degree mold, the grain size is greater than 1 mm. The data show
of ductility of the alloys, particularly those which can be that for both alloys, the yield strengths tend to decrease with
bent fully without fracturing. The ductility exhibits a strong increasing grain size. However, the data are too limited to
dependence on boron concentration, peaking sharply at check for Hall-Petch behavior. -. .
1 at. pct. The alloy with 0.5 at. pct boron shows lower It is worth noting that the yield strength for the 0.5 at. pet
ductility than the 0.25 at. pet boron alloy. Preliminary evi- boron modified alloy is higher than that of the straight
dence suggests that this is due to high aluminum content Ni3AI, in both the as-spun and annealed ribbons, even
found in the 0.5 at. pct boron alloy, though the grain sizes are similar in both cases. This re-

The transition from zero ductility with no boron addition suit differs from the data of Aoki and Izumi6 who reported
to approximately 10 pet ductility at I at. pct addition and no difference in yield strength for the unmodified and
back to nearly zero ductility at 2 at. pct is accompanied by 0.25 at. pct boron alloy. The reasons for this discrepancy . ..
a change in the fracture morphology. Figure 3 shows SEM are unclear at this time.
fractographs of the tensile tested ribbons for the three com- In conclusion, the application of rapid solidification to
positions. The unmodified Ni3AI exhibits pure intergranular the Ni3Ai + B system has produced ductile, high strength
failure. The I at. pct boron modified Ni3Ai exhibits a mixed alloys. The ductility and strength are both dependent on
mode failure containing patches of brittle intergranular fail- the amount of boron addition. The ductility is strongly -
ure and regions of what appears to be ductile fracture. The dependent on boron level, peaking sharply at I at. pct.
specific mechanism of this mixed mode fracture is unclear The yield strength is found to increase monotonically with
at this time. With 2 at. pct boron addition, the fracture boron addition.
mode reverts to intergranular with the appearance of borides The yield strength of the rapidly solidified alloy in the
on the grain boundaries. melt spun condition is considerably higher than that of the

Figure 2 shows that the boron additions affect the yield same alloy produced without rapid solidification. This in-
strength of the alloy as well as the ductility. A monotonic creased strength cannot be explained in terms of grain size
increase in strength with boron level is observed. In Fig- alone. Further microstructural characterization is required to
ure 4, preliminary results on the elevated temperature understand this phenomenon.
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Tabl 1. 0.2 Offset Yield Strength of Boron Modified N1,41

B Addition Preparation Heat Yield Strength - Gr i iz
At. pct Technique Treatment (MPa) (ksi) (AsM)

0.0 melt spinning none 510+ 74+ 5 to 10
melt spinning 1060C/4 hours 195 28 25 to 30
arc melt 161 1027C/50 hours 200 29 200 --

zone melt 131 none 160 23 NA
single crystal 141 1050C/74 hours

(001) 210 30 NA
(111) 500 73 NA

0.5 mielt spinning none 725 105 5 to 10
melt spinning 1O6OC/4 hours 450 65 25 to 30
induction melt
-copper mid 1275C/4 hours 350 51 > 1000
arc melt 16] 1027C/50 hours 200 29 100

+ nmimum stres since broke in elastic region
NA -not applicable

1000I 140 and 0.50 at. pct boron, the foils exhibit 180 deg bend duc-
tility, whereas the unmodified Ni3AI foils are brittle.

120 -The authors would like to thank R, J. Zabala and R. P.

800 Laforce for producing the ribbons and C. P. Palmer for per-
Pforming the tensile tests. They also thank the Office of - -

'0100 Naval Research for partial support of the work.
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A MICROSTUCTURE INVSTIGAlTION

ON RAPIDLY SOLIDIFIE Ni 3 Al CONTAINING DORM4

X.M.(NAN, S.C.UANG, AND A.I.TAUB
General Electric Corporate Research and Development

or- P.O. Box 8, Schenectady, NY 12301

ABSTRACT

A mall mount of boron addition in rapidly solidified Ni3Al has been T
found to yield remarkable improvements in both room-temperature strength and
ductility. In this study, the microstructure of melt-spun Ni Al ribbons with
various boron modifications ranging from 0 to 6.0 at% was -investigated in
detail by using transmission electron microscopy. All alloy compositions stu-

r died reveal a completely ordered fc Li2 matrix phase, in which polygonized -

dislocation networks and subgrain boundaries are observed. The boron-free L
NiAI contains a dispersion of an Al-rich martonsitic phase consisting of
alternate twins. The boron addition tends to suppress the formation of the
nartonsitic phase, but excessive boron (Q 2.0 at%) causes the precipitation of
'23B6 type borides.
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A MIQOSTRUCIURE INVESTIGATION
ON RAPIDLY SOLIDIFIED Ni3Al CONTAINING BORON

I.M.RANG, S.C.IUANG. AND A.I.TANB
General Electric Corporate Research and Development

P.O. Box S. Schenectady, NY 12301

D/IhODUCTION

The intermetallic phase Ni3Al exhibits a positive temperature dependence
of strength, reaching a peak value around 800 C E1]. Polycrystalline Ni Al
alloys prepared by the conventional casting provide good ductility and oxila-
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 Ni3 Al alloys with good ductility at room temperature[s].

This paper reports on the microstructure of rapidly solidified Ni3 Al rib-
bons doped with various amounts of boron. Special attention is given to the
relationship between the boron addition level and the microstructural
response. Roon-temperature properties of ribbons are discussed in light of
the results of the present microstructure investigation.

EXPERIMNTAL

The stoichiometric Ni Al composition and its variations containing boron
up to 6.0 at% were melted3 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 boron-modified Ni3Al ribbons were given in
a separate paper [7].

Transverse sections of ribbon were mounted and polished for metallogra-
phy. The etching solution of 10 ml 3403 + 40 al ECl + 50 ml 20 was selected
to reveal the grain structure. The transmission electron microscopy samples
were prepared directly from the ribbons after carefully polishing both top and
wheel-side 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 Ni3Al
is illustrated by the results of ribbon bend test.(Figure 1) The boron-free
Ni3Al ribbon fractures into two pieces with little ductility. With either 0.5
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or 1.0 at% boron modification, the ribbons can sustain the full 180 degree
,.* bending without any indication of craeking. Thon the boron content is added
* to 2.0 at%, the ribbon shows signs of tearing when fully bent. Further! Increase In boron addition causes the ribbon to exhibit the brittle fracture

again.

Tensile toeting of the as-cast ribbons demonstrates that the rapidly
* solidified Ni Al alloys exhibit a substantially high strength at room tempera-

turo, more thin twice as high as that processed conventionally. Furthermore,
the ribbon yield strength increases monotonically with boron addition. The

In unique behavior of the positive strongth-tomporaturo relationship is also
observed in these high strength, ductile ribbons.(Fisure 2 (2,81)

The grain structure of the ribbon has boon examined motallographically on
the ribbon transverse section. All ribbons containing up to 2.0 at% boron
show a uniform microcrystalline structure without dendritic growth. Equiaxed
grains about 5 to 10 p in dismster are distributed hmoaenoously through the
ribbon thickness.(Figure $.a) Kih boron addition (4.0 at% or more) develops
fine grains near the vheel side surface followed by cellular crystals as a
result of the directional growth.(Fisur 3.b) The change in the solidifica-
tion morphology to cellular growth is associated with the formation of oxten-
siv boride precipitates.

Transmission electron microscopy shows that all rapidly solidified alloys
* have a similar substructure inside matrix grains, but different minor phases

exist depending on the boron content. Electron diffraction analysis confirms
the common matrix phase to be the I2 type, ordered fee crystal structure. No
ordering domain or antiphase boundary is observed. Ench grain is divided into
several subgrains, and the subgrain boundary is composed of dislocation --

networks.(Figure 4) Those quench-induced dilocations have the [1101 type
" Burgers vector; no stacking fault can be detected.

*The boron-free ribbon shows a dispersion of a fine Al-rich martonsito
phase that consists of alternate twins.(Figure 5) The size, density, and twin
spacing of the martonsite particles were found to be proportional to the cool-

*ing rate. A mall mount of boron addition completely suppresses the forma-
tion of the martensit phase and results in a single-phase microstructuro.

-* lowevor, the ribbon containing 2.0 at% boron starts to form boride precipi-
tates, and the electron diffraction analysis indicates the boide phase to be
of the X23B6 crystal structure.(Figure 6)

The mechanical properties of rapidly solidified Ni Al alloys with ade-
quate boron modification can be correlated with their microstructuro. The
observed high strength is attributable to mall grain size, dislocation not-
ework, and solid-solutioning of boron, which are resulted from the rapid soli-

dification process. On the other hand, the improvement of low temperature
ductility is related to the boron effect on the cohesive strength of the grain
boundaries [9). Elimination of the secondary phase may also benefit the duo-
tility.

L.
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SUMlMY

The nicrostructure of the intormetallic phase Ni Al modified with dif-
ferent boron levels and processed by the melt-spinn ng technique has been
characterized. The rapid solidification rate produced a uniform microstruc-

ture with fine grain size and polygonized dislocation networks. Appropriate
boron content (0.0 ( 3 <2.0 at%) resulted in a single phase crystal struoture
and good ductility at roca temperature. A martensito phase enriched in Al was
found in the unmodified Ni Al ribbon, and U2B borides was found in ribbons
containing high boron (Q ?.0 at%). The second phases are detrimental to the -

ribbon ductility.
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Figure 1.* Ni Al ribbons modified with 0.0. 0.5, 1.0. and 2.0 at% boron after
181 degree bending test.

* Figure 2. Yield strength as a function of testing temperature of boron--
modified Ni Al alloys through conventional and rapidly solidified
processes[L .

Figure 3. Grain structures of Ni 3 Al ribbons containing (a) S2.0 at%. (b)
I 4.0 at% boron.

Figure 4. General substructure consisting of subgrains and dislocation net-
morks in melt-spun. Ni 3 Al + 1.0 at% B ribbons.

Figure S. Al-rich matonsite phase consisting of alternate twins in the boron-
free ribbon.

Figure 6. B Iboride precipitates developed in the ribbon containing 4.0

aNWton
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BORON SOLUBILITY AND STRENGTHENING POTENCY
IN RAPIDLY SOLIDIFIED Ni 3A1

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

1. INTRODUCTION Cu Ka radiation was used, which has a specimen
The alloying behavior of the intermetallic corn- penetration depth of -10Am. Also, differential ther-

pound Ni3AI was first studied in detail by Guard and mal analysis (DTA) and transmission electron micros-
Westbrook." ) It was found that a number of solute copy (TEM) were performed to detect and character-
elements tended to substitute for either Ni, Al or ize the second phase in the high-boron ribbons. The
both, and gave rise to various degrees of solid solution TEM samples were prepared by jet-electropolishing
hardening. Those findings on the hardening effect of both of the ribbon surfaces in a solution of two parts
substitutional solutes subsequently became the basis perchloric acid (70%) plus eight parts methanol. Final-
of investigations aimed at strengthening the ly, the ribbons were tensile tested at room tempera-
aluminide. (2,3

) Carbon was also studied in Refer- ture in an Instron machine at a strain rate of 8.3 x
ence 1, but failed to demonstrate the large hardness 10- s4- .

increase expected from an interstitial solute. Recently,
however, remarkable strength increases were oh- 3. RESULTS
served in rapidly solidified Ni3AI containing boron, (4)  The XRD measurements of the lattice parameter
which is also an interstitial element. For example, a of the rapidly solidified Ni3AI as a function of boron .
room temperature yield strength of =750 MPa was content are summarized in Figure 1. In this figure, the
measured for a melt-spun Ni3AI doped with 1.0 at.% circles represent the data obtained from the wheel-
boron (compared with < 250 MPa for conventionally contacting surface of the ribbons, and the squares are
treated, pure Ni3AI). The contribution of the refined the data from the noncontacting surface. As shown,
microstructure to the observed strength improvement -
has been discussed' .5 and other possible strengthen- 3 60 --
ing mechanisms such as that of antiphase bounda- o-

ries (6) are being evaluated further. In this paper we re- - 0.8
port the lattice strain variations and the yield strength 13

increases in melt-spun Ni 3AI ribbons caused by the
* addition of boron. Complemented by other tech- c 3.59-

niques, the lattice parameter measurements allow the s 0
determination of the boron solubility in rapidly c o/

solidified Ni3AI. Further, the lattice strain results pro- U- 0/1 0.4-
vide insight into the solution nature of the boron C 3.58 /
atoms and explain the observed boron strengthening UJ
effect in accordance with Mott and Nabarro's solid U 02
solution hardening theory.( 7)

2. EXPERIMENTAL . MEL'-BSPUN
Ingots of (NiO. 75AI0. 25) o0B,$ containing up to 0

6at.% 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- 3. i 2 3 4 5 6 7
mately 6mm wide by 35Am thick. The ribbon BORON ATOM FRACTION(IO ,AC
solidification rate is estimated to be greater than
10 cm/s,' 8) which is equivalent to a ribbon cooling rate Figure I. The lattice parameter and the lattice strain as
greater than 5x 105 K/s. To determine the lattice pa- a function of the boron concentration In melt-

spun Ni3AI. 0-- measured on the wheel-rameter, the surfaces of the ribbons were subjected to contacting surface of the ribbons; l -- mea-
X-ray diffraction (XRD) in a Siemens D500 sured on the noncontacting surface of the rib-
diffractometer equipped with a beam monochromator. bons.

Manuscript received February 29, 1984
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0
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 6at.%
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 2.0at.% boron show only the
melting endotherm at = 1360 *C, while the 2.0 at.%
boron ribbon exhibits an endothermal peak at

11500 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 Ni 3AI-boride eutectic Figure 3. A transmission electron micrograph of the
as reported by Stadelmaier et al.4 9  As additional evi- melt-spun, single-phase, ordered Ni AI con-
dence, electron diffraction analysis confirms the ex- taining 0.5 at.% boron.
istence of an M 23B6 phase in ribbon containing B >
1.5 at.%, Figure 2. No boride phase can be found in 1200
ribbons containing B 1 1.5 at.% (Figure 3).

The mechanical behavior of the Ni 3AI-base rib- MELT-SPUN
bons has been studied by tensile tests at room tem- Ni3 AI -B

perature. As reported previously, (4.5) the ribbon duc- 0

tility increases with boron addition (to a maximum 100
fracture strain of=I10% elongation at 1.0 at.% boron).
However, boron additions greater than 1.5 at.% result
in ribbon embrittlement, and thus preclude the deter- b

mination of 0.2% offset yield strength since fracture
occurs during elastic loading. The yield strength as a N
function of boron concentration within the limit of 800

1.5 at.% is summarized in Figure 4. As shown in this C X9figure, the yield strength of the pure Ni3Al ribbon is LU
determined to be 480 MPa at room temperature. Fur- 0 o

K  600

400

" lT I,, 0 0.4 0.8 1.2 1.6

BORON ATOM FRACTION (10-2), AC -

Figure 4. The room temperature yield strength as a
function of boron concentration :n melt-spun

Mn6-D G4 (110)zon* Ni 3AI. The open circles are data from Refer-
ence 4. The yield strength for the 0 as well as

Figure2. A transmission electron micrograph of the the 1.5 at.% boron alloy is actually the frac-
melt spun Ni 3AI ribbon containing 4.0at.% ture stress obtained from testing ribbons, S
boron, showing the M23B, boride precipitates, since fracture occurs in the elastic region.

2
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ther, the ibbon yield strength is seen to increase near- ure I reaches a value of 3.84 x 10- 3 at the full boron
ly linearly with a boron addition, approaching 750 MPa solubility limit of 1.5 at.%. The average lattice strain
at the boron concentration of 1.0 at.%. per boron atom fraction is thus Ae/A C = 0.26, which

is approximately 10 times that of the substitutional
4. DISCUSSION elements such as Ti and Mo,'D providing further evi-

The equilibrium boron solubility in Ni3AI has not dence of the interstitial nature of the boron.
been previously reported. However, according to a Ni- As shown in Figure 4, the melt-spun Ni3AI alloys
Al-B ternary phase diagram,'9" the boron solubility in exhibit high strength at room temperature. The yield
Ni3AI might be regarded as similar to that in Ni, i.e., strength determined for the pure Ni3AI ribbon
approximately 0.2 at.%. Recent reports (t10," suggest (=480 MPa) is significantly greater than that reported
that up to 0.5 at.% boron can remain in solution in for slowly cooled or heat-treated Ni3AI
copper-chilled, homogenized Ni3AI. In comparison, (<250 MPa). ( 2 ) Boron addition improves the ribbon
the present XRD, DTA and TEM results indicate a yield strength further. From Figure 4, the average
boron solubility that is extended by the rapid yield strength increment per atom fraction of boron
solidification technique of melt spinning to at least addition is on the order of Ao-IAC = 0.4G, where
1.5 at.%. Within this limit, complete solutioning of the Ni 3AI shear modulus G is 6.5 x 104 MPa. (13

) In
boron occurs in melt-spun Ni3AI without boride for- comparison, the strengthening potency, AOy/AC, of
mation (Figure 3). However, it should be noted that in substitutional solutes in Ni3AI ranges from only
Figure I the lattice parameter of the Ni3Ai ribbons =0.01G for Fe to =0.08G for Ta.( 2)

continues to increase for boron levels beyond 1.5 at.%. The improvement in the yield strength of the rap-
It thus appears that supersaturation of boron beyond idly solidified, pure Ni 3AI ribbon is to a large extent at-
the full solution limit can occur as a result of rapid tributed to the quenched-in residual stresses and the
solidification, although the boride formation cannot refined microstructures, viz., grains with a diameter of
be avoided completely. As seen in a high-boron ribbon 5-10/ m and subgrain cells of 0.2-0.5/im. (4 ,5 ) The
in Figure 2, the M23B6 boride is likely to form in re- boron additions within the solution limit, however,
gions near the ribbon noncontact surface where the result in no further microstructural refinements. (5)

cooling rate is reduced. This is corroborated by the Also, the antiphase domain structure, reported by
results of Figure 1 which show that lattice parameter lnoue et al. (6) to be an important strengthening fea-
and thus the amount of boron saturation is decreased ture in rapidly solidified L12-type alloys, has not been
at the noncontact surface of the high-boron ribbons. It observed in the present series of ribbons. As shown in - 6
should also be noted that in Figure 1 the relationship the TEM micrograph of Figure 3, only intragranular
between the lattice parameter and the boron concen- dislocations can be seen. Therefore, the large
tration exhibits a slight nonlinearity, even within the strengthening potency measured for boron in melt-
full solution limit of 1.5 at.%. This nonlinearity was spun Ni3AI is attributable to the solid solution harden-
not observed in the Ni Al solid solutions containing ing effect of boron. More specifically, Mott and Nabar-
substitutional solutes, (tt and it perhaps reflects a ten- ro (7 ) have concluded that the strength increase in a
dency for boron atoms to form B2 pairs in the solid solution can be accounted for by the lattice strain
configuration of split interstitials or to partition be- generated by the solute atoms. According to that
tween the interstitial and substitutional sites. model, the solute strengthening potency, AoJAC,

The lattice parameter measured for the melt-spun can be correlated to the lattice strain per atom fraction
ribbon of pure Ni 3AI is a, = 3.5676 ANG. A compar- of solute, Ae/A C, as in the following expression:
ison with the standard Ni 3AI lattice constant of 3.561 -- -e
ANG suggests that some lattice distortion is induced Au-.v/AC = 2G(AE/AC)
by residual thermal stress as a result of the rapid In Figure 5, the empirical correlation of A-I/AC vs.
solidification melt spinning technique. For the Ni3AI Ae/AC is shown for the interstitial boron (based on
containing boron, the rapid solidification process also the results of Figures 1 and 4) as well as the substitu-
entraps the boron in solution, giving rise to extra lat- tional elements of Fe, Cr, V, Ti and Si (which have
tice distortion. Since the Ni3AI lattice cell expands as a both Ao, 1 AC and Ae/AC reported in References I _
result of the boron addition (cf. Figure 1), boron and 2). As shown in this figure, there exists a linear
atoms seem to prefer the interstitial rather than the relationship between Ao-.JAC and Ae/AC, having a
substitutional positions. The lattice dilation strain, Ac, slope of 1.6G which agrees in general with the Mott
in a boron-doped Ni 3AI ribbon can be calculated from and Nabarro theory on the solid solution hardening
the lattice parameter, a, using the equation At = effect. More interestingly, boron stands out as a partic-
(a-ao)/a,. The calculated lattice strain shown in Fig- ularly potent strengthener in Ni 3AI, due to the large - -
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0.5 5. CONCLUSIONS
il/ In summary, we have obtained complete boron

Ni3 A S 8/ solubility of up to 1.5 at.% in single phase Ni 3AI by the
SOLUT10NS ;rapid solidification melt-spinning process. Beyond the

/ limit of full solution, additional boron can still be en- -0.4 /
/ trapped in the Ni 3AI matrix, but not without the for-

/ mation of M23B6 boride. Within the full solution limit,
/ the boron atoms tend to occupy the interstitial sites

/ and produce a large lattice dilation (Ae = 0.0026 per0.3 /"-"0.3 / atom percent of boron). As a result, boron becomes

/ an effective strengthener in Ni 3AI, having a .
1/ strengthening potency ofAo-.,/AC = 0.4G.
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