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ABSTRACT

Ingots of nickel-rich NiAl were prepared by induction melting under argon,
starting with primary materials of technical grade. Sections cut from these
ingots have been hot~rolled to sheet at 1100° to 1200°C by enclosing them in
heavy-walled stainless steel containers. Rolled sheet sufficiently free of
defects to enable preparation of mechanical test specimens is obtained. Cold-
rolling of the hot-rolled sheet can be accomplished at 850°C but requires a
heavy reduction (@bout 30%4) in each pass to avoid fracture.

Hot-rolled NiAl undergoes a transition to brittle behavior at about 600°C.
Below this temperature the mechanical properties are characterized by limited
ductility, a sensitivity to surface notches, and by a flow stress that is rela-
tively invariant in respect to temperature. Above 600°C, ductility increases
markedly, sensitivity to surface conditions diminishes, and the flow stress
becomes strongly temperature dependent. Single crystals do not exhibit a
transition in mechanical behavior and are much weaker and more ductile than
polycrystalline material at temperatures below 800°C. Single-crystal rods
have been bent at room temperature to a maximum fiber strain of 25% without
fracture. Polycrystalline material is of more limited ductility, the maximum
fiber strain for fracture at room temperature being a few per cent.

Some few observations on the ductile-brittle transition and other low-
temperature properties of the compound AgMg are also included.

This technical report has been reviewed and ig approved.

W.G. Ramke

Chief, Ceramics and Graphite Branch
Metals and Ceramics Division

Alr Force Materials Laboratory
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I. INTRODUCTION

Among the intermetallic materials are several compounds that are of con-
siderable potential for high-temperature structural applications. The use of
intermetallics as structural materials, however, as well as their mechanical
fabrication for experimental and other purposes has been hindered by the gen-
eral absence of knowledge or understanding of their mechanical behavior. This
contract ig directed toward filling this gap with particular attention to what is
probably the most serious mechanical shortcoming of intermetallics: their
lack of ductility at ordinary temperatures.

The program seeks the establishment of correlations of structural, com-
positional, and physical parameters of intermetallic compounds with their
mechanical properties. It is hoped that such correlations will lead to anelu-
cidation of the factors affecting the flow process in such materials, and par-
ticularly to a better understanding of the source of brittleness in polycrystalline
intermetallics.

From December 19568 to December 1860, techniques were studied for pro-
ducing suitable test specimens of both AgMg and NiAl, methods for testing were
devised, and the tensile behavior of the CsCl structure compound AgMg was
extensively documented in terms of strain, strain rate, tem%)erature, grain
size, composition, and metallurgical processing treatment. 1,2)

From December 1960 to December 1961, a study was made of the grain
boundary hardening that was found to occur in many intermetallic compounds
having a stoichiometric excess of active metal component. (3) This grain bound-
ary hardening was shown to be associated both with the anomalously high ductile-
brittle transition temperatures common in these materials and with the "pest®
phenomenon occurring in certain intermetallics.

From December 1961 to December 1962, the effects of metallurgical
variables on the ductile-brittle transition temperature of AgMg were examined
using a unique testing device. Studies of compositional effects on flow stress
of AgMg and of oxygen~induced grain boundary hardening in that compound
were algo extended. All of these studies are reported in the last summary
report. 4

As indicated above, previous studies under this contract have been concerned
with the compound Bi; Tl and the CsCl structure compounds NiAl and AgMg.
Processing studies were carried out on g1l three materials, and although fea-
sibility of a hot extrusion technique was established for all of these compounds,
it was not possible to obtain consistently good product from the high-melting
NiAl by this method. For this reason most of the tensile property measurements

Manuscript released by the authors, January 1964, for publication as a WADD
Technical Report.



made during the course of the investigation were on extruded AgMg. Both to
establish the generality of these observations and to obtain results on a mate-
rial of possible application for structural purposes, it was decided to put re-
newed emphasis upon the mechanical fabrication of NiAl in order to prepare
material suitable for mechanical testing.

A major deterrent to the use of, or experimentation with, intermetallic
phases 1s the limited ductility usually found at temperatures below the hot-
working range. However, the ductility of AgMg was notably improved by hot
extrusion and many of the refractory metals--for example, tungsten--also
show improved ductility when mechanical working is continued from a hot-
working range down into the cold-working range. Therefore, the consequences
of such hot-cold-work were examined during the current period on NiAl. Hot-
rolling, rather than extrusion, was chosen as the processing technique because
of the possibility of better process control. Since the earlier work with AgMg
showed that ductility is greater with nonstoichiometric compesitions having an
excess of the less reactive component, initial attention has been given to nickel-
rich NiAl compositions. Finally, some consideration has been given to ductility
improvement via the preparation of material of exceptional purity since the
ductility of the more reactive metals is frequently related to purity, particularly
in those instances where a wide range of solubility exists for interstitial impurities.

In addition to the above studies on NiAl during the current period, some few
additional experiments have been carried out on AgMg: the effects of grain
boundary hardening on transition temperatures and the effects of ternary addi-
tions on low-temperature tensile behavior. The work that hag been undertaken
in both of these areas will now be discussed in detail.

II. PROCESS STUDIES ON NiAl

A, Melting Procedure

Material of technical grade was prepared by induction melting in the form
of 2 25-1b ingot of NiAl (heat 702) having a charge composition: Ni 52, Al 48"
A/o (atom $). The charge consisted of carbonyl nickel and 99.99% aluminum.
The crucible was a high-purity MgO (Lava 50.395). The melting procedure
consisted of the following steps: (1) the nickel was charged and melted under
an atmosphere of argon, (2) the furnace chamber was evacuated to a pressure
of 50 microns and the melt solidified to aid in removal of gases, (3) argon was
readmitted to a pressure of 1 atm and the charge remelted, (4) the aluminum
was charged and melted, (5) the melt was poured into a graphite mold 3 3/8
inches in diameter by 9 inches long with a refractory hot top. Chemical analy-
sis of the ingot yielded:

Ni--53 A/o

Al--47 A/o
0z--0.0018 w/o (weight %)
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Additionally, several small ingots (1 inch in diameter by 2 inches long)
were prepared in the following way. Vacuum remelted, carbonyl nickel and
99.9994 aluminum in the proportion: Ni 52, Al 48 A/o were charged into an
alumina crucible and melted under 1 atm of argon by high-frecuency induction
heating. The crucible was then lowered with reference to the coil so that the
melt solidified directionally, upward from the bottom of the crueible. All of
the ingots consisted of columnar grains extending for the length of the ingot;
however, one ingot consisted of only a few large grains. Small rods of cylin-
drical shape, nominzally 0. 18 inch in diameter by 2 inches long, were cut from
this ingot by electric discharge machining using a tantalum tube as an elec-
trode. These rods frequently consisted of a single crystal and were subse~
quently employed in bend tests and in cold-rolling experiments to evaluate
the properties of single crystals. Prior to such usethe rods were hand polished
with silicon carbide paper to remove ripples formed in the machining process,
and were then electropolished. No other surface defects were observed result-
ing from electric discharge machining. Chemical analysis of this ingot yielded
the following:

Ni--52% (A/0)

Al--48% (A/0)
O --0.0009% (w/0)

B. Hot-Eolling Procedure

In preparing to hot-roll NiAl, account was taken of two properties of the
compound that would affect rollability: (1) the hardening and embrittlement of
grain boundaries as a result of oxidation at high temperature, and (2) greatly
reduced ductility at lower, hot-working temperatures. Accordingly, clad
billets were prepared for hot-rolling which consisted of a section cut fromthe
NiAl ingot enclosed in a heavy-walled steel container. The container served
to isolate the NiAl billet from contact with both the ambient atmosphere and
the cold rolls of the miil. In addition, the enclosure restricis lateral move-
ment of the NiAl billet during rolling and thereby reduced the opportunity for
edge cracking. Initially, the containers were constructed of mild steel. More
recently, type 347 stainless has been used for the two cover plates since the
flow stress of stainless in the temperature range near 1200°C is a better match
for NiAl than mild steel. Figure 1 shows the form of enclosure used. Table I
gives a roll pass schedule that has been found to produce hot-rolled NiAl sheet
that is generally sound over most of its length.

Removal of the rolled-on stainless cladding may be accomplished by a ma-
chining operation such as surface grinding, However, it has been observed
that grinding may produce z network of shallow microcracks in the NiAl sur-
face and allowance must be made for such a contingency. Electropolishing is,
therefore, preferable for removal of the last few mils of the stainless clad-
ding. Another alternative to which future attention should be given is the avoid-
ance of welding between the enclosure and the NiAl insert through the use of a
suitable refractory interface.
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Figure 1. Enclosure for Hot-Rolling NiAl.

TABLE I
HOT-ROLLING SCHEDULE FOR NiAl IN STAINLESS TYPE 347 CONTAINER
[Birdsboro, 2-high, hot reversing mill (16-inch-diameter rolls)]

Roll Sheet Reduction Roll Rolling

Pass Opening Thickness in Thickness Speed Temp
No (inch) (inch) #) {(ft/min) (°C)
1 1.590 1.62 19 41 1200
2 1.270 1.30 20 41 1200
3 1.010 1.04 20 41 1175
4 0.750 0.78 25 87 1150
5 . 560 .80 23 87 1125
8 .420 . 46 23 87 1125
7 .310 .30 24 ' 87 1100
8 . 225 .27 23 136 1075
9 . 180 .22 19 136 1050
10 .135 .18 18 136 1050
11 .095 .15 17 136 10560
12 .065 .12 20 136 1050

Sheet was returned to furnace and reheated following each pass
except the last. Furnace atmosphere was nitrogen.

TP SR T

e LRt L R L



Figure 2(a) is a micrograph that shows the usual structure observed after
hot-rolling at 1200°C according to the schedule of Table 1. Grains are only
slightly elongated in the rolling direction and are generally free of the banding
that is observed following cold deformation. Grain boundaries, however, fre-
quently appear to be serrated on a microscopic scale as shown in Fig. 2(b).
While this feature of the hot-rolled structure is not understood, it is believed
that the serrations are related to the deformation process rather than to some

form of boundary pinning.
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(a) Hot-Rolled at 1200°C.
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(b) Hot-Rolled at 1200°C. 500X.

Figure 2. Representative Microstructures of Hot-Rolled Poly-
crystalline NiAl.



C. Cold-ERolling Procedure

Initial attempts to cold-roll near room temperature the clad sheet resulting
from the hot-rolling experiments were uniformly unsuccessful. Plastic defor-
mation within individual grains was evident from the microstructure, but frac-
ture occurred along grain boundaries, along the interface between deformation
bands and along cleavage planes, resulting in fragmentation of the specimen.
This result will be illustrated later in a comparison with cther structures
resulting from cold-rolling at higher temperatures.

To avoid the problem of fracture along grain boundaries, the effort was
then shifted to the single-crystal rod specimens whose preparation was pre-
viously described. One of these rods was rolled through a sequence of five
passes, heating the rod to 500°C before each pass. The individual reductions
in thickness were uniformly about 5% and the total reduction of thickness was
2564 with a 23% increase in length and an imperceptible change in width. During
the fifth pass the entering end of the bar was split down the center for a short
distance and rolling was discontinued. Annealing 1 hour at 800°C did not result
in recrystallization nor did a second anneal of 1 hour at 1000°C. This experiment
demonstrates that individual crystals of NiAl have sufficient ductility to permit
rolling at temperatures not far removed from normal ambient values.

A second rod was heated to 820°C and rolled in four passes to a strip 0.068
by 0.275 inch for a total reduction of 714. The bar was reheated before each
pass. On this occasion the loss of temperature to the rolls could be estimated
from visual observation, and it is estimated that the actual rolling temperature
was about 500°C. Several cracks developed on the edge of the specimen, but
the main body of the plece wag sound. This specimen underwent recrystallization
upon heating to 1000°C.

A third specimen was enclosed in a fitted stainless steel tube having a one-
eighth-inch wall. It was heated to 820°C and rolled in a single pass at 10 ft/min
to a strip 0.075 inch thick by 0. 350 inch wide for a reduction of thickness of 57%.
The rolled specimen contained no surface cracks although deformation markings
were evident. Cne-half of this piece was then enclosed in an envelope of 0.032-
inch~thick stainless steel and rolled in a second pass at 820°C to 0.036-inch
thickness, a pass reduction of 52%, and a total reduction of 80%. There was,
again, nec evidence of fracture.

The microstructure of the piece receiving an 80% reduction is seen in Fig.
3(a). The piece having only the single pass had a microstructure very little
different from that of Fig. 3(a) and the hardness was only slightly lower. Anneal-
ing 1 hour at 1000°C resulted in complete recrystallization of both specimens
as shown in Figs. 3(b) and (d). The grain size is smaller for the piece having
the greater reduction. Amnnealing 1 hour at 800°C resulted in the recrystallization
of some regions and the retention of the cold-worked structure in other areas of
the piece receiving the 574 reduction [Fig. 3(c)]. Thus, 800°C appears to
define the lower end of the temperature range in which recrystallization of



(2) Reduced 80% in Two Passes at 820°C (Hardness: 328-
346 DPH). 150X.

(b) Reduced 80% at 820°C, Annealed 1 hour, 1000°C
(Hardness: 217-232 DPH). 160X.

Figure 3. Representative Microstructures of Rolled and Annealed
NiAl Single~-Crystals.
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(c) Reduced 574 in One Pass at 820°C, Annealed 1 Hour,
800°C (Hardness: 241-249 DPH--Unrecrystallized
Areas), (Hardness: 232~241 DPH--Recrystallized
Areas). 150X

(d) Reduced 57% at 820°C, Annealed 1 Hour, 1000°C
(Hardness: 241 DPH). 150X,

Figure 3. (Continued)
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severely deformed NiAl is to be expected. Recovery, as indicated by a loss
of hardness without recrystallization, appears to be complete in 1 hour at 800°C.

The mechanical properties of hot-rolled NiAl sheet, which are described
later in this report, make it evident that cold-working of polycrystalline NiAl
must be undertaken at a temperature above 800°C. Below 800°C the ductility
is insufficient for success in rolling io be probable. Moreover, the rapid rise
in the flow stress with temperature below 800°C results in increased loading
of the mill. The metallographic results for cold-rolled and annealed single
crystals, already reported, show that recrystallization of severely deformed
NiAl occurs at a temperature as low as 800°C. Thus cold deformation must
be undertaken at a temperature at which recrystallization will ultimately take
place as deformation proceeds. The amount of cold-working that is possible
is limited, therefore, to that which causes recrystallization unless the roll-
ing temperature is lowered as deformation proceeds. This is a possibility
that has not yet been explored in this work.

When stainless-clad, hot-rolled NiAl sheet was cold-rolled in the tempera-
- ture range 850° to 900°C, two forms of mechanical failure were encountered.
One of these consisted of the rupture of the NiAl portion of the sheet along
surfaces essentially normal to the rolling direction. The second consisted of
a fracture of the NiAl along a plane parallel to the plane of rolling, and posli-
tioned, usually, at mid-thickness. This occurred after the rolled piece had
been cooled to near room temperature, and frequently caused splitting of the
piece into two halves. These forms of fracture are referred to as "transverse
rupture® and "delamination, * respectively.

Transverse rupture was encountered during the initial attempts to cold-
roll, using small reductions in each mill pass. In one trial at 850°C, pass
reductions varied between 5% and 15% for a total of 44% in seven passes. In
another trial at 900°C, reductions were held to about 5% per pass for a total
of 284 in eight passes. Reheating was employed with each pass to maintain
control of temperature. Rolling speed was 120 ft/min and the stainless clad-
ding was, initially, 0.06 inch thick thereby insulating the NiAl element from
heat loss to the roll. The variability of the pass reductions when rolling with
reheating to 850°C suggests that recrystallization occurred periodically dur-
ing reheating, but not between every pass. When rolling with reheating to
900°C, softening seemed to occur uniformly during each reheat period, for
the pass reductions were uniform.

In both of these trials the NiAl element was ruptured at intervals of about
1/4 inch along the length. The cladding was also separated from the NiAl
sheet over a part of the length making direct examination of the surface of the
NiAl possible. Examination of this surface at 25 diameters magnification
showed that local separation, or fracture, along grain boundaries was very
common, occurring particularly frequently at the junction of three boundary
surfaces. Rupture of the sheet appeared to have occurred by the linking up
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of isolated grain boundary fissures with some elements of cleavage and shear
fracture added. In subsequent rolling experiments it was found that rupture of

the NiAl portion of the sheet becomes less frequent with heavier pass reductions
and does not occur with reductions of 30% or more per pass. The benefit of the
large pass reduction in this instance appears to be from the increased roll pressure
that ensues. Deformation at the rate that is encountered during rolling at 120 ft/
min evidently leads to rupture at small elongations in the absence of 2 large trans-
verse compression. Whether the requirement of a high reduction in the first pass
applies to subsequent passes, or whether, once a worked structure is attained,
more moderate reductions are possible, has not been determined. With the nec-
essity of lowering the rolling temperature as deformation proceeds, to avoid
recrystallization, it would become increasingly difficult to maintain a large re-
duction in passes subsequent to the first.

Delamination of stainless-clad NiAl sheet was first observed in hot-rolled
sheet where the thickness was reduced by rolling to 0.10 inch. It was also encoun-
tered during cold~rolling of this sheet. The cause of delamination was shown to
be the difference in thermal contraction of the stainless cladding and NiAl during
cooling from the rolling temperature. When delamination occurred, the two sheets
of half~-thickness were curved so as to place the stainless layer on the inside sur-
face, Heating to rolling temperature caused these strips to straighten and become
flat. Removal from the furnace and cooling in still air, while positioned on one
édge to permit equal cooling of the two large surfaces, resulted in resumption of
the curved shape. Holding the rolled piece at an intermediate temperature during
cooling from rolling reduces the tendency to delaminate. It is expected that the
use of a ferritic steel as the cladding would reduce the tendency to delaminate
through a better match of expansion coefficients. More interestingly, it has been !
found that with cold deformations of 404 or more the tendency to delaminate becomes
very much less; whether this is due to the reduced thickness of the cladding or to
improved fracture strength on the part of the NiAl has not been determined.

Figure 4(b) shows the microstructure of cold-rolled. polycrystalline NiAl,
reduced 56% in thickness in a single pass at 800°C. The contrast between this
structure and that of Fig. 4(a) where rolling was done at 200°C with light passes
is entirely evident. Figure 4{c) shows the microstructure of another piece cold
reduced in two passes of 374 and 30%, respectively, The piece was heated to
850°C before each pass, and it is evident that recrystallization has occurred in
some regions during the intermediate heating. No mechanical property measure-
ments have been made as yet on cold-rolled NiAl, although it appears that this
should now be possible.

&
%.

IIl. MECHANICAL PROPERTIES STUDIES ON NiAl

Mechanical property measurements have consisted of simple, three-point
bend tests, and tensile tests. Bend tests have utilized specimens of two shapes:
bars of rectangular cross section that were cut from hot-rolled sheet with an
abrasive saw, and cylindrical bars that were prepared by "spark-cutting" from

10



(b) Reduced 56% in One Pass at 800°C. 500X.

Figure 4. Representative Microstructures of Cold-Rolled Poly-
crystalline NiAL.
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(¢) Reduced 56% in Two Passes at 850°C. 150X.

Figure 4. (Continued)

one small ingot. The rectangular specimens were nominally 1/4 inch wide
and 0.06 inch thick, the thickness dimension being that of the hot-rolled sheet
after removal of the clad layer by surface grinding. The cylindrical speci~
mens were nominally 0. 18 inch in diameter. All bend tests were made on a

1 1/2-inch span with as-ground specimen surfaces unless stated otherwise.
The tensile specimen is shown in Fig. 5 and utilizes a roll clad sheet to facil-
itate loading of the specimen at temperatures where the NiAl element is of
limited ductility. Allmechanical tests were performed in an Instron tester.

A. Bend Tests

Bend tests have been used widely in mechanical investigations of brittle
materials. The specimens are simple to prepare and loading presents a
minimum of difficulty. Results of bend tests may be used to locate the tran-
sition temperature between brittle and ductile behavior and to determine the
influence of testing conditions and of processing variables upon this tempera-
ture. Owing to the complexity of the stress distribution in bending once the
elastic range is exceeded, one can determine stresses rigorously only for
the elastic range. However, for small excursions into the plastic range the
maximum fiber stress, determined with the assumption of elastic deflection,
provides an approximation to the yield, or flow, stress. In this report we
are using the term "proof stress in bending" for the maximum fiber stress
calculated in this way for a small plastic deflection of the specimen, usually

Approved for PuRdic Release
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Figure 5. Tensile Test Specimen.

0.0035 inch. This is a small, but identifiable, plastic strain and the stress
so determined is in good agreement with the 0. 2% proof stress obtained from
tensile tests at equivalent strain rates. Bend test data for rectangular speci-
mens that are relatively long and thin in shape were also used to calculate
values of the elastic modulus. For these specimens the elastic deflections
are large at small values of bending loads, and machine deflection (which
must be subtracted from the observed total deflection) is a small correction.
The elastic modull so determined are believed to be reliable.

Bend data for the rectangular test specimens are summarized in Tables 2
and 3. The data of Table 2 refer to specimens in the hot-rolled condition and
those of Table 3 to specimens that recelved a high-temperature heat treat-
ment. This heat treatment was patterned after that used by Seybolt and West-
brook{®) to reduce grain boundary hardening effects in NiAl, and consisted of
16 hours at atemperature of 1400° to 1500° Cinhigh-purity hydrogen (dewpoint
below -80°F). The treatment resulted in a marked grain coarsening, individ-
ual grains becoming one to two mm in diameter and extending through the
thickness of the test specimens. The anneal also resulted in formation of a
scale on the bar surfaces, presumably aluminum oxide formed by reaction
with water vapor or uncombined oxygen in the hydrogen. This scale consisted
of a friable outer layer that was readily brushed off and an adherent subscale.
The range of annealing temperatures used came about as a result of changes
in practice made in seeking to eliminate the oxidizing nature of the hydrogen
atmosphere: substitution of an iron for a molybdenum retort for better seal-
ing, use of thoria rather than alumina plates to support the specimens, and
the use of a zirconium hydride getter within the retort. With none of these
modifications was a nonoxidizing anneal obtained.

All of these bend data, including both the hot-rolled and the annealed condi-

tions, can be described with reference to two regimes of temperature. A
lower temperature regime extending from room to 500°C is characterized by

13
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Test

No,

CbH457

CoH462

Cb458

Cb458

Co461

C5460

Ch737
(electro-
polished)

C5962
(electro-
polished)

A2626
(electro-
polished)

TABLE 2

{One-inch test span)

Deflection Plastic
Temp Rate Deflection
(°C) (in/min) (inch)
800 ¢.002 Small
800 .02 >0.01
800 .02 ~ .1
800 .05 ~ .12
800 .05 ~ .3
800 .06 .0035
800 .0b .35
700 .0b .0035
700 .05 L0125
700 .002 .0035
700 .002 022
T00 .02 L0256
700 02 . 34
650 .002 ,0035
650 .002 .029
650 .02 .034
6800 . 002 .0035
600 .002 . 007
660 002 .00356
650 .002 L0185
650 .02 .0186
650 .02 L0286
850 .05 .032
650 L0b .0b4
500 .002 .0036
400 .002 .Q0b
300 . 002 .0075
200 002 .0095
200 .002 .0035
R.T. .002 .0035
R.T. .002 L0155

SUMMARY OF BEND TEST DATA
ROLLED NiAl, HOT-ROLLED CCNDITICN
(Heat No. 702--Atomic Composition: Ni 53, Al 47)

Load
{ib)

3
13

15.
18.

22

Remarks

-3 -3

-3 R

o -]

DD i

=

Ductile
Ductile
Ductile
Ductile
Ductile

Ductile
Ductile

Ductile
Fractured

Ductile
Ductile
Ductile
Puctile

Ductile
Ductile
Fractured

Ductile
Fractured

Ductile
Ductile
Ductile
Ductile
Ductile
Practured

Ductile
Ductile
Ductile
Fractured

Ductile
Ductile
Fractured

NOTE: BSpecimens were tested in the surface ground condition excepting tests CbH737,
CB982, and A2626, which were electropolished. Specimen CH737 was polished only
superficially while specimens C5H982 and A26268 were polished until all microcracks

were removed.
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Test
Wo.

Cb470

CoHa72

Ca471

C8473

C5474

5475

coe72
Cog73
Ch674

SUMMARY OF BEND TEST DATA
ROLLED NiAl, ANNEALED CONDITION

TABLE 3

(Heat No. 702--Atomic Composition: Ni 53, Al 47)

Temp
)
700
700
700

700
700

650
680
650
650
650

800
600
800

600
600
600
600
600

500
500
500
500

950
550
550
550
080
530

600
850

650
650
620
650
600
800
500
650
o00
500

Deflection Plastic Flow
Rate Deflection TLoad Stress
(in/min) ~{inch) (1) (psi) Remarks
0.002 0.000 8 20, 000 Elastic
.02 .00356 17 42, 500 Ductile
.02 .011 18 - Ductile
.05 L0145 19 - Ductile
.05 . 250 26.5 -- Ductile
.002 . 0000 19.5 42, 800 Elastic
.02 L0035 23 50, 500 Ductile
.02 .047 27.5 - Ductile
.05 .05 29.5 -= Ductile
.05 .275 35 - Ductile
002 .0035 25 54, 500 Ductile
.00b .0065 26.5 57, 500 Ductile
.02 . 0085 28 61, 000 Fractured
.002 .0035 27.5 88, 800 Ductile
.02 L0045 29.5 73,700 Ductile
.02 .0285 35.5 m— Ductile
.0D .03 38.5 - Ductile
05 . 205 43,0 -~ Ductile
.002 L0035 40. 2 78, 000 Ductile
. 002 L0086 41,5 80, 500 Ductile
.02 .0085 45.4 88, 000 Ductile
.02 .024 48.0 -— Fractured
.002 .0035 29.6 71, 600 Ductile
.002 . 0056 31 75, 000 Ductile
.02 .009 34.5 83, 800 Ductile
.02 .042 40.5 -— Ductile
.06 .0455 43.5 -- Ductile
.05 .28 49.0 - Ductile
.02 .0035 30 61, 000 Fractured
.02 .001 27.5 b4, 000 Fractured
L0032 L0035 24.7 51, 000 Ductile
.002 .014 25 51, 500 Ductile
.02 L0195 32.4 - Ductile
.02 .0285 32 -- Ductile
.02 .044 42.5 - Ductile
.02 . 054 42 -- Ductile
.02 . 069 49 -- Ductile
.02 .072 49 - Ductile
.02 .084 52 - Ductile
.02 .087 54 - Fractured
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Table 3 (Continued)

Test
No.

Che7D

ChH877

C5700
{electro-
polished)

5794
{electro-
polished)

Cbh785
(electro~
polished)

CBo63
(electro~
polished)

Chb64
(electro~
polished)

CE968
(electro-
polished)

NOTE: Speci
carbide paper until the adherent scal

. Deflection Plastic Flow
Temp Rate Deflection Load Stress
(°C) {in/min} (inch) (Ib) (psi) Remarks
650 0,002 0.003b 28.5 54, b00 Ductile
650 , 002 . 007 28 57, 800 Ductile
800 .002 .022 38.8 - Ductile
550 .002 .039 47.5 - Ductile
500 .002 .0b1 5l1.b - Fractured
650 . 002 L0085 26 47, 500 Ductile
650 .002 L0125 a7 49, 400 Ductile
650 .02 L0168 32 58, b00 Ductile
650 .02 L Q27 32.5 - Ductile
600 .02 .042 40.2 - Ductlle
550 .02 .0b8 48.8 -- Ductile
55h0 .02 .088 49,79 -- Fractured
660 .20 .0035 30.5 87, 000 Ductile
650 . 20 ey 42 -- Ductile
600 .20 .40 48.8 -- Fractured
500 .002 .0Ca 18,56 65, 300 Ductile
450 . 002 .003 19.8 70, 000 Ductile
400 .002 .004 20.5 72, 400 Ductile
350 .Q032 .0055 21.5 76, 000 Ductile
300 . 002 .008 23.2 82, 000 Ductile
280 .002 .008 24.5 86, 100 Ductile
200 . 002 .011 25.7 20, 500 Ductile
R.T. .002 .013 31.5 89, 300 Ductile
R.T .02 .013 32.5 102, 500 Dctile
R.T .02 .018 34.1 107, 500 Fractured
R.T .002 .0035 27 85, 000 Ductile
R.T .002 L0113 30.2 95, 200 Ductile
R.T. .02 L0035 23.3 118, 000 Ductile
R.T. 02 .0b2 29.5 —— Fractured
R.T .2 .004 . 26.56 113,000 Fractured
800 .002 .0035 4.8 24, 200 Ductile
800 .02 . 007 6.4 27, 800 Ductile
800 .2 .Q105 9.0 4H, 500 Ductile

mens of this table indicated as electropolished were polished with silicon
e resulting from annealing was removed. They

were then electropolished lightly, removing 0.0005 to 0.001 inch in total, from

each surface.
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limited ductility, a sensitivity to the condition of the surface, and by a relatively
high flow stress that exhibits little variation with temperature. The flow stress
is strain sensitive, however, and load-deflection curves obtained at room tem-
perature exhibit significant work-hardening effects. The high-temperature re-
gime begins at about 500°C and continues to 800°C, which is the upper limit of
temperature examined. This region is characterized by much greater ductility,
reduced sensitivity to notches or other surface defects, and by a flow stress
having a marked temperature dependence. The existence of two regions of
differing temperature dependence is clearly seen in Fig, 6. In this figure,

proof stress data points are shown only for bars in which a minimum amount

of plastic deflection (0.0035 inch) was obtained. For tests in the lower temper-
ature range, it was usually necessary to electropolish bars as described later

in order to obtain such plastic behavior. It will be cbserved that the hot-rolled
and annealed conditions are of comparable strength in the low-temperature
region. Above 500°C, the strength of the hot-rolled material deteriorates

more rapidly than that of the annealed.

Unpolished specimens of the material that had received the high~temperature
(1400°) heat treatment when bent at temperatures below 700°C required strain-
ing at 2 low rate (0.002 in/min) until a small amount of plastic strain had
been imposed. The rate of bending could then be increased and ductile behavior
would continue. If the initial loading were at the higher rate, fracture occurred
at the stress that caused the initial plastic deformation. A second characteristic
feature of annealed specimens is that fractures were intergranular--both the
initiation of fracture and its propagation were intergranular. However, when
amnealed test specimens were electropolished lightly, the fracture became
transcrystalline both in origin and propagation, and the necessity for a low
initial strain rate was eliminated (see tests C5700, C5983, and C5964). Electro-
polished bars exhibit a measurable, although limited, ductility at room tempera-
ture, and slip trace markings are evident on the polished surfaces of bent bars
after room-temperature deformation.

The effects of electropolishing in this case appear to stem from the removal
of a brittle layer at the surface. Whether this layer consists solely of the adher-
ent oxide film, or includes some thickness of unoxidized metal that is enriched
in oxygen, has not been determined. The electropolishing procedure consisted
of mechanical polishing with fine silicon carbide paper until the scale was re-
moved, following which the surface was lightly electropolished. Usually no
more than 0.0005 inch was removed from the surface during polishing, but
this is far too much to enable a distinction to be made between the oxlide film
and an oxygen-rich layer below the scale. Moreover, the notch effect of the
oxidized surface layer is apparently marked where grain boundary surfaces
intersect the external surface, since grain boundary fracture was the predom-
inant mode. In view of the relative rates of diffusion through the lattice and
along boundary surfaces, it is to be expected that oxidation and oxygen penetra-
tion would be greater along exposed boundary surfaces. The notches would

17



T A

ARt e e R e L RN A

it e B

PROOF STRESS IN BENDING Ni Al {A/o Ni53, Al 47)

100810~ (0.002 IN. /MIN. DEFECTION)

80—

60—

o HOT ROLLED CONDITION
& ANNEALED

PROOF STRESS {ps.il)

20 -

0 | | 1 1 1 1 | i
0 00 200 300 400 500 600 T00 800

TEMPERATURE, °C

Figure 6. Proof Stress in Bending, Polycrystalline NiAl.

thus be deeper and more effective at the boundary. However, for the heat
treatment used, the penetration was evidently limited to something less than

0. 0005 inch.

Material in the hot-rolled condition exhibited another type of surface sen-
sitivity. Bars that were subjected to bending in the ground condition were
very ductile at 800°C, were ductile only at low strain rates at 700°C, and
exhibited only limited ductility at 800°C. When the surfaces of these bend
specimens were examined at 100 diameters magnification after a very light
electropolish, numerous short cracks of random orientation were in evidence.
By a sequence of electropolishing and inspection steps it was found that these
cracks were entirely eliminated with the removal of 0.005 to 0.010 inch in
thickness from the surface. The superficial nature of these cracks suggests
that they are derived from the grinding operation. Bend specimens that were
electropolished on the tension surface and edges so as to remove microcracks
were found to exhibit limited ductility at room temperature, and slip trace
markings were observed on the surface in the region of maximum bending
moment. Fracture of all bend specimens tested in the hot~rolled condition,
whether electropolished or not, were transcrystalline, the fracture being
propagated along well-defined cleavage planes. '

The results of electropolishing are less dramatic in the case of the hot-
rolled condition in that no change in fracture mode is observed. However,
plastic strain in tension is possible at room temperature for material in both
the hot-rolled and annealed conditions in the absence of cracks or notches.
NiAl is highly notch sensitive both in respect to fracture along grain boundary
surfaces, as was seen for annealed bend specimens, and in respect to fracture
by transcrystalline cleavage as is evident for bend specimens in the hot-rolled

condition.
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B. Calculation of the Elastic Modulus

Values of the elastic modulus were calculated {rom load-deflection plots for
several of the more suitable bend tests. The best of these values is that derived
from test C5795, which was loaded and unloaded through several cycles within
the elastic range until a reproducible behavior was obtained. The deflection of
the test machine was also measured carefully for the conditions of this test and
subtracted from the total deflection, which was observed. Under the conditions
of test, the machine deflection was smaller than the specimen deflection by a
factor of about 50, so obtzining the specimen deflection as a difference between
these two quantities does not involve a high degree of inherent error. For this
test the modulus at room temperature had the value 24.5 x 10° psi, as an average
of the values obtained during loading and unloading. OCther values of the modulus
were usually lower than this by 1 to 2 x 10% psi; however, in these cases the
specimen was not cycled and local plastic deformation may have been included
in the deflection measured. No significant change in the elastic modulus was
observed between room temperature and 500°C. However, at 800°C a single
determination under good conditions yielded an average value of 18 x 10% psi.
These data may be compared with the room-temperature moduli of nickel,

30 x 10%, and of aluminum, 9.9 x 10° psi.

C. BSingle-Crystal Bend Results

Another group of bend specimens congisted of single-crystal bars of cylin-
drical shape, nominally 0.18 inch in diameter by 2 inches long, obtained from
the directionally frozen ingot previously described. The results of bend tests
with these specimens are summarized in Table 4 and shown graphically in
Fig. 7, which is another plot of proof stress (maximum fiber stress for less
than 0.003-inch plastic deflection) vs temperature. Comparing these data with
those for polycrystalline samples in the hot-rolled and annealed conditions, one
notes the much lower level of stress necessary for plastic strain, and the absence
of a temperature region where the stress has a strong temperature dependence.
Although the data are extended to 1000°C in the single test C5987, there is no
apparent discontinuity in the proof stress-temperature characteristic. Whether
this difference is correctly ascribed to the shift in composition toward the stoi-
chiometric proportions, or, as appears to be more probable, to the absence of
grain boundaries and the constraint of neighboring grains of dissimilar orienta-
tion, remains to be determined. Although only qualitative measurements can
be drawn upon, it is also clear that the ductility of these single-crystal rods
between room temperature and 600°C is very much greater than that of the hot-
rolled or hot-rolled and annealed polycrystalline materials.

D. Tensile Tests

A small number of tensile specimens were prepared according to Fig. 5 using
an Inconel-clad sheet of hot-rolled NiAl. Removal of the cladding from the test
section of the specimen is necessarily a difficult.operation, and to avoid an unduly
high loss by breakage it was found to be necessary to leave several mils of the
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Test

No.

5701

5702

A2625

AZ828

CHa67

Deflection Plastic
Temp Rate Deflection
{°C) (in/min} {inch)
840 0.02 0.002
640 .02 016
640 .002 Q17
610 .002 .022
530 002 .035
500 . 002 045
450 .00z .085
4Q0 . 002 .070
350 .0C2 .085
300 .002 . 095
230 .002 .110
230 .02 .112
230 .02 . 132
200 .02 . 140
200 .02 . 1560
110 .02 . 170
110 02 . 180
60 .02 . 210
235 .0%2 .001
236 .02 .002
235 .02 .021
R.T. . 002 .030
R.T .02 .32
R.T .02 .033
R.T .02 . 054
(Tested over a 1-~inch span)
345 .002 .001
250 .002 . 003
R.T .002 . 004
R.T .02 . 004
R.T .08 . 009
(Tested over a 1-inch span)

R.T. .02 .001

R.T, .02 L0015

(Tested over a b/8-inch span)

R.T , 002 . 0004

300 .002 .0008

475 .002 .0014

700 .002 .0021

800 .002 .0026

900 .002 .0031

1000 .Q02 .Q038

TABLE 4

SUMMARY OF BEND TEST DATA

SINGLE-CRYSTAL RODS, 0.18-INCH DIAMETER
(Composition: A/c Ni 52, Al 48)

Proof
Load Stress
{1b) (psi) Eemarks.
13.5 g, bao Ductile
17 12,000 Ductile
17 12, 000 Duetile
18.5 11, 800 Ductile
17.5 -- Ductile
18.5 - Ductile
20 -- Ductile
22 - Duectile
24.5 - Ductile
27 -- Ductile
a3 -- Ductile
a7 -- Ductile
44 - Ductile
48 -~ Ductile
49 -- Ductile
56 - Ductile
67 -- Ductile
76 - Ductile
41.5 18, 300 Ductile
46 22, 000 Ductile
73 - Ductile
120 - Ductile
137 - Ductile
144 .- Ductile
180 -- Ductile
a7 13, 300 Ductile
31.5 15, bOO Ductile
46 23, B0C Ductile
48.5 23, 800 Ductile
52.5 25, 800 Fractured
at flaw
83 26, 200 Ductile
86,5 26, 400 Fractured
48.7 34, 100 Ductile
25.7 18, 00C Ductile
19.56 13, 600 Ductile
22.2 15, 500 Ductile
13.7 9, 800 Ductile
15.2 10, 600 Ductile
12.0 8, 400 Ductile

NOTE: Tests A2625 and A2628 employed a single specimen that was rolled in five passes from
a cylinder of 0. 177-inch diameter to a strip: 0,132 inch thick by 0.17) inch wide, a rsduction

of 26%. Between roll passes the plece was reheated to 500°C, but the rolling temperature
is estimated to be about 200°C because of loss of heat to the cold rolls.
strip was annealed 1 hour at 1000°C in hydrogen, but no recrystallization could be detected.

Test A2628 utilized one~half of the broken specimen of test A2625.
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PROOF STRESS IN BENDING Mt Al [A/e Ni 52, Al 48)
SINGLE~ CRYSTAL RODS (018 IN. DIAM)
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Figure 7. Proof Stress in Bending, Single-Crystal NiAl

cladding remaining on the NiAl surface. In view of subsequent experience
showing the susceptibility of NiAl to grinding cracks, this experience is not
now surprising. Therefore, tensile tests were carried out with a small thick-
ness of the cladding remaining and the full thickness of the section was used in
calculating stress values. However, since the most important feature of these
data is the ductile-brittle transition temperature, this is not an important
departure from the intended practice.

Table 5 is a summary of the tensile data, which are also shown in a graph-
ical representation in Fig. 8. The ductility in a test at an extension rate of
0.02 in/min changes rapidly between 700° and 800°C. Above 800°C the ductility
continues to increase, but at a reduced rate. Over this same range of temper-
ature the 0.2% proof stress also changes rapidly although in an inverse manner.
These data are found to be in good agreement with bend data, for a deflection
rate of 0.05 in/min (see Table 2, tests C5458 and C5462).

IV. DETEEMINATION OF ACTIVE GLIDE PLANES IN NiAl

The cbservance of slip traces on the electropolished surface of bend speci-
mens, which had been deformed at room temperature, raised the possibility
of determining the active glide planes for NiAl. For this purpose bend bar
C8793 was selected from the group that had received a high-temperature anneal.
Grain growth during annealing resulted in grains that occupied the thickness
of the specimen (about 0.08 inch) and were of the same dimension as the bar
thickness in the plane of the surface. X-ray Laue grams were taken of 11 grains
in the region of the bar where bending was to occur. A sterecographic projec-
tion was prepared of each grain. The bar was then bent sufficiently to provide
an abundance of slip traces on the surface of the x-rayed grains. The tension
side of the bar was then examined at 200 diameters magnification using an angle-
measuring eyepiece to determine the angle between observed traces and a
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Test Temp
No. °cy
CH764 800
800

700

700

C5765 850
C5806 900
C5808 1000
C5810 800
CH811 700

TABLE 5
SUMI\/LARY_OF TENSILE DATA
0.2%
Strain Proof Ultimate
Rate Stress Strength
(in/min) {psi) (psi)
0.02 28, 200 32, 000
.05 -- 34, 000
.02 -- 43, 500
.05 - 43, 500
.02 -- 52, 300
.02 12, 200 14, 200
.02 8, 400 9, 450
.02 24, 600 29, 400
.02 48, 400 47, 500

TENSILE PROPERTIES OF HOT-ROLLED Ni Al
{0.02 IN./ MIN. EXTENSION RATE)

Afh Ni 53, A147

S0x107 [
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Figure 8, Tensile Properties of NiAlL
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reference direction on the specimen. In a few grains only a single trace direc-
tion was found. The more usual experience was to find two prominent systems
of traces. In one grain as many as five trace directions occurred.

The normals to each of the observed trace directions were plotted on their
regpective stereographic projections. The pole of the glide plane causing the
trace must then lie somewhere along the normal. An analysis of the 11 diagrams
led to the conclusion that all cf the traces that had been observed could be ac-
counted for if slip were assumed to occur on planes of the type: (110), (112),
and (123), which are the glide planes found for other body-centered cubic crystals
including AgMg as previously reported. (2) In one instance the normal to a trace
direction when plotted on the sterecgraphic projection intersected only the poles
of planes of a [111] zone line family, that is, planes of the {110}, {112}, {123}
type. Inthree other instances the normal lay very near to this position. There-
fore, in these instances we know, without ambiguity, that glide occurred on one
of these planes. In all other instances the pole of octher low index planes also
occurred on the trace normal, and the interpretation is Indefinite.

V. STUDIES ON AgMg

During the current period a study has been made to determine tie extent to
which measured transition temperatures of AgMg may be affected by the pres-
ence of differing amounts of grain boundary hardening. A study has also been
made of the effects of dilute ternary sclute addition on the tensile behavior of
AgMg compounds at low temperatures (less than room temperature) and obser-
vations have been made concerning the ductility of these ternary compounds at
low temperatures.

A, Transition Temperature Studies

The effects of material and process variables on the ductllity of a brittle
material are usually measured in terms of a ductile-brittle transition tempera-
ture. 'The novel technique that has been developed for such measurements was
described in a previous report(4) together with a study made of the effects of
metallurgical variables on the transition temperature of AgMg. Among the
results obtained at that time was the finding that the transition temperature
depended strongly on the content of excess magnesium in the compound. The
interpretation of this result was somewhat ambiguous in that the grain boundary
hardening present in the compositions tested was not constant.

B. Effect of Grain Boundary Hardening

It was necessary, therefore, to clarify the true effect of stoichiometry on
the transition temperature to first evaluate the effect of grain boundary harden-
ing on the measured transition temperature. This was accomplished by producing
various amounts of grain boundary hardening by annealing a given composition
(Ag + 51.0 A/o Mg) in atmospheres of various purities. The atmospheres used
were (a) argon with no getter; (b) argon with LasMg getter; and (¢) vacuum with
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La sMg getter. The amounts of grain boundary hardening, as measured at room
temperature, both before and after testing, together with the measured transi-

tion temperatures are shown in Table 6.

TABRLE 6
TRANSITION TEMPERATURES OF Ag + 51.0 A/o Mg SPECIMENS
HAVING DIFFERENT AMOUNTS OF GRAIN BOUNDARY HARDENING
AT ROOM TEMPERATURE

AH/H (%) at R.T. Transition AE/E @) at R.T.
Prior to Testing Temp (°C) After Testing
5.5 81 8.0
11.0 79 9.0
26.0 79 15.5

The data in Table 6 show that there is no shift in transition temperature
with increased amounts of grain boundary hardening beyond about 6% to 8%. This
is not to say, however, that the transition temperature would be insensitive to
variation in amount of grain boundary hardening at very low levels (a few per
cent). Of the materials tested previously, those susceptible to grain boundary
hardening invariably exhibited hardening in excess of 5%4. The conclusion can
be drawn, therefore, that the results obtained previously on the effects of stoi-
chiometric deviation on transition temperature are valid and reflect character-
istic behavior rather than variations in grain boundary hardening.

C. Effect of Cooling Rate on Transition Temperature

With regard to the continuous bend test determination of transition tempera-
ture, the question has also arisen: Is the specimen in fact at the temperature
indicated by the thermocouple? (Although the couple is submerged in the sur-
rounding oil, it is not in physical contact with the specimen.) Furthermore,
since grain boundary hardening is a temperature-dependent phenomenon, it is
of interest to determine the effect of rate of cooling during the test on the mea-

sured transition temperature. The answers to both these questions are provided

by the following experimental resulis. A specimen of Ag + 51.0 A/o Mg tested
by cooling from a temperature of 140°C at a rate of 3.5 deg/min exhibited a
transition temperature of 98°C. An identical specimen tested by cooling from
140°C at a rate of 14 deg/min showed a transition temperature of 100°C. The
fact that the same transition temperature is obtained under very different cool-
ing conditions indicates that (a) the specimen is, indeed, at the temperature
indicated by the thermocouple; and (b) there is no error due to variations of the
status of the grain boundary hardening that might accompany variations in the
thermal treatment imparted by the range of cooling rates available in the test
equipment. This latter conclusion is in agreement with the aforementioned
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observation that the transition temperature is insensitive to variations in grain
boundary hardening above a level of 6% to 8%.

D. Ternary Studies

The last summary report(4) described observations on the effects of dilute
ternary additions cn both the flow stress and transition temperature. Further
observations have been made concerning the low-temperature behavior of these
ternary compounds.

Interest in tabulating the values of the flow stress at low temperature arose
primarily from qualitative observation that specimens of some of the ternary
compounds, although they could not be plastically deformed at room tempera-
ture, exhibited considerable ductility at liquid Ny temperature., Cutstanding in
this respect was alloy No. 13, a 50.7 A/o Mg binary base containing 1.0 A/o
Zn. This type of mechanical behavior may be of significant practical importance
in the fabricalion of such materials.

Table 7 shows the values of the flow siress of varicus ternary compounds,
with the flow stregss for some binary compounds included for comparison. It
is to be noted in the table that although a binary Mg-rich compound of 50.3 A/o
Mg (No. 7) cannot be tested below about 200°C, a binary base of 50.7 A/o Mg
containing dilute additions of either Zn (No. 13) or Cu (No. 29) can be tested as
low as liquid N, temperature. Furthermore, in contrast to normal behavior,
the flow stresses of these ternaries at temperatures below about 0°C increase
with increasing temperature.

TABLE 7
VALUES OF THE FLOW STRESS AT VARICOUS TEMPERATURES
OF AgMg COMPOUNDS CONTAINING DILUTE TERNARY ADDITIONS

Binary Terpary

Alloy Basze Solute Flow Stress (1000 psei)

Ne. Ao Mg Alo -195°C -78°C 0°C H,T. 100°C 200°C
13 50. 7% 1.0 %n 22.0 24.4 25.0 24.4 20.4 18.0
38 49.8 1.0 Zn 31.4 30.€8 31.8 20.0 26.0 20.8
29 50.7  1.1Cu 26.6  28.0 26.8 24.8  21.6  16.8
23 50.5 1.2 Al P4 36.2 -= 33.3 33,0 27.8
35 48.8 1.3 Al 41.8 40.8 37.2 34.8 33.6 28,7
36 49.3 2.5 Al X X X 32.4 32.4 3%.8
39 50.1 -= 27.5 24.0 22.0 16.5 15.2 13.7

7 90, 3 -—— X X X X A 18.5
48,0 -- 48.4 48.0 -- 33.4 30.5 17.0
49.8 -= 28.0 20.4 - 17.1 14.4 9.4

X denotes too brittle to test.
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Associated with the somewhat anomzlous behavior of ternary compounds at
low temperatures is a noteworthy feature in the stress-sirain curves. Binary
compounds were found in previous studies to exhibit rather normal stress-
strain curves. Under appropriate conditions, typical yield points were observed
in the binary compounds, but with almost negligible lower yield strain prior to
the increase in stress due to strain hardening. On the other hand, the ternary
compounds, both Ag-rich and Mg-rich base, exhibit gross lower yield strain
(of the order of a few per cent). Extreme jerky flow occurs during the lower
vield strain. The extent of the lower yield strain decreases with increasing
temperature becoming nearly zero at temperature around room temperature.

VI. CONCLUSIONS

The following conclusions pertain to the intermetallic phase, NiAl, of a
composition glightly nickel rich with respect to the stoichiometric composition.

1. The NiAl phase can be hot-worked by rolling in the temperature range
1050° to 1200°C while enclosed in a heavy-walled steel enclosure. This expe-
rience does not preclude the possibility of rolling without a container, but sur-
face temperature must surely be kept above 1000°C during hot-rolling.

2. Cold-rolling of polycrystalline NiAl is made difficult by the limited
ductility of the hot-rolled product below 800°C and by the rapid loss of strain
hardening, and ultimate recrystallization, at 800°C and above. Cold-working
must be undertaken above 800°C, but subsequent reduction steps must prob-
ably be at lower temperature as ductility considerations permit. Large reduc=-
tions in the initial cold pass are necessary to avoid transverse rupture, and
this requirement may also extend to subsequent passes.

3. Bend tests and tensile test data show that below 800°C polycrystalline
NiAl has very limited ductility, is sensitive to surface notches or other stress
raisers, and the flow stress is relatively invariant with temperature. Above
B00°C, NiAl becomes a ductile metal, notch-sensitivity vanishes, and the flow
stress becomes highly variant with temperature.

4. The elastic modulus of NiAl at room temperature is 24.5 x 108 psi.
At 800°C, the modulus is about 18 x 10°® psi.

5. Slip at room temperature in NiAl occurs on planes of the [111] zone

family; that is, planes of the type {110}, {112}, and {123}. This eliminates
the hypothesis that the limited ductility of NiAl at room temperature is
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understandable from the Taylor principle of an insufficient number of slip
systems.

The following conclusions pertain to AgMg;

6. Transition temperature increases with increasing magnesium content
in excess of stoichiometry, independent of possible concomitant increases in
grain boundary hardening.

7. The transition temperature of a given composition is independent of
such variations of cooling rate as are experienced in the application of the
continuous bend test determination of transition temperature.

8. Ternary solute additions can impart ductility at low temperatures to
otherwise brittle Mg-rich bases.

VII. OTHER ACTIVITIES

Research under this contract received naticnal recognition through two
awards during the past year. A paper, "The Tengile Behavior of the Inter-
metallic Compound AgMg, " was selected by the New England Section of the
AIME as the best paper emanating from that section appearing in the 1962
Transactions of that Society {(vol. 224, p. 1024). That paper was based on
material contained in Summary Report, Part II. 2) Another paper, "An
Apparatus for the Direct Determination of Ductile-Brittle Transition Tempera-
tures, " presented at the June 1963 meeting of the American Society for Testing
and Materials, was cited as one of the three most effective and meritorious
presentations at that meeting. This novel technique, develcped under this
contract, was reported in Summary Report, Part IV.

VIII. RECOMMENDATIONS FOR FUTURE WORK

1. Document the effect of prestrain on the ductile-brittle transition tem-
perature and examine the origin of the efiect.

2. Lxplore other means of improving the low-temperature ductility of
NiAl, e.g., through crystallographic transformation.

3. Study the mechanical behavior of a simple intermetallic without the
complication of grain boundary hardening.
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